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CHAPTER ONE 

 

INTRODUCTION 

 

1.1. Introduction 

Electrochemistry is an important area of physical chemistry which is fundamental to a wide 

range of phenomena (e.g. electrophoresis, corrosion), to the functioning of various devices 

(electrochromic displays, electroanalytical sensors, batteries, fuel cells), and to the practice 

of important technologies (electroplating, industrial production of aluminum and chlorine). 

Each application requires an understanding of the basic principles of electrode reactions and 

the electrical properties of electrode-solution interfaces. 

The interface between a solid and a liquid plays a key role in all electrochemical processes 

[1] and, traditionally, electrochemists have relied on measurements of potential, current and 

charge to characterise this interface [2]. Faraday brought about a key advance in the 

understanding of electrochemical processes through his discovery of the quantitative laws of 

electrolysis, and, Gibbs showed how thermodynamics could be applied to electrochemical 

cells at equilibrium in order to determine the composition of these interfaces [3]. 

The study of surfaces and of reactions on or with these surfaces in an electrolytic 

environment is most commonly achieved by voltammetric means, by use of such techniques 

as cyclic voltammetry. The voltammetric response of a well-ordered surface in a given 

electrolyte can be considered as a fingerprint of the specific surface structure. Reaction 

between a compound in solution and this surface also gives rise to a well-defined response 

which may be characteristic of that specific reaction only. Thus, cyclic voltammetry can be 

used in much the same way as spectroscopy or diffraction analysis to investigate both surface 

structural changes and reactions of surface compounds. The necessary requirement is that 

any system is well-defined with a minimum of disturbing species present at the 

electrode/electrolyte interface. 

 

1.1.1. The electrode/electrolyte interface 

 

New techniques are crucial if we are to understand the structural, mechanistic and dynamic 

aspects of interfacial reactions. Thus, techniques have been developed which are sensitive to 
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changes in the interfacial composition at sub-monolayer coverages [4], and which provide 

information regarding the strength of bonding of the adsorbed species [3]. Attempts have 

been made to combine electrochemistry with other surface analytical methods, 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 at electrified interfaces. 

In these methods the electrode is examined by various “photon in-photon out” or “scanning 

probe” techniques whilst maintaining an electrochemical environment under potential 

control. These techniques include scanning tunneling microscopy (STM) [5], surface 

extended X-ray adsorption fine structure (SEXAFS) [6], and surface X-ray diffraction 

(SXRD) [7], which, between them, provide both long range and local structural information. 

These developments have trigged new studies of the atomic and molecular nature of the 

electrode/electrolyte interface. In particular, information has been obtained on processes, 

such as surface reconstruction and relaxation which are of importance due to their impact on 

the physical and chemical properties of electrode surfaces. Abruna has reviewed in situ 

techniques [8]. 

 

1.1.3. Ex situ techniques 

 

Ex situ methods, which involve the transfer of electrodes from the cell environment directly 

to an ultra-high vacuum chamber, provide another way to determine the structure, 

composition and chemical state of electrode surfaces.  

In any ex situ investigation, removal of the electrode from an electrolyte solution must be 

achieved without change to the chemical/electrical properties of the electrode. This places 

extreme demands on the purity of the electrolyte and of the “back-fill” gas used to prevent 

surface contamination during transfer [9]. Hubbard and his colleagues have demonstrated 

how an electrode can be transferred cleanly into an ultra-high vacuum, with retention of 

structure and composition, for examination by various surface science techniques [10]. Ross 

and Wagner [11] have shown that it is possible to use ex situ techniques to study both the 

atomic nature of the electrode surface, and the specific adsorption of ions. The most widely 

applied ex situ techniques have been X-ray photoelectron spectroscopy (XPS) [12], Auger 

electron spectroscopy (AES) [13], electron energy loss spectroscopy (EELS) [14], secondary 
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ion mass spectroscopy (SIMS) [15], reflection high energy electron spectroscopy (RHEED) 

[16], and low energy electron diffraction (LEED) [17]. All are based on electron diffraction, 

scattering, or emission and, therefore, require the use of vacuum chambers and pressures 

<10-7 mbar. 

 

1.1.4. The present approach 

 

Investigation of the electrode surface under potential control is the preferred method of 

characterisation since the electrical double layer is preserved at all stages allowing the 

possibility of real-time data collection during electrochemical reaction. 

However, at present, in situ techniques cannot match ex situ methods for analysis of the 

composition or electronic state of an electrode surface. Hence, in principle, ex situ and in situ 

approaches should be used in combination in order to obtain the most complete picture of 

molecular processes occurring at the electrode/electrolyte interface. 

Currently, single crystal electrodes are widely used in electrochemical studies, following the 

introduction by Clavilier et al. [18] of bead-type electrodes with well-ordered surface 

structures. Their use allows the study of the surface electrochemical properties of each basic 

structural type of surface, and especially of flat, stepped or kinked surfaces. This approach 

provides information on, for example, the preferential adsorption of modifier or promoter 

atoms onto the edges of two different surface types, the so-called “step decoration” 

phenomenon discussed by Wieckowski et al. [19]. 

Single crystal surfaces have been employed which enable catalytic reactions to be examined 

and varied in a controlled manner. Both in ultra-high vacuum (UHV) and in high pressure 

studies, precise control of temperature, pressure, surface crystallography and composition is 

possible, enabling reactions to be examined under a wide variety of physical conditions. 

Since the 1970s, studies carried out on single crystal electrodes have demonstrated the 

importance of surface structure in electrocatalytic reactions. 

In the present work, it is shown that surface structure and composition play an important role 

in electrocatalysis, and new insights are obtained into electrosorption phenomena by use of 

well-defined single crystal electrodes. 
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1.2. Well-Defined Electrodes 

 
Single crystal electrodes are electrodes whose surfaces are defined with respect to their 

crystallographic orientation [20]. Will [21] was the first investigator to study the 

electrochemistry of single crystal platinum electrodes by means of cyclic voltammetry [21]. 

An electrochemical activation procedure was used to produce a clean electrode surface and 

many potential cycles were applied to the single crystal surface between the hydrogen and 

oxide regions [22]. Will assigned the hydrogen adsorption state observed on polycrystalline 

platinum at the more positive potential to strongly adsorbed hydrogen at (100) sites and the 

state at the less positive potential to weakly adsorbed hydrogen at (110) sites [23]. 

Reproducible voltammetric profiles were obtained for all three low index surfaces using this 

method. Subsequently, many researchers have examined single crystal electrodes in order to 

characterise their voltammetric behaviour, and kinetic response [24-26]. Electrochemical 

kinetic measurements on single crystal electrodes were conducted during the 1960s and 

1970s by Piontelli [27], Bockris and Razumney [28], Damjanovic et al. [29] and Budevski 

[30]. More recently, Clavilier et al. [25] and Hamelin [26] have examined the degree to 

which reaction rate varies depending on the exposed crystal surface. Hamelin has extended 

such studies to metals other than platinum. As mentioned above, Clavilier accelerated studies 

of single crystal electrode surfaces by showing how they can be prepared by a novel, simple 

and ingenious flame-annealing method [18]. A polyorientated platinum single crystal bead 

(typically 2-3mm diameter) is formed by melting a stationary platinum wire in a 

hydrogen/oxygen flame at 1000 ºC. Impurities (C, S) are removed by catalytic oxidation 

during the heating process. Laser diffraction from the (111) facet edges of the polyorientated 

bead are then used to orientate the crystal, resulting in a cutting accuracy of ±3 minutes of 

arc relative to the basal plane. This method is more precise than Laue backscattering for 

enhancing the precision of surface orientation [31]. Full details of Clavilier’s method are 

given in Chapter Three, section 3.11. 

   The simplicity of the flame-annealing approach has opened the field to many investigators 

not equipped with preparative methods involving vacuum instrumentation. It has also paved 

the way for new approaches to access the structure of the electrical double-layer, for 

instance, those involving measurements of potentials of zero charge using forced–

replacement reactions [3]. 

The electrosorption of hydrogen and oxygen is found to be highly sensitive to the surface 

crystallography of an electrode [32,33]. Fig.1.1 shows the electrosorption of hydrogen and  
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oxygen on a range of low and high index planes of platinum [34]. The smooth transition in 

the voltammograms, on going from one low index plane to another around the stereographic 

triangle (Fig. 1.2), via intermediate high index planes, is apparent [35]. Each voltammogram 

acts as a fingerprint for the plane studied and may be used to ascertain the extent of long-

range order present. 

Step density and average terrace length can be calculated from the integration of the 

hydrogen region between appropriate potential limits. From results obtained worldwide, a 

database of voltammograms has now been compiled which confirms the singular 

electrochemical behaviour of different platinum single crystal surfaces. 

The use of ex situ UHV-based electron spectroscopies enables the investigator to examine an 

electrode in vacuum and then analyse it by LEED-Auger electron spectroscopy, in order to 

characterise electrochemically–induced surface transformations [20]. 

Fig. 1.1. A three dimensional plot of 
the platinum CVs of low and high 
Miller index planes in 0.5 M H2SO4 

at sweep rate 50 mV s-1 [34]. 
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Fig. 1.2. The stereographic triangle for the f.c.c. system, depicting some of the platinum 
high index planes present between the low index planes. Reprinted from [36]. 
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The utilisation of other modern spectroscopic techniques, which may be applied both ex situ 

and in situ, has created a minor revolution in our understanding of atomistic and 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 conducted either with Pt electrodes 

or with Pt electrodes modified by a species adsorbed on their surfaces, only the crystal 

symmetry of Pt, which crystallise in the f.c.c. structure, is discussed.  

Metal surfaces are heterogeneous and polycrystalline at the atomic scale. They are 

atomically rough and contain defects, such as steps, kinks and vacancies [37]. Moreover, 

they rarely contain atoms of a single element but consist of many different atom types 

arranged in various combinations, each combination exhibiting different chemical and 

structural properties. Surface properties are critically dependent on both crystallographic 

structure and composition, therefore, to extract information concerning a particular 

adsorption site, it is necessary to simplify the experimental system such that the variation in 

adsorption site, and also the site composition, are under the control of the experimentalist. 

Studies at well-defined surfaces have yielded important information with regard to the 

chemisorption and physisorption of molecular species. 

Further, the identification of site-specific chemical processes can only be accomplished if 

surfaces with uniform structural features are studied individually. Therefore, single crystal 

facets are employed since they exhibit the simplest adsorption behaviour of all surfaces, 

because the variation in adsorption site is limited by the geometry of the unit cell generating 

the crystal. Greater complexity can be introduced by cutting through a polycrystalline metal 

surface at a particular angle thereby exposing a surface with various combinations of atomic 

arrangement present in small domains of differing crystallographic orientation (i.e. surface 

defects such as steps and kinks) [26]. Such surfaces are termed vicinal because they often 

consist of flat terraces separated by monoatomic high steps, the symmetry of the flat terrace 

reflecting that of the facet plane. The physical and chemical properties of such surfaces are 

very difficult to predict, although some understanding of their behaviour has been derived 

from adsorption studies [7]. Moreover, unique and uniform geometric and electronic 

characteristics are discerned only from studying single crystal surfaces [38].  
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   1.3.2.  Miller indices 

 

Metal surfaces possess structure sensitive properties. Thus their suitability for various 

reactions, such as electrocatalysts, depends on the specific exposed surface plane. To define 

the surface of a metal crystal it is necessary to specify two features: the bulk structure and 

the surface structure. 

A surface may be defined by reference to its bulk structure. Metals usually crystallise in one 

of three arrangements: face-centred cubic (f.c.c.), hexagonal close packed (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, the surfaces so produced are denoted 

by their Miller indices [39]. The Miller index is a system used to identify a particular 

crystallographic plane. For Pt, the plane is described in terms of the three orthogonal vectors 

which define the bulk unit cell. To determine the Miller indices of a particular plane in a 

three-dimensional lattice the following procedure is applied. First, the intercepts of the plane 

with the axes of the basis vectors a, b, c
�� �

 which define the unit cell of the crystal, are found 

(Fig. 1.3). Second, the distances from the origin to the intercept points of the plane with 

, b, ca
�� � �

 are defined as a, b and c, respectively. The Miller indices h, k, l, are defined 

as:
ba c

a b c= h,      = k, and = l

�� �
.  The triple (hkl) is used to define the crystal 

surface plane [40]. Where h, k or l take fractional values, the three indices are converted to 

the smallest integers having the same ratio as h, k and l by multiplying by a common factor, 

e.g. (1/4,2/4,1), becomes (1,2,4). Where a negative intercept happens to result, this is 

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 arrangements of the surface atoms are 

shown in Figs. 1.4 and 1.5. 

Low Miller index surfaces are the most widely investigated due to their low surface free 

energy, high symmetries and relative stabilities [41]. Furthermore, the microscopic 

properties of smooth polycrystalline surfaces can usually be interpreted in terms of the 

individual properties of each of these surface planes. Because of the differing geometric 

arrangement of the atoms in each case, these planes contain different adsorption sites and 

hence the chemical reactivity of each surface may be different [40]. However, because of the 

imbalance of forces at the surface of a crystal [41], the surface atoms may rearrange to give a 

quite different symmetry. This phenomenon is termed surface reconstruction (Section 1.4). It 
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may be a property of the clean surface. Clean Au(110) reconstructs to give a structure in 

which alternate rows of gold atoms in the [1 1 0] direction are “missing” [42]). Some 

surfaces are reconstructed by adsorbates (e.g. K on Pd (110) which also gives rise to a 

similar “missing row” reconstruction [43]). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3.  The three vectors a, b and c
�� �

defining the crystal unit cell being intercepted by a 

plane. 
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Fig. 1.4. The low Miller index planes (basal planes) and corresponding surface structures for a 
face-centred cubic solid. The numbers in square brackets identify the crystallographic 
direction in the plane of the square. 
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Fig. 1.5. CV data from a variety of flat single crystal Pt electrodes in 0.1 M H2SO4 
collected at a sweep rate of 50 mV s-1. The various voltammetric electrosorption 
peaks observed are associated with particular fundamental adsorption sites and 
may also be observed on supported platinum catalysts. Reprinted from Hazzazi 
et al.  [44]. 
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1.3.3.  Microfacet notation 

 

Where a surface plane has unequal contributions from two different basal planes of the unit-

cell cube, a stepped surface is obtained, for example, (100) planes separated by (110) steps. 

Furthermore, if the surface plane has unequal contributions from all three planes of the unit-

cell cube a kinked surface is obtained characterised by, for example, (100) planes separated 

by kinks of (110) and (111) symmetry. The ratio of the contributions of the different 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 scale. In this case, the surface contains 

either (i) terraces of one of the three low-index planes separated by a simple monoatomic 

step (a one atom height step–terrace configuration of the (111), (100) and (110) orientations), 

with the terrace width dependent on the angle of cut with respect to the flat low Miller index 

surfaces (stepped surfaces), or (ii) a combination of terraces, steps and kinks (kinked 

surfaces) [45,46]. 

Because it is often difficult to envisage a surface as a (211) or a (511) from the Miller index 

alone, it is more convenient to follow Lang’s procedure [45] and to express such “staircase” 

structures in microfacet notation as follows. A given Miller index (hkl) may be written as 

[n(htktl t)´ (hsksls)] where (htktl t) represents the Miller index of the terrace, (hsksls) the Miller 

index of the step, and n is the number of atoms in the terrace (terrace width) [45]. For 

example, using this microfacet notation, a f.c.c. (911) plane may be denoted as: 

5(100)́ (111), i.e. five atom wide (100) terraces separated by  (111)´ (100) steps. 

Fig. 1.2 illustrates the stereographic triangle of a face-centred cubic crystal and the 

corresponding structures of several high Miller index stepped surfaces. By careful 

preparation, more complex structures can be produced, whereby different concentrations of 

ordered kinks appear along with the steps. 

Steps and kinks are “line defects”. However, even the surface of a flat (low index) plane 

contains random “point defects”, such as vacancies and isolated atoms. On real surfaces, line 

defects and point defects will be present in significant concentration at equilibrium. The 

objective of careful surface preparation is to reduce as far as possible the concentration of 

surface defects [40]. 

 

 



 13

1.4. Relaxation and Reconstruction of Clean Single Crystal Surfaces 

 

Simple truncation of a perfect single crystal would  give a well-defined atomic periodicity in 

the exposed plane. However, real surfaces exhibit variations in periodicity, both 

perpendicular and parallel to the plane, associated with loss of coordination of the surface 

atoms. For example, surface atoms in (111), (100), and (110) planes have nearest neighbour 

coordination numbers of 9, 8, or 7, respectively, compared with the value of 12 for atoms in 

the bulk (Fig. 1.4). Thus these surface atoms have lost 3, 4, and 5 nearest neighbour bonds, 

respectively and, to compensate, they may undergo ‘surface relaxation’ in the form of an 

oscillatory change in the interplanar spacing Dd. Vertical multi-layer relaxation takes place 

in f.c.c. metals, whereby bond lengths between the surface and bulk planes are altered by 

either contraction or expansion. The first layer atoms contract towards the second layer 

atoms in order to increase their coordination, and third layer atoms respond by expanding 

away from the second layer atoms, to compensate for the over-coordination in the second 

layer (Fig. 1.6). This oscillation in Dd penetrates deeper into the surface until it is eventually 

completely dampened [36].  

 

 

 

 

 

 

 

 

 

(a) 

Layer 1 

Layer 2 

Layer 3 

(b) 

Fig. 1.6.   Schematic presentation of relaxation of clean single crystal surfaces: 
 
(a) The layer 1/layer 2 distance contracts, increasing the bonding of layer 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 bonding decreases, in 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 bulk (as defined by values of 

dD > 0) will typically be 5-6 atomic layers thick at most, and is termed the selvedge. The 

change in interplanar spacing in the selvedge is usually not greater than 15% of the bulk 

value. Surface relaxation is, in general, greatest for the more open, high energy surfaces. For 

f.c.c. metals,  surface energy decreases in the order: (110) > (100) > (111), and this 

represents the relative propensities of these planes to undergo relaxation. 

If the surface energy is sufficiently large, not only will surface relaxation occur but also 

gross restructuring of the surface plane, usually to enhance the coordination number of 

surface atoms and, hence, to achieve a lower surface energy. Such “reconstruction” leads to 

significant changes in all surface properties. Fig. 1.7 illustrates the (110) plane of platinum 

which reconstructs when clean to a ‘missing-row’ structure associated with removal of 

alternate close-packed atomic rows. Because the periodicity of the reconstructed surface is 

doubled in one direction, it is referred to as a (1´ 2) reconstruction [36]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atoms in the surface of a solid are unstable relative to those in the bulk, and, it always costs 

energy to create a surface. Surface energy is an important parameter and may be regarded as 

the rate of change in Gibbs free energy per unit area of surface at constant composition, 

temperature and pressure. It is often convenient to explain surface reconstruction, and also 

Reconstruction 

top 
layer 
atoms 

second  
layer 
atoms 

third  
layer 
atoms 

Fig. 1.7. Representation of (1´ 1) ®  (1́ 2) reconstruction of a clean (110) surface- the 
‘missing row’ model [36]. 
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the growth mode of deposited metal films, in terms of the surface achieving a lowering in its 

surface Gibbs free energy. In the late 1980s and early 1990s surface reconstructions, either 

spontaneous or adsorbate-induced, were acknowledged as being of great importance for an 

understanding of many surface problems [47].  

Surface reconstructions have been identified by low energy electron diffraction (LEED), in 

which spots in the LEED pattern in addition to those expected have been observed. Other 

surface sensitive techniques have been utilised, such as scanning tunnelling microscopy 

(STM) and X-ray diffraction (XRD) [48]. In the last ten years, surface reconstruction has 

also been observed at liquid/solid interfaces [49] as a result of the development of single 

crystal electrodes [25,50], and the compatibility of STM and XRD with studies in condensed 

media.   

Several clean low index surfaces reconstruct in vacuum, including the (l00) and (110) 

surfaces of Au, Pt and Ir [51], the (111) surface of Au and the (100) surfaces of Mo and W 

when cooled below room temperature [52]. STM has demonstrated that many simple gas 

adsorbates restructure metal surfaces. Reconstruction may also be induced by other surface 

adsorbates, e.g. sub-monolayer amounts of alkali metal induce (1́2) "missing row" 

reconstructions on (110) surfaces of Ni, Pd and Ag [43]. Surface reconstruction is known to 

take place on terraces between steps on Au [53-59] and Pt [60, 61]. 

 

Pt(100) is expected to show a simple square arrangement of surface atoms; however, when 

clean and annealed the observed arrangement is hexagonal [62], the surface atom density 

being greater  by ca. 23%. The same situation occurs for Au(100) and Ir(100) [62,63]. For 

some time, it was unclear whether or not this reconstruction was induced by low levels of 

surface impurities; the current view is that reconstruction is intrinsic to the behaviour of 

these surfaces when clean. Fig. 1.8 shows a schematic presentation 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 f.c.c. metals exhibit a reconstruction of 

the missing-row (MR) type with every other closed-packed row missing (Fig. 1.7). Au(110) 

[64], Pt(110) [65] and Ir(110) [66] reconstruct when clean to form a (l´ 2) superstructure 



 16

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
bulk 

Fig. 1.8. Schematic presentation of: (a) simple truncation of bulk crystal, (b) multilayer 
relaxation, (c) surface reconstruction. 
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whereas, for Cu(110), Ag(110), Ni(110) and Pd(110), the (ĺ 2) reconstruction is induced by 

alkali-metal adsorbates [67]. The missing-row reconstruction is interpreted as follows. The 

surface tends to increase its atomic density by forming (111) microfacets resulting in a 

closely packed surface with lower surface energy than the 1́1 surface, despite the increase 

in microscopic surface area. The lowest order possibility of such microfaceting is precisely 

the (ĺ 2) reconstruction, whereby alternate (110) surface chains are removed [47,68,69]. 

Whether or not reconstruction occurs depends on the relative values of the surface energy per 

atom in the unreconstructed (110) and in the (111) surfaces, i.e. the reconstruction will take 

place if, approximately:                             110 111
3 = -  2s sD > 0                          (1.1) 

and the s-terms are surface energies per unit area [68]. [If this inequality holds it is necessary 

also to consider some additional interactions in order to show that the 1´ 2 phase is stable 

with respect to macroscopic faceting towards the more stable (111) microstructure].  

Pt(110) shows a specific voltammetric behaviour in its hydrogen adsorption [70]. Depending 

on the manner of cooling [28,71-74], the main hydrogen state may undergo a "splitting" after 

a few cycles, particularly in sulphuric acid solution [71,72]. The hydrogen UPD charge 

before and after splitting is approximately 1.5 times that corresponding to the atomic density 

of the topmost layer of the unreconstructed surface (0.92́ 1015 atom cm-2). This suggests that 

Pt(110) reconstructs in acidic solution. Moreover, the missing row (1́2) surface 

reconstruction has been invoked to account for the charge associated, in the CV, with the 

octahedral sites of the (111) microfacet which are occupied during hydrogen adsorption [70].  

 

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

 

Reconstructions of Pt(100) and of Au(100) were first observed by LEED [63,75]. The top 

layer atoms, which display a quadratic unit cell when the surface is bulk terminated, 

rearrange towards a new equilibrium state by forming a quasi-hexagonal close packed 

structure, the surface hexagon being distorted to fit the quadratic second layer.  Ir(l00) [62] 

reconstructs similarly. The gain in energy seems to be larger than the strain energy caused by 

the lattice mismatch to the quadratic substrate [47]. The reconstructed Pt(l00) surface was 

originally described as (5´ 20), but is now designated 
14 0

0 5
� �
� �
� �

 [76] or Pt(100)-hex [77] 
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when the annealing temperature is < 1100 K (metastable), and 
14 1

1 5
� �
� �
� �

 [77] or Pt(100)-hex-

R0.7°" [78] when the annealing temperature is >1100 K. The structure of the reconstructed 

phase has also been investigated by Rutherford back scattering [78] and scanning tunnelling 

microscopy [79]. The change in surface electronic structure has been probed by X-ray 

photoelectron spectroscopy [80]. Theoretical calculations [81] have indicated that the driving 

force for the (1́1) ®  hex phase transition may be understood either as the unreconstructed 

phase being in tensile stress with the reconstruction or the more densely packed "hex" phase 

producing a large decrease in surface energy. 

Adsorption of gases on the reconstructed Pt(l00) surface has  been examined [78,82-84]. 

Deconstruction to a (1´ 1) phase can occur during NO or CO adsorption. These adsorbates 

can then be chemically removed when exposed to low pressures of oxygen and hydrogen, 

resulting in a clean metastable deconstructed (1´ 1) surface. The (1́1) phase is stable up to 

390 K [78].  

Voltammetric profiles of the Pt(100) surface depend on its pre-treatment before contact of 

the surface with solution [85]. Such transformations depend on the exposure of the surface to 

oxygen and/or hydrogen adsorbed from the electrochemical or gaseous environment. 

Adsorption of anions can affect the distribution of hydrogen sites, which can be modified by 

changing both the concentration and nature of the anions [86]. The voltammetry of adsorbed 

hydrogen may be used as a direct method for studying surface structure and for probing both 

short or long range order on those surfaces which are adjacent to the (100), (110) and (111) 

poles of the stereographic triangle [87,88]. The voltammogram of Pt(100) in sulphuric acid 

media is unusual; a strongly bound hydrogen adsorption state at  0.34 V has been attributed 

to the presence of atomically flat domains in the surface with good two-dimensional (100) 

long range order [89]. The weakly bound hydrogen adsorption 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 that the reconstructed (100) surface is not 

stable in an electrochemical environment or even upon contact with liquid water [10], water 

vapour [88] or argon [91]. Aberdam et al. [92] reported the first significant ex situ study of 

the surface structure of a UHV-prepared reconstructed Pt(100) surface after electrochemical 

treatment: the surface reverted to a  deconstructed (1́ 1) phase with good long range order. 

In contrast to previous investigators [10, 90, 91, 93] they found that the reconstructed surface 
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was stable upon exposure to an atmosphere of argon and that the surface reconstruction was 

not lifted by the adsorption of water [14]. The stability of a UHV-prepared reconstructed 

surface in water, argon and 0.01 M H2SO4 solution at open circuit was confirmed by Kolb 

and co-workers [94]. In situ STM [95] confirmed that a flame-annealed Pt(l00) electrode 

quenched in air and immersed in 0.1 M H2SO4 under potential control at about 0.05 to 0.15 

V, where bi-sulphate adsorption might be avoided [95], gave rise to images consistent with a 

reconstructed hex phase. Nevertheless, the overall long range order in the reconstructed 

surface was very much poorer than that observed for the analogous Au(l00) surface [96].  

Also, the structural transformation from hex to (1´ 1) associated with the specific adsorption 

of bi-sulphate anions was accompanied by only limited changes in the overall surface 

topography, again in marked contrast to the behaviour of Au(100). The topography of a 

Pt(100) electrode surface quenched under different conditions by in situ STM in 0.5 M 

H2SO4 was examined by Clavilier et al. [97]. A hydrogen-cooled Pt(100) electrode  

displayed large atomically flat terraces with small amounts of monoatomic high islands and 

monoatomic deep vacancies. The small islands and vacancies were bordered by (l00) steps 

parallel to the direction of the dense rows. For an air-quenched Pt(100) electrode, the surface 

was less uniform with a series of thin networks of narrow terraces and a random distribution 

of monoatomic high islands, which led to a break-up of the two dimensional long range order 

of the surface. Attard et al. [98] studied the voltammetric UHV characterisation of the (1´ 1) 

and reconstructed hex-R0.7° phases of Pt(100). By comparison with the UHV data, they 

reported that both phases may be prepared using a flame-annealing procedure as long as the 

conditions of sample cooling are precisely controlled. They indicated also that the well-

ordered (1́1) phase may be formed by cooling in hydrogen. Back transfer to UHV of the 

hydrogen-cooled sample gave rise to a p(1´ 1) LEED pattern.  The voltammetry of the UHV–

prepared hex –R0.7° phase can be obtained only after a flame-annealing treatment by cooling 

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

 

Attard’s  results suggest that the p(1´ 1) and hex-R0.7° phases of Pt(100) may be prepared 

under ambient conditions in an electrochemical cell. Although the potentials at which the 

reconstructed phase is stable are different from those reported by Zei and co-workers [99], 

the data support their results showing that the reconstructed 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 voltammogram’ is abbreviated to ‘CV’. 

When investigating surface reactions using cyclic voltammetry it is necessary to take into 

account both information about the changed state of the surface and the contribution to the 

changed state of the double layer at the interface [100-102].  The effect of the non-Faradaic 

contribution, on the total charge, due to the charging of the double layer, is dependent on the 

potential sweep rate. At low sweep rates the capacitive (non-Faradaic) charge contribution is 

large in comparison with the charge due to the surface processes, but is relatively small at the 

typical sweep rates (50 mV s-1) used in this thesis. In the Pt CV the capacitive contribution 

correction can be calculated from the double layer current (between 0.35 and 0.75 V (Pd/H)).  

When the number of electrons involved in the process is known the number of molecules 

attached to (or removed from) the surface can be calculated from the corrected charge.  The 

charge obtained when desorbing a complete hydrogen layer (G in Fig. 1.9) provides 

information about the the working electrode, such as real surface area, since (i) it is assumed 

that one hydrogen atom occupies one Pt site and (ii) the number of Pt atoms per square 

centimetre can be calculated for the different surface types from crystal structure data.  

In the case of polycrystalline Pt a charge of 200 mC cm-2 is assumed (the average of the three 

basal surfaces).  

The various regions visible in a CV for a poly crystalline Pt electrode in 0.5 M H2SO4 are 

shown in Fig. 1.9. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.9. CV of polycrystalline platinum in 0.5 M H2SO4 solution at sweep rate 5o mV s-1. 

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

 

H (ads)  ®®®®   H+ (aq)  +  e -              (1.2) 

                       

A flow of electrons is measured as a consequence of the desorption of hydrogen from the 

platinum surface. 

When starting a positive potential sweep at point A no current flows in the system (apart 

from some capacitive current as a consequence of the charging up of the double layer). 

On reaching region B at approx. 800 mV the adsorption of an oxygen species to form a Pt 

surface oxide is under way. Oxygen-containing species become 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)2 + H+ + e –                (1.4) 

 

Pt- (O-H)2 ®®®®  Pt-O + H-O-H                                    (1.5) 

 

If the potential is swept above 1.55 V oxygen gas formation commences and the potential 

sweep direction is therefore reversed at point C. 

 Section D represents the desorption of the place-exchanged oxide phase; where the surface 

oxide created during the positive going sweep is reduced by the reverse of the reactions 

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

 

Pt-O + 2H + + 2e - ®®®®  Pt + H2O                             (1.6) 

 

At section E a hydrogen layer is adsorbed onto the surface 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 potential axis and so these hydrogen electro-

oxidation processes are reversible. The peak at the more negative potential (Epeak @ 125 mV) 
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corresponds to the so-called “weakly” bonded hydrogen which has been shown to 

correspond to desorption/adsorption on Pt(110) surface sites. The peak at the more positive 

potential (Epeak @ 275 mV) corresponds to “ strongly” bonded hydrogen and from single 

crystal studies has been demonstrated to be associated with Pt(100) sites. 

 

              Pt (110) + Pt (100) + H+ + e- ®®®®  Pt (100) – H (ads) + Pt (110)            (1.8) 

 

Pt (110) + Pt (100) –H (ads) + H+ + e- ®®®®  P (100)-H (ads) + Pt (110)-H (ads)                  (1.9) 

 

This interpretation is based on CVs obtained using (100) and (110) single crystal surfaces, 

where the hydrogen adsorption and desorption peak potentials correspond well with the peak 

potentials of the two separate processes visible in the CV for polycrystalline Pt. Thus, a full 

hydrogen layer is not created until point F, where the second process is completed. At this 

point, the potential sweep direction is again changed to avoid hydrogen gas evolution which 

would result from a more negative potential than that required to complete the hydrogen 

layer. On sweeping the potential again in a positive direction from point F, the hydrogen 

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

presented above. 

 

1.6. Adsorption at Platinum Single Crystal Electrodes 

 

The preferential concentration of ions, atoms and molecules at the surface of a solid is 

referred to as adsorption. Adsorption/desorption processes are central to a large number of 

phenomena at the solid/gas or solid/liquid interfaces [103].  

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

first is that a dilute phase (gas) is replaced by a condensed phase (solution); hence, for 

electrolytic systems, adsorption always corresponds to a replacement process. The second is 

the greater ease by which the local field may be varied at the electrochemical interface than 

at the gas-solid interface.  

The fractional coverage of adsorbate, q, is defined as: 

Number of adsorption sites occupied by adsorbate
�  = 

Total number of  adsorption sites on the surface of the substrate
                 (1.10) 
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When q = 1, the adsorbate ensemble is called a monolayer [36].                             

 

1.6.1. Adsorbate bonding of molecules at solid surfaces 

 

Two broad classifications of adsorbates may be distinguished depending on the magnitude of 

their enthalpies of adsorption: physisorption and chemisorption. 

 

1.6.1.1. Physisorption 

In physisorption, the bonding interaction between adsorbate and adsorbent (substrate 

surface) is weak (when compared to normal covalent or ionic bonds) and is associated with 

long range van der Waals-type interactions such as exist between molecules in the liquid 

state. Hence, bonding is characterised by a redistribution (a rearrangement) of electron 

charge density within the adsorbate and the adsorbent separately. Interaction may include 

electrostatic attraction in the case of molecules with permanent dipole moments or induced 

dipole moments for readily polarisable molecules; dispersion forces such as those caused by 

a slight fluctuation in electron density are the only forces of attraction between non-polar 

atoms or molecules and the surface [40,104]. The energy released when a particle is 

physisorbed is of the same order of magnitude as its enthalpy of condensation; this is a small 

energy and can be dissipated as lattice vibrations and thermal motion. A molecule diffusing 

rapidly across the surface will gradually lose its energy and finally adsorb on to it in the 

process of accommodation [41]. Enthalpies of physisorption exhibit a somewhat small range 

of between 2-30 kJ mol-l as found for heats of liquefaction, or vaporisation. However, some 

higher values have been reported, especially for highly polar molecules such as water 

adsorbing on ionic solids [40,104]. That �HD ads is invariably somewhat greater than 
�HD condensation is attributed to the fact that there is always a surface potential at the interface 

between two different phases, and more especially at solid-gas interfaces, whereby an 

‘overspill’ of electron charge from the solid into the gas phase results in an imbalance of 

electron density on either side of the interface. The resulting surface potential generates an 

additional bonding interaction which becomes more significant as the polarisability of the 

adsorbate increases [36]. 
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Multilayers by adsorbed molecules can form on a surface. Because the bonding in 

physisorbed systems is weak, it also tends to be reversible, in the sense that the adsorbate 

layer is always in equilibrium with the molecules of the gas phase. As such, physisorbed gas 

molecules, such as argon and krypton, are ideal probe molecules for the determination of 

surface areas via measurements of their Langmuir or BET isotherms [36]. 

Interest in physical adsorption exists for both fundamental and applied reasons [105], 

including the study of two dimensional phase transitions [106,107], surface characterisation 

[108], cryopumping, surface scattering [109-113], and chemical or isotopic separation. 

Physical adsorption is of fundamental interest as a probe of electrons and their response to 

adatoms [114].  

 

1.6.1.2 Chemisorption 

Chemisorption is usually distinguished from physisorption on the basis of the magnitude of 

DH°ads. The enthalpy of chemisorption is very much greater than that for physisorption, 

ranging from 40 to 250 kJ mol-l (-DH°chemisorption > 35 kJ mol-1). 

In this type of adsorption, the molecules form one or more chemical bonds to the surface and 

tend to find sites that maximise their co-ordination number with respect to the substrate [40]. 

Because chemisorption is characterised by an exchange of electrons between the adsorbate 

and the adsorbent (and hence can be discussed in terms of traditional notions of covalent, 

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

surface bonding involved.  

The adsorbate may be associatively adsorbed or dissociatively chemisorbed. Associative 

adsorption is said to occur when a molecule adsorbs on to the surface from the gas phase 

without fragmentation (the adsorbate forms a bond with the surface but does not break apart 

on doing so). If the adsorbate is dissociatively chemisorbed the adsorbate is fragmented to a 

greater or lesser degree, and the fragments are chemically bonded to the substrate. 

Dissociative chemisorption is quite common [36]. 



 25

The enthalpy of chemisorption depends strongly on the surface coverage of adsorbate, 

largely as a result of adsorbate-adsorbate lateral interactions. For example, DH° ads for CO 

on Pd(111) decreases with increased surface coverage of adsorbate [36]. 

 Chemisorption provides for the activation and transformation of adsorbates, and leads to a 

rich variety of surface chemistry which is often unique in the sense of having no analogue in 

organometallic chemistry at the molecular level. Industrial heterogeneous catalytic 

processes, such as the Fischer-Tropsch and Haber syntheses, involve such transformations 

[115].  

 

A chemisorbed molecule may be torn apart in response to the demand of the unsatisfied 

valencies of the surface atoms, and the existence of molecular fragments on the surface as a 

result of dissociative chemisorption is one reason why solid surfaces catalyse reactions [40]. 

Atomic chemisorption enthalpies may differ profoundly from their molecular counterparts. 

For instance, in the case of an adatom A, such as H, N, or O, the values of QA (heat of 

adsorption) decrease on passing from left to right along a particular series of transition 

elements and a1so on descending a group [116-119]. For mo1ecules AB, such as CO and 

NO, the periodic changes in QAB are non-monotonic and may even show a reverse trend 

compared with adatoms [116,117]. Chemisorption sites on flat surfaces always correspond to 

the highest (hollow) coordination for atoms [116,117,120] but generally to the lowest 

coordination (on-top or two foldbridge) for molecules such as CO or NO [116,117,121]. 

However, recent surface structural probes, particularly SEXAFS, LEED and XPD, have 

demonstrated exceptions. One example of this is alkali metal adsorption on (111) surfaces of 

f.c.c. metals at low coverage, which can occupy on-top sites [122,123]. The activation 

barriers for surface migration and dissociation show approximately linear dependencies on 

the relevant heats of chemisorption. Many industrial heterogeneous catalytic processes occur 

under high pressure, that is, at high adsorbate coverages q. However, there is no a priori 

understanding of what should be the Q versus q dependence. According to the assumptions 

of the Langmuir equation, Q does not change with q whereas, for the Frumkin-Temkin 

equation to be obeyed Q should decrease linearly as q increases [124]. 
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1.6.2. Specific adsorption of ions 

 

The underlying phenomenology of the double layer involves the adsorption of ions. The 

nature of the forces which cause the adsorption of ions is not only determined by the nature 

of the ions, but also by the nature of the metal electrode and by other interfacial species, 

including dipolar solvent molecules which have associated with them an ionic hydration 

sheath [125].  

In electrochemistry, the isotherm plays a fundamental role in determining the phenomenon 

of adsorption at interfaces. The corresponding experimental concept is the Gibbsian idea of 

specific surface excess i� . This is not to be confused simplistically with adsorption. Its 

unambiguous determination is important in explaining models of increasing sophistication 

with which progress in understanding the double layer is associated [125].  In particular, the 

anions’ specific adsorption can play an important role in the potential distribution of the 

multiple hydrogen adsorption states associated with transition metal electrodes. This can be 

modified when the character or concentration of the anions is changed [86].  

The specific adsorption of anions plays a predominant role in all kinds of surface 

perturbations/reconstructions on platinum, such as those achieved by cycling the electrode 

between various potential limits. The adsorption of oxygen at very high coverage also 

induces important surface perturbations independent of specific adsorption [86]. The specific 

adsorption of anions does not (in general) induce irreversible surface reconstruction and the 

surface structure of platinum depends solely on the cooling conditions after the flame 

annealing procedure [126].  

The specific adsorption of anions on the interfacial properties of (100), (110) and (111) 

platinum planes may have two effects [86]. First, it can influence the hydrogen and oxygen 

adsorption energies due to the competitive nature of the adsorption process without affecting 

the electrode surface structure. Second, by modifying the interaction energies of the surface 

platinum atoms with the underlying bulk electrode phase, it can lift the surface 

reconstruction.  

For Pt(100) and Pt(111), if specific adsorption is strong enough, as in the case of chloride 

ions, the anions partially displace from the surface the oxygen adsorbed during the thermal 

annealing treatment when the sample is brought in contact with the electrolyte (HCl) at a 

controlled potential. This does not occur in sulphuric or perchloric acid [86]. 
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The specific adsorption of sulphate anions on Pt(100) participates directly in the narrowing 

of the adsorption state at 0.265 V (versus RHE ) [126]. In terms of surface structure, this may 

be the result of an ordering of the (l00) edge sites along longer rows [72] or it may also 

reflect an increase in repulsive interactions between electrosorbed 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 was advanced by Gouy who investigated the 

asymmetric shapes of electrocapillary curves (Fig.1.10) in his studies of the effect of 

different ions on the mercury-solution interface [128]. The rate of change of the PZC’s 

cathodic surface tension, where PZC is the potential of zero charge, differed from that of the 

PZC’s anodic surface tension. Hence, this difference in tension could be used as a 

characteristic of the anion in solution. As it was clear that anions tended to be adsorbed at the 

mercury solution in preference to cations when the metal surface had an excess positive 

charge, the concept arose that adsorption on the positive side included an interaction over 

and above any Coulombic force, and this additional type of bonding was termed specific 

adsorption [125].  

Bockris [129] defined specific adsorption as the adsorption of ions that have partially or 

completely lost their solvation shell [127].  

Specifically adsorbed species are bound to the electrode surface, so the position (locus) of 

their centres is the inner Helmholtz plane (IHP). Solvated ions adsorbed at the outer 

Helmholtz plane (OHP), are referred to as non-specifically adsorbed, and their interaction 

with the charged metal involves only long-range electrostatic forces, i.e. their interaction is 

essentially independent of the ions’ chemical properties. Non-specific adsorption does not 

contribute to the dependence of the electrode potential on the concentration of the electrolyte 

[103].  

Quantitatively, specific adsorption of ions at the interface between an electronic conductor 

and an ionic solution is the extent of adsorption which is in excess of the amount which 

would be expected from simple Coulombic considerations. Thus, if there is an excess charge 

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

of adsorption differs from - sm the occurrence of specific adsorption is noted [125]. 
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1.6.2.2 Equations related to specific adsorption and Gibbs surface energy 

 

If the concentration of a species at the metal/solution interface is higher than that expected 

from electrostatic interactions, the term specific adsorption is used [96].  This effect is 

usually due to the chemical interactions between surface and adsorbate, and is therefore the 

result of chemisorption. Adsorption of different species occurs at certain specific sites on the 

electrode, for example, on top of certain surface atoms, in the bridge position between two 

surface atoms, or in “hollow sites” between three or four atoms. The adsorption 

characteristics depend both on the adsorbed species and the metal, and also on the surface 

structure of the metal. Adsorption studies are therefore most conveniently performed on 

well-defined single crystal surfaces. Since there are always solvent molecules present at the 

electrode surface the interaction between adsorbate and surface has to be stronger than the 

interaction between solvent molecules and the surface.  

Fig. 1.10. Interfacial tension of mercury in contact with aqueous solutions of 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]. 
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Specific adsorption is always combined with a partial or full removal of the solvation sheath 

surrounding the adsorbate (desolvation) and, since cations tend to have a stronger solvation 

sheath than anions, they are less likely to be specifically adsorbed onto the electrode surface. 

A convenient way of describing the amount of a substance A adsorbed on the electrode is by 

its coverage qA. This qA is defined as the amount of the electrode surface covered with the 

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

dependence between A�  and qA can be noted         A A

S A A

� �
=

�  - � 1- �
              (1.11) 

Hence, by definition, the surface coverage is the ratio of the number of adsorbed species to 

the number of surface atoms of the metal substrate. If the surface structure (or the mix of 

different surface structures) and the true surface area of the electrode are known, the number 

of surface atoms can be obtaineded. 

When the adsorbate forms a complete monolayer on the electrode surface, this q = 1 equals 

the maximum amount of adsorbate that can be present on the surface unless multilayers can 

be formed. On Pt, for instance, a full monolayer of hydrogen is present on the surface at 50 

mV vs. RHE, i.e. one hydrogen atom occupies one Pt surface site. When starting a positive 

sweep this hydrogen layer is desorbed between 50 and 350 mV. The charge resulting from 

this desorption can then be used to determine the electrode area since, as already stated, the 

number of hydrogen atoms desorbed equals the number of Pt surface atoms. Hence, 

information on the surface coverage of a second species can be obtained from any decreased 

hydrogen desorption charge, provided this second species does not undergo any conversion 

(for instance oxidise) in the hydrogen desorption potential region (or, if it does undergo 

conversion, this must be known). In addition, hydrogen should not adsorb onto (or desorb 

from) this species in this potential region or the hydrogen coverage on this surface species 

must be known. Clearly, the number of sites per atom (or molecule) that this second species 

occupies must be known if a coverage estimation is attempted in this way. 

The dependence of the surface concentration of a species on the concentration of a species in 

the electrolyte, c, if all the other variables are kept constant, is described by an adsorption 

equation [101].  This surface concentration (1-q) depends on the rates of adsorption of the 

adsorbate onto, and desorption from, the surface. The rate of the adsorption can be expressed 

as:                                
#

ads  
G   -  G

V = C. c. (1 -� ) exp -
RT

� �
� �
� �

                  (1.12) 
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where C is a constant, c is the concentration of the species in the bulk, G# is the molar Gibbs 

energy of the activated complex, G is the molar Gibbs energy of the species in the bulk,. R is 

the gas constant and T is the temperature in K. The molar Gibbs energy of the activated 

complex is related to the change in standard Gibbs free energy and the change in Gibbs free 

energy of the process as below:# 

                #

2oG  + W
G  = G° 1 + 

4 G

� �D
D D � �D� �

                          (1.13) 

Here the work term W = WR –W0, describes the work done to bring R to the place of reaction 

from the bulk. The rate of desorption can then, in a similar fashion to that for adsorption, be 

described as 

 
#

ads
des 

G  - G
V = C. � . exp -

RT
� �
� �
� �

                          (1.14) 

where Gads is the molar Gibbs energy of the adsorbate. 

When these reactions are in equilibrium, i.e. when Vads = Vdes, the equation takes the 

following form: 

ads� G 
= c. exp - 

(1 - � ) RT
D� �

� �
� �

                                     (1.15) 

where ads adsG = G - GD . This is one form of the so-called Langmuir equation  

Since specific adsorption does not always follow the Langmuir equation, when there is 

interaction between the adsorbed particles on the surface, a modification by Frumkin may be 

introduced: 

ads -g  �� G°
 = c. exp - . e

(1 - � ) RT
D� �

� �
� �

                  (1.16) 

Here the parameter g expresses how the adsorbed particles interact on the surface. When g 

has a positive value the adsorbed particles repel each other and if g is negative, the adsorbed 

particles on the surface attract each other. If g = 0 there is no interaction between the 

particles, and the equation reduces to the Langmuir equation. 

In terms of dependence between current response during a voltammetric sweep and the 

change in surface coverage of the species A, qA, at any point in this sweep, can be expressed 

by the time-dependent current it as: 

  
t

A 
i

� =  dt
Q�                                       (1.17) 
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where Q is the charge of a monolayer. When introducing the sweep rate (v), the following 

equation for the surface coverage is obtained: 

 initial, A A
idV

� = � -
Qv�                               (1.18) 

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

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 definition of specific adsorption is given in three 

parts. First, at the potential of zero charge, there is specific adsorption if the measured 

surface excess of any ionic species is positive. Second, at potentials more positive than the 

potential of zero charge (sm > 0), there is specific adsorption if the surface excess of any 

cation is positive. Third, at potentials more negative than the potential of zero charge (sm < 

0), if the surface excess of any anion is greater than zero, then specific adsorption has taken 

place.  

Frumkin [131] used the term “superequivalent adsorption” instead of “specific adsorption”. 

As shown in Fig. 1.11 the charge in the inner Helmholtz plane (IHP) is more than equivalent 

to the Coulombic charges on the metal, i.e., it is superequivalent. Bockris and co-workers 

[129] used the expression "contact adsorption” when they referred to specific adsorption. 

According to their definition, specific adsorption occurs when ions are sufficiently large so 

that the primary solution sheath no longer exists for the aqueous ion. Thus, the ion can 

penetrate into the inner layer and contact the electrode directly. 

The specific adsorption of ions depends on a number of factors, including the charge density 

of the electrode [129], the size of the ion [132], its hydration [132], concentration changes of 

the electrolyte [129], and temperature [133]. The degree of specific adsorption will vary with 

electrolyte concentration, just as there should be a change in the potential of zero charge due 

to the specific adsorption of ions (the Esin-Markov effect) [127]. The degree of surface 

coverage by specifically adsorbed ions can be interpreted in terms of monolayer adsorption 

isotherms [127].  
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1.6.3.  Hydrogen adsorption on platinum single crystal electrodes 

The study of hydrogen adsorption on platinum has long been a major area of investigation 

[134]. Hydrogen adsorption phenomena were investigated as early as 1934 by Frumkin and 

Slygin [135,136]. A monolayer of hydrogen is adsorbed in its atomic form on platinum at a 

potential of between 0 V (hydrogen equilibrium potential) and about +0.3 V. Hydrogen 

adsorption/desorption is a fast process on platinum such that the reaction approaches 

equilibrium. Therefore, the position of hydrogen voltammetric peaks on the potential scale is 

directly related to the Gibbs energy of hydrogen adsorption. The charge transferred gives the 

amount of hydrogen adsorbed because there is total transfer of one electron for each 

hydrogen atom adsorbed [33,137]. 

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

electrochemically by repeated cycling (>100 cycles) into the oxide region (a technique first 

applied to a smooth platinum sample by Hammett in 1924 [138]). Using this method they 

investigated hydrogen and oxygen adsorption on polycrystalline platinum and single crystal 

platinum. After electrochemically cleaning the electrode by this activation procedure, two 

reversible hydrogen peaks were observed (Fig. 1.12) which were termed weakly and strongly 

Fig. 1.11. Pictorical representation of superequivalent adsorption. Reprinted from 
Bockris, Conway and Yeager [125]. 
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bonded states, respectively. These states refer to the potential region where they were 

observed, with the more strongly bound peak lying at the more positive potential. 

Various propositions were suggested to explain the origin of the hydrogen adsorption states, 

such as adsorption on different crystallographic sites, different degrees of charge transfer, 

different types of co-adsorbed anions. Confirmation of which (model) was correct proved 

difficult. The most plausible explanation was that hydrogen adsorption on different crystal 

planes of the polycrystalline sample had given rise to the observed behaviour and single 

crystal surfaces were therefore examined in order to test this view.  

Will showed that the peak at the more negative potentials (weakly adsorbed (bonded) 

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

whereas the peak at the positive potentials (strongly adsorbed hydrogen) was the major 

species observed on an activated Pt(100) surface electrode. The hydrogen adsorption peak 

found on Pt(111) was observed at the same potential as that on Pt(110) and therefore 

ascribed to weakly adsorbed hydrogen. However, it is now apparent that this designation was 

erroneous and it was the "activation" process used to clean the Pt(111) electrode that actually 

led to the creation of many surface defects [140], as demonstrated by investigation of the 
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Fig. 1.12. CV for polycrystalline platinum electrode in acid solution. Sweep rate 100 mV s-1. 
Reprinted from Will and Knorr [23]. 
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charge under the hydrogen adsorption peak, which corresponded to approximately twice the 

value expected from an atomically smooth platinum surface. It was suggested, even in this 

early work, that applying the "activation" procedure somehow perturbed the surface and 

subsequent ex situ experiments confirmed this point [139].  

It is evident that for satisfactory proof of the crystallographic origin of hydrogen adsorption 

states, the ability to prepare and characterise a well-defined surface and then to transfer it to 

an electrolyte without inducing any perturbation is necessary. A number of research groups 

[16,141] have attempted to examine polycrystalline platinum using cyclic voltammetry 

combined with UHV [10] facilities for surface preparation and characterisation. Experiments 

carried out in this way confirm Will’s conclusion that the two hydrogen adsorption peaks are 

associated with (110), (111) (weakly adsorbed hydrogen) and (100) sites (strongly adsorbed 

hydrogen). However, because of platinum’s highly reactive nature and its propensity to 

adsorb impurities, this approach encounters many problems, for example, contamination, 

during transfer of the platinum electrodes from UHV to an electrochemical environment. The 

first significant work to overcome this problem was carried out by Hubbard et al. [10] who 

studied Pt(100) and Pt(111) after electrochemically activating the electrodes (5 to 10 cycles) 

to remove the small amount of contaminant present (Fig. 1.14 (a) and (b)). A prominent peak 

corresponding to the weakly bound hydrogen on the (111) surface and a peak at the more 

positive potential for the (100) surface, corresponding to the strongly bound hydrogen, is 

clearly visible. Other research groups have carried out similar studies [16,141-143]. As 

regards the Pt(100) surface, they qualitatively agree with previous work that the peak for 

strongly bound hydrogen is due to adsorption on (100) sites. In contrast, results for Pt(111) 

have  been inconclusive due to irreproducibilities in voltammetric results. 

The voltammetric profile depends on whether the potential range is limited to that of 

hydrogen adsorption-desorption or includes a few activation cycles into the oxide region. In 

particular, it is unclear whether the weakly adsorbed hydrogen is due to (111) or (110) sites. 

Kolb and co-workers [16] showed by reflection high energy electron diffraction analysis of a 

Pt(111) surface that after cycling twenty times from 0 to 1.3 V significant restructuring of the 

(111) surface into predominately (110) facets occurred. Quantitative results differed 

markedly, especially for the Pt(111) surface, where the extent of hydrogen adsorption varied 

from 0.03 to 0.4 of a complete hydrogen monolayer [141,143]. By cycling into the oxide 

region the extent of hydrogen adsorption increased with a corresponding change in 
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voltammetric profile. Ross and Wagner [91,144] confirmed that discrepancies were due to 

the effect of impurities which adsorbed during transfer to the electrochemical cell. They also 

showed that these features could be eliminated by improved purification, especially in the 

back-fill gas used to pressurise the electrochemical chamber [145]  

Fundamental differences in the interpretation of the voltammetric profile also arose.  

Conway [146] reported that for all of the single crystal electrodes studied, multiple hydrogen 

adsorption peaks were always observed, which he ascribed to lateral interactions between 

adsorbed hydrogen atoms on a structurally homogeneous surface. Ross and Huang et al. 

[147,148] contended that the minor multiple peaks were associated with the intrinsic 

heterogeneity of the electrode surface, or the edges of the crystal, supporting wires or 

imperfections on the crystal surface introduced into the surface by potential cycling into the 

oxide region [147,148]. The variations in voltammograms, especially for the Pt(111) surface, 

were indicative of the imperfect surface preparation procedures used in UHV-

electrochemical transfer experiments at the time.  However, broad agreement with Will's 

initial findings was confirmed. 

In 1986, Clavilier’s bead method of crystal preparation [25, 50] was modified by Clavilier 

and Yeager for use with larger single crystals in order to maintain their quality for repeated 

treatment [87,149]. The crystals were cooled in an enclosed vessel filled with an inert gas or 

a mixture of hydrogen/argon and then quenched in ultra-pure water while still maintaining 

the crystal at a few hundred degrees.  

Cyclic voltammograms (CV) obtained for each of the low index platinum single crystal 

surfaces prepared according to Clavilier’s improved method are shown in Fig.1.13. 

However, the results introduced further complexity to the understanding of hydrogen 

adsorption, especially for the Pt(111) surface. The new results contained features that had not 

previously been observed and whose origin was not understood. The Pt(111) surface 

displayed so-called “anomalous” features (anomalous since such voltammetric peaks had 

never been previously observed on other platinum crystals). The unusual adsorption features 

of “Clavilier-prepared” Pt(111) occurred in the potential region 0.3 to 0.5 V (SHE) which 

intimated that their origin was not due to either hydrogen adsorption (based on the total 

charge passed) or oxygen adsorption. With successive potential cycling of the Pt(111) 

electrode into the oxide potential region, a similar CV to that reported by Ishikawa and 

Hubbard (Fig. 1.14 (b)) [10] was ultimately obtained. Fig. 1.14 compares the CV obtained by 
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Clavilier for the Pt(111) electrode with that obtained by Ishikawa and Hubbard after cleaning 

and characterisation in UHV by LEED and AES [10,25]. 

 

 

 

 

 

 

 

 

 

 

 

 

Clavilier’s principal finding was that electrosorbed hydrogen at each low index surface was 

highly correlated with both the nature and concentration of surface adsorption sites. 

Furthermore, the amount of hydrogen adsorbed invariably corresponded to one adsorbed 

hydrogen per surface platinum atom. Thus, a cyclic voltammogram contained more 

information than merely the simple interaction between adsorption at each surface site. One 

probable reason for the unusual adsorption states at higher potentials for the Pt(111), and to a 

lesser extent the (100) surface [73], was the presence of long-range order. These adsorption 

states have since been extensively studied by coupled UHV-electrochemistry studies by Ross 

[88] and others [73,88,140,150,151], and have been clearly attributed to the existence of 

atomically flat extended surface domains, that is, the presence of two-dimensional surface 

long-range order. 

Fig. 1.13. CVs obtained by Clavilier et al. [50] for: 
(1a) Pt(111); (2a) Pt(100) and (3a) Pt(100) cooled in a H2 + Ar atmosphere 
after flame-annealing.  
 
(b) Voltammograms of Pt(100) cooled in air (____) and in a H2 + Ar  
atmosphere (-----). All voltammograms have been recorded in 0.5 M H2SO4. 
Sweep rate 50 mV s-1. 
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Aberdam et al. [92] and Wagner and Ross [88] showed independently that potential cycling 

as a method of cleaning Pt crystals induces high density surface defects. Moreover, these 

researchers obtained Pt(111) CVs identical to that reported by Clavilier, indicating that 

formation of an electrochemical oxide was avoided. 

 

As stated previously, the electronic charge transfer occurring for platinum below 0.6 V, for 

all adsorption states (after subtracting the double layer charge contribution) in sulphuric acid 

media, corresponds to one hydrogen adatom per surface platinum atom for the (111) and 

(100) orientations. However, for the Pt(110) surface the hydrogen charge is significantly 

larger. This behaviour is ascribed to the stability of the (1×2) reconstructed phase on Pt(110) 

in the presence of bi-sulphate anions [152]. The electrosorbed hydrogen amount is therefore 

directly related to atomic structure and density. Subsequent work [92,140] has indicated that 

Clavilier's results are almost certainly associated with clean, well-ordered platinum surfaces. 

The availability of well-characterised platinum low index surfaces also allows an 

investigator to resolve the various electrosorption processes that result from electrochemical 

activation on polycrystalline surfaces.  

 

As regards the Pt(111) electrode, the first consequence of activation has been shown to be 

the attenuation of the anomalous adsorption states, indicating their sensitivity to the degree 

of long-range order. Upon electrochemically faceting a Pt(111) surface, a new state appears 

at the exact potential of the peak observed with Pt(110) electrodes, which increases in 

magnitude with the number of electrochemical cycles into the oxide region, and thus is 

considered to be of the same nature. 

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

observing the anomalous feature is highly ordered with sharp diffraction spots [153,154], 

whilst Hubbard's "activated" Pt(111) electrode (no anomalous region) has lost its long-range 

order (diffuse diffraction spots) and is characterised by a randomly distributed stepped 

surface [10].  

The study of stepped single crystal surfaces has proved to be a fruitful way of approaching 

the problem of electrochemical characterisation of surface structure, notably the effect of 

long range order on the (111) and (100) atomically flat domains. 
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Fig. 1.14. CVs for: (a) Pt(100) and (b) Pt(111). Both voltammograms (a) and (b) have been 
recorded in 1 M H2SO4 at sweep rate 10 mV s-1. Reprinted from Hubbard and 
Ishikawa [10]. 
 
(c) CV for Pt(111) in 0.5 M H2SO4 at 50 mV s-1.  Reprinted from Clavilier [25]. 
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Several studies of stepped surfaces have been conducted [155,156], the most detailed being 

that of Furuya et al. [34,157] who investigated the distribution of stepped surfaces in the 

three crystallographic zones (that is, (111)-(100), (100)-(110) and (111)-(110)). The authors 

correlated the different voltammetric profiles qualitatively to changes in step density and 

terrace width (Fig. 1.1). Each low and high index plane has its own characteristic 

voltammogram which serves as a fingerprint of the surface, and may be used to determine 

the extent of long-range order. It has been suggested by others [34,157] that differences in 

voltammograms are due to interactions between the adsorbed hydrogen and the holes in the 

5d band of the platinum atom at the adsorption site. The degree of isolation of a Pt atom 

seems to be reflected in the number of such holes and is postulated to determine the strength 

of binding with the hydrogen adsorbate.  

Following the advent of Clavilier’s method for single crystal preparation several groups have 

performed electrochemical studies on electrodes containing controlled amounts of steps and 

other defects, such as kinks [34,35,141,145,156-163]. An extensive review of results 

obtained using stepped crystals has been published by Parsons and Ritzoulis [33]. 

After widespread adoption of Clavilier’s methodology, many studies have been presented 

where different modifications were identified, demonstrating the sensitivity of the CVs to the 

conditions under which the crystal is cooled [147,155]. Quenching and cooling conditions 

have little effect on the structure of a well-ordered Pt(111) electrode [72,92]. However, 

Pt(l00) was found to be strongly dependent on both the quenching conditions [89] and 

cooling atmosphere [72,164,98]. Surfaces vicinal to Pt(111) containing a regular array of 

(100) step sites exhibited a similar dependence [35,165]. This behaviour was attributed to an 

oxygen-induced reconstruction of the (100) steps. Similar changes were reported in gas 

phase studies of oxygen-induced facetting of stepped platinum surfaces [60]. 

However, surfaces vicinal to Pt(111) with (110) step sites exhibited much less sensitivity to 

the effect of the cooling atmosphere [72,166].  

Hence, a large body of work exists on the preparation of well-defined stepped surfaces of 

platinum. The CV is found in all cases to be critically dependent on the cooling conditions.  

Although recent work has concentrated on the electrosorption of the simplest electro-active 

species, hydrogen, it is expected that experimental access to these well-defined adsorption 

sites will generate studies of the electrochemical reactivity 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(111) electrodes is bi-sulphate anion 

adsorption  was first suggested by Kolb [167,168]. No change was observed in the 

anomalous region when changing the pH and holding the bi-sulphate concentration constant. 

In contrast, after changing the bi-sulphate concentration and keeping the pH constant, the 

anomalous region was found to move to more negative potentials. Hence, it was postulated 

that specifically adsorbed bi-sulphate anions control the anomalous region on Pt(111). 

The participation of bi-sulphate species in generating unusual voltammetry, when long range 

surface order is present, has been confirmed by other experimental methods, including 

Fourier transform infra-red spectroscopy (FTIRS) [169], ultra violet visible 

electroreflectance spectroscopy [170], and radio-tracer techniques [171,172].  The propensity 

of bi-sulphate anions to adsorb on hexagonal surfaces has been ascribed to the trigonal 

arrangement of oxygen atoms in these anions which interacts effectively with the threefold 

hollow site of the substrate (Fig. 1.15) [169,173]. 

 

 

 

 

 

 

 

 

The term “anomalous” [151] is vindicated since such behaviour has not as yet been seen, 

either with other low Miller index planes of platinum or with Rh(111) or Ir(111) in sulphuric 

acid [151].  However, it has been observed with Au(111) [167].  

The surface concentration of bi-sulphate on Pt(111), Pt(100) and polycrystalline platinum 

[Pt(poly)] depends on surface orientation and the electrode potential [95]. The adsorption 

isotherm of bi-sulphate on platinum has been revealed using S35 –labelled bi-sulphate anions 

(Fig. 1.16).  

Wieckowski et al. [95] found that, at a fixed bulk concentration of sulphuric acid (10-3 M), 

the surface concentration of bi-sulphate on Pt(100) was two-thirds  that obtained on Pt(poly), 

and less than one- third of that found on Pt(111) (Fig. 1.17). The reason for this may be 

Fig. 1.15.  Three possible orientations of the sulphate molecule on the platinum surface [169]. 

(a) (b) (c) 
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related to the complete symmetry match between the O-atom termination of the bi- sulphate 

and the hexagonal (111) surface geometry [169,174]. In fact, the adsorption of bi-sulphate on 

Pt(111) gives rise to a well-ordered Pt(111) (3 7´ ) surface phase in situ [87] and 

( 3 3´ ) ex situ [95]. The maximum surface concentration of bi-sulphate is pH 

independent, indicating that the surface anion interaction is predominantly with bi-sulphate 

rather than sulphate anions [176]. The shift of bi-sulphate to sulphate adsorption at higher pH 

is most probably due to sulphate/hydronium ion recombination at the surface [177].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.16. CVs for two platinum single crystal and a polycrystalline electrode in clean 10-1 

M HClO4 solution (broken lines) and in a solution containing 10-3 M H2SO4 
(solid lines). (a) Pt(100), (b) Pt(poly), (c) Pt(111). Sweep rate 50 mV s-1. 
Reprinted from Wieckowski et al. [95]. 
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The anomalous wave of the Pt(111) voltammogram in the presence of sulphuric acid 

coincides with the onset of bi-sulphate adsorption [168]. The combined radio-1abelling and 

voltammetric results verify that adsorption of bi-sulphate on the ordered surface in the 

potential range associated with "normal" adsorbed hydrogen does not occur [95]. 

With increasing concentration of bi-sulphate ion, the anomalous wave is shifted to a less 

positive potential [178]. Correlation of the potential shift with bulk and surface 

concentrations of bi-sulphate indicate that the position of the anomalous wave is related to 

the ability of bi-sulphate to adsorb on the Pt(111) surface.  

The adsorption of bi-sulphate on ordered Pt(111) starts at approximately 0.2 V more positive 

than on the disordered surface; the maximum surface concentration of bi-sulphate on an 

ordered Pt(111) surface is about 20 per cent higher than on disordered Pt(111). Such 
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Fig. 1.17. Potential dependence of bi-sulphate ion adsorption on o, Pt(100); · , Pt(111); + 
Pt(poly). The data were obtained in 10-1 M -

4HClO  - 10-3 M H2SO4 solution and 

correspond to the voltammograms depicted in Fig. 1.16. Reprinted from 
Wieckowski et al. [95]. 
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behaviour for ordered/disordered surfaces appears to be a common feature of noble transition 

metals [95].  

Finally, in situ Fourier transform infrared spectroscopy has shown that bi-sulphate ion is the 

predominantly adsorbed species in 0.05 M H2SO4 solution, at potentials below that at which 

platinum oxide formation occurs, but prior to hydrogen adsorption [169]. It is proposed on 

the basis of IR band assignment that the major bi-sulphate orientation is that of three-fold co-

ordination to each of the unprotonated oxygens, as shown 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 cycles of anodic oxidation, as used by others to 

clean the surface [16,21,179,180], removed the unusual new (111) terrace features. Because 

the charge under the new features reappeared as charge under the “weak” hydrogen peak, 

and since the new features were very reversible, Clavilier and co-workers rationalised these 

features as a very strongly bound form of hydrogen on atomically flat (111). They assigned 

the sensitivity of the new features to the effect of roughening the surface.  Moreover, within 

a short time several investigators using UHV/LEED systems with improved sample transfer 

technology [181] were able to reproduce the Clavilier voltammetry with well-ordered (111) 

surfaces using conventional bulk single crystals [91,141,149,181]. Although there was wide 

agreement on the experimental finding, nevertheless, several groups disputed the 

interpretation of the features as "strongly adsorbed hydrogen", suggesting that in sulphuric 

and hydrochloric acids the anomalous voltammetry was due to the specific adsorption of 

anions [33,88,151,168] whereas in perchloric acid or hydrofluoric acid it was attributable to 

OH formation [151,168]. Since the origin of these features was unclear, and also due to their 

uniqueness to the (111) surface, Wagner and Ross had first referred to these features as 

“anomalous” [91]. Yeager and co-workers using surface IR [169] showed that the anomalous 

voltammetry on Pt(111) in sulphuric acid was due to the specific adsorption of bi-sulphate 

anions.  

The effect of step density and symmetry structures on the adsorption of ions, notably 

protons, has also been investigated by several research groups [33]. Clavilier and co-workers 

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

and terrace structure and (ii) with various step densities. For the (1 1 0 ) zone [35], the steps 
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and terraces both had the (111) structure and were classified as n(111)´ (111) surfaces. These 

surfaces are electrochemically better described as a combination of (n-1) atom-wide (111) 

terraces and (110) monoatomic steps, since the junction (111) (111) defines a (110) site. 

In Fig. 1.18, the peak at 0.11 V, which is absent for Pt(111), progressively increases in 

magnitude as the step density increases. This increase in hydrogen adsorption has been 

attributed to adsorption on the steps. The remaining hydrogen can be attributed to the 

terraces. Analysis of the (0 1 1 ) zone where the step structure is n(111)´ (100) [32] indicates 

that as the step density increases, a sharp peak at 0.25 V appears (Fig. 1.19). This can be 

identified with adsorption on the (100) step sites. Increasing the concentration of specifically 

adsorbed anions (sulphate) changes the voltammetric response of the crystal. Fig. 1.20 shows 

the effect of increasing bi-sulphate concentration on the Pt(111) and Pt(554) surfaces. It is 

clear that by increasing the concentration of bi-sulphate anions a negative shift of the unusual 

adsorption states occurs [32].  

Two groups independently explored the structure sensitivity of the anomalous features using 

high Miller-index single crystals. The step-terrace structures allowed control of the terrace 

length, and thus the distance between defects in the form of monatomic steps. As previously 

mentioned, Clavilier et al. [158] had used crystals cut a few degrees from the (111) 

orientation in the direction of the (110) orientation of the stereographic triangle to form the 

step-terrace structure Pt(S) [n(111)´ (111)]. Blakely and Somorjai reported [182] that these 

particularly high Miller index surfaces were the only ones that did not facet in the presence 

of oxygen at high temperature, an important requirement for their use with the “bead 

technique”. Using [n(111)´ (111)] surfaces, Clavilier et al. evidently established that a critical 

terrace length of at least 9 atoms was required to observe all the details of the anomalous 

features on Pt(111) [158]. 

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

chloride and bi-sulphate anions on Pt(111). He adopted two methods to create defects 

deliberately to the surface of Pt(111); one was simply to ion-bombard the surface in UHV 

and to partially anneal the ion damage (the structure of the partially annealed surface was 

then analysed quantitatively using LEED spot-profile analysis [184]). The other was to use a 

series of step-terrace structures of the n(111)´ (111) type using Clavilier’s bead technique 

[158].  
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Fig.1.18. Set of positive sweeps of voltammograms for Pt n(111)´ (111) in  0.5 M 
H2SO4 recorded at 50 mV s-1. Reprinted from [158].  
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Fig. 1.19. Positive-going sweep of the voltammograms of Pt(111) and Pt n(111)́ (100) 
surfaces investigated with n = 2-9, 12. 14. 20. 26 and 40 in 0.5 M H2SO4. The 
sweep rate for all experiments was 20 mVs-1. Displacements of the curves are 
arbitrary. Reprinted from [35]. 
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Fig. 1.20A.  Effect of sulphuric acid concentration on the voltammetric behaviour of 
Pt(111), (-----) 2.0 M; (-×-×-×-) 0.5 M; (_________) 0.1 M; (××××××××) 0.05 M; (¾ ) 
0.01M. Reprinted from [158]. 
 

i/mA cm-2 

E/V (vs RHE) 

Fig. 1.20B.  Effect of sulphuric acid concentration on the voltammetric behaviour of 
Pt(554). Symbols as in Fig. 1.20A. Reprinted from [158]. 
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1.6.5.1. Effects of defects and of sulphate concentration on the cyclic voltammetry of 

n[(111)×(111)] stepped surfaces  

The voltammetry for a clean, UHV-prepared, well-ordered Pt(111) surface in 0.3 M HF  was 

studied by Wagner and Ross [91] (Fig. 1.21). The addition of H2SO4 had no observable 

effect on the voltammetry curve until a threshold concentration was reached, which was 

approximately 1 mM. As shown in Fig.1.22, at this threshold, the anomalous [150] complex 

features at 0.6 - 0.8 V disappeared, and were replaced by the complex features occurring 

between 0.2 - 0.7 V, the potential depending on the sulphate concentration as described by 

Kolb and co-workers [168]. These features in sulphate containing electrolyte have been 

attributed to bi-sulphate adsorption/desorption by a number of research groups 

[150,155,168,184]. 

The charge under the peak of the anomalous region was very sensitive to the degree of 

atomic flatness of the Pt(111) surface [150,151], as shown in Figs. 1.23 and 1.24. Fig. 1.23 

shows the voltammetry for a series of Pt(111) surfaces having various degrees of roughness, 

and Fig. 1.24 shows the voltammetry for a series of [n(111)́ (111)] surfaces step-terrace 

surfaces. Both types of rough surfaces show that the shape of the anion feature changes when 

the step density reaches a critical value (ca. 6x106 cm-1). A further increase in the step 

density causes a significant loss of charge under the anion feature. The charge lost between 

0.4 – 0.7 V apparently reappears as charge in the normal hydrogen adsorption/desorption 

potential region between 0 - 0.2 V. 

 

 

 

 

 

 

 

Fig. 1.21.  CV of a well-defined (111) surface in 0.3 M HF, contact with electrolyte 
under potential control at 0.6 V. Sweep rate 100 mV s-1. Reprinted from 
Wagner and Ross [91]. 
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Fig. 1.22. CV of Pt(111) prepared in UHV with addition of H2SO4 to 0.1 M  HF. First 
complete cycle after contact at 0.6 V shown. Sweep rate 50 mV s-1. 
Reprinted from Ross [183]. 
 

C
ur

re
nt

/ 
mm mm

A
 c

m
-2
 

Fig. 1.23. CV for Pt(111) surfaces with various degrees of surface roughness. First 
complete cycle is shown after contact with electrolyte (0.3 M HF- 5 mM H2SO4) 
at 0.6 V. Sweep rate 50 mV s-1. (1) well ordered and fully annealed surface, (2) 
partially annealed surface, (3) ion bombarded surface, (4) electrochemically 
roughned surface. Reprinted from Ross [183]. 
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Fig. 1.24. CVs of Pt(s) [n(111)́(111)] step-terrace structures in 0.1 M H2SO4 
prepared in UHV. Sweep rate 50 mV s-1.  Shaded region in (c) is 
attributed to anion adsorption; shaded regions in (a) and (b) are changes 
in curves relative to the curve in (c). Reprinted from Ross [183]. 
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Pt(331) = 3(111)́́´́ (111) 

Pt(332) = 6(111)́́´́ (111) (b) 
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1.6.5.2. Effects of chloride concentration on the cyclic voltamogramms of n[(111)×(111)] 

stepped surfaces 

It has been reported [183] that the addition of Cl- to HF provides a threshold effect similar to 

that shown by bi-sulphate, as shown in Fig. 1.22 for a well-ordered Pt(111) surface.  

At a concentration of ca. 1 mM Cl-, the anomalous feature at 0.6-0.8 V completely 

disappeared, and a new feature appeared between 0.2–0.6 V (the potential where the features 

appear depending on anion concentration). Hubbard and co-workers [185] have obtained 

curves similar to those shown in Fig. 1.25 for 1 mM in 0.3 M HF when they used well-

ordered Pt(111) in 10 mM HCl  + 0.05 mM CaCl2. The feature at 0.2-0.6 V in dilute acid 

containing mM levels of Cl-  is attributed to anion adsorption/desorption. The effect of 

roughness on the shape and charge under the anion feature is similar to that on bi-sulphate 

and is in direct proportion to the step density. 
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Fig. 1.25. CV of a well-ordered Pt(111) surface in 0.3 M HF with addition of HCl. The 
experiment is comparable to 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 versus step density for stepped platinum 

surfaces. The presence of step-defects in the Pt(111) surface lowered the work function. The 

difference in work function, (Df ), between the annealed well-ordered (111) surface and the 

various rough surfaces is a linear function of step densities (for step density <107 cm-l). For 

high step densities, the work function lowering appeared to saturate, with the absolute value 

of the work function of all surfaces becoming equal to that for the (110)-(2́1) surface 

(which has a [2(111)´ (111)] structure [145]. The negative slope of the work function versus 

step density curve indicates that there is a net positive charge on the step atom [183].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.26. The differences in vacuum work function,fD , between a well-ordered Pt(111) surface 
and a stepped surface as a function of step density. Open circles represent 
[n(111)́ (111)] step-terrace structures;  filled circles represent the work 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 electrodes 

 

The motivation for studying the electrosorption of oxygen on platinum electrodes stems from 

its effect on the reversible electrosorption of hydrogen. Kim et al. [186], using XPS to 

characterise the electrochemical oxide layer formed on polycrystalline platinum surfaces, 

identified three platinum oxide states dependent on the precise electrode potential. The 

stoichiometries were PtOads, PtO and PtO2. Conway and co-workers made similar deductions 

purely from electrochemical observations [187]. Moreover, whereas hydrogen displayed 

highly reversible electrosorption states, oxide adsorption was clearly an irreversible process. 

Conway attributed this irreversibility to a place exchange mechanism between the 

electrosorbed oxygen and platinum atoms at the surface. Angerstein-Kozlowska et al. [188] 

studied oxide formation on platinum in sulphuric acid by progressively increasing the 

applied potential to more positive potentials (window opening). The very broad oxide peak 

obtained from the platinum CV showed two distinct regions. Reversible oxide peaks were 

formed up to about 0.15 V positive from the onset of oxide formation. However, at more 

positive potentials oxide adsorption/desorption became irreversible, indicative of the 

formation of a more strongly bonded species. A model was developed involving first an 

ordered overlayer lattice of OHads at the single crystal surface with one monolayer being 

initially formed. The next stage of adsorption was considered to correspond to the formation 

of a new three-dimensional lattice structure via a place exchange mechanism which involved 

conversion of platinum atoms to a positively charged state in order to compensate for the 

bulk OH- species. Thus, upon desorbing this oxide phase a highly defective (but clean) 

surface was generated. More recently, Conway et al. [189] have proposed a microscopic 

model for oxide film development (Fig.1.27).  

Wagner and Ross [88] and Aberdam et al. [140] using a UHV-EC approach, studied 

electrosorbed oxygen in detail and came to similar conclusions as Conway. LEED intensity 

measurements confirmed that surface roughening had occurred after electrochemical oxygen 

adsorption/desorption cycles. The critical charge above which place-exchange took place 

was found to be between 220 and 255 mC/cm2 for Pt(100) and Pt(111), respectively, 

corresponding to one monolayer of OH- species or a 0.5 monolayer of O2-. However, an 

ordered OH- adlayer phase was not confirmed using LEED. Potential cycling in this critical 

potential region gave rise to a stable distribution of platinum atoms. Increasing the potential  
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Fig. 1.27. Electro-oxidation of platinum surfaces: schematic diagram illustrating the 
formation of oxide film. Reproduced from Conway et al. [189]. 
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beyond this critical point, even for only a few cycles, was demonstrated to produce high 

density surface defects signified by “halos” around the integral order LEED beams. The 

drastic change in the voltammogram of platinum in the hydrogen region was therefore 

attributed to surface roughness brought about by oxide adsorption/desorption. No restoration 

of the platinum atoms to their original terrace positions was found after further cycles into 

the oxide region.  

 

1.7. Bimetallic Surface Chemistry 

 

Ultra-thin layers of metals (metal overlayers) supported on metal substrates play a 

fundamental role in a number of technological areas. Modified surfaces (low-dimensional 

structures) impart new physical and chemical properties which are significantly different 

from those of the bulk materials [190]. The formation of low dimensional metallic overlayers 

also exhibits superior electronic/catalytic properties as compared to the pure elements [191]. 

Interest in ultra-thin metallic layers from a commercial aspect has focused particularly on 

catalysis, including electrocatalysis, where the presence of monolayer and submonolayer 

quantities of an adsorbate can change drastically the reactivity of a surface, its selectivity and 

also its resistance to poisoning in both liquid and gas phase environments. Bimetallic 

systems, such as Pt-Re, Pt-Ir, Pt-Sn, Pt-Au and Ni-Cu, exhibit greater selectivity and 

resistance to poisoning with respect to the single-component metals in a number of catalytic 

systems [192]. Applications are also found in the preparation of electrically active surface 

layers for electron emitters, chemically passive coatings and magnetic films [193]. 

More recently, a wide range of experimental methods for surface and thin film 

characterisation has become available. By utilising ultra thin films, a number of scientific 

phenomena may be explored, at both gas/solid and liquid/solid interfaces. These include 

adsorption–desorption processes, nucleation and growth, double layer charges, corrosion and 

passivation, and catalysis [46,194]. This has occurred largely as a result of the development 

of UHV surface analysis methods and efficient procedures for surface preparation, which 

have enabled the formation of clean well-characterised single crystal bimetallic surfaces. 

These developments should ultimately lead to tailoring of 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 description of thin layer growth based on the 

thermodynamics of the growing layer [195]. Many experimental investigations of metal on 

metal growth seemed to confirm this model [196]. The three basic growth modes are named 

after their original investigators. 

a) Frank and Van der Merwe (FM) growth occurs where the deposited metal grows in a 

layer-by-layer fashion, with the formation of the second layer only commencing after the 

completion of the first [197,198]. 

b) Stranski and Krastanov (SK) growth occurs when a layer grows up to one or a few 

monolayers followed by three-dimensional islands forming on top of the first (or most 

recently) completed layer [199]. 

c) Volmer and Weber (VW) growth occurs when three-dimensional islands are formed at 

all stages of metal deposition [200].  

Each of these growth mechanisms is depicted schematically in Fig.1.28. 

The thermodynamically stable growth of one material on the surface of another is governed 

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

of the surface free energy of the growing film on the substrate (yF/S) and the interfacial 

energy between the film and the substrate (yI); (ii) the surface free energy of the substrate 

(yS). 

Comparison of the instability free energy (yF/S + yI) and the surface free energy (gS) yields 

the three stable modes of film growth. Pseudomorphic (FM) growth takes place when (gF/S + 

gI) < gS at all stages of metal deposition. Three dimensional (VW) growth occurs when (gF/S + 

gI) > gS at all stages of metal deposition. The third (SK) growth is a combination of the two in 

that the condition (yF/S + yI) < yS must hold for at least one monolayer (FM growth) followed 

subsequently by VW growth ((yF/S + yI) > yS)).  

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

equilibrium and kinetic factors, including surface diffusion, which has to be rapid in 

comparison with the rate of vapour impinging on the time scale of the deposition. Since 

overlayer growth is a dynamic process, the growth mode can change with substrate 

temperature and with crystallographic orientation of the substrate, indicating that kinetic 

factors can often be more dominant than energetic considerations. Indeed, if kinetic 

limitations prevent the attainment of equilibrium, the whole energetic description is 
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inappropriate [201,202]. Thermodynamic models have been quite useful for interpreting thin 

film growth, but, limitations in the success of the models proposed have been observed with 

the application of scanning probe microscopies [203]. To determine the theoretical growth 

mode of a particular system, accurate values of the surface and interfacial energies are 

required. Such data are generally unavailable. Therefore, gross simplifications are made, 

where the surface free energy of the film on the substrate yF/S has to be assumed to be equal 

to the surface free energy of the film yF. Such an approximation is inadequate for films with 

a thickness of only a few atoms and would also be inaccurate if there was any lattice mis-

match involved between the two materials. Lattice mis-match induces a strain or stress 

energy into the film, which gradually increases with film thickness, causing the film surface 

energy to change. It is, therefore, necessary to determine the film surface energy as a 

function of film thickness. This is not surprising since observation of the SK mode depends 

upon such a variation with film thickness. Further simplifications of the thermodynamic 

criteria have been made by Bauer and van der Merwe [204], who assumed that the interfacial 

energy gI, which is generally unknown, was very small in comparison with the surface 

energies of the adsorbate gF and the substrate gS. They therefore concluded that FM growth 

occurred when (yF < yS) and VW growth when (yF > yS). Although gI is probably much 

smaller than the other surface free energies, if gI was significant, it will strongly influence the 

initial growth mode of the film [205,206]. Unfortunately, there is almost no quantitative data 

available on interfacial energies during metal deposition from either experiment or theory.  

 In the case where the adsorbate and substrate surface energies are approximately equal, the 

growth mode is solely dependent on the strain in the overlayer. Strain results from the lattice 

mis-match between the adsorbate and substrate. The critical values beyond which layer 

growth cannot be sustained were determined by Frank and van der Merwe [198] in an 

extension of the Frenkel-Keterenov theory of one-dimensional dislocations [207]. Extending 

to two-dimensions it was found that the critical misfit for layer-by-layer growth at ambient 

temperature was 9%. However, Woltersdorf [208] pointed out that the Frank and Van der 

Merwe paper contained a numerical error, such that the critical misfit should have been 7%. 

For misfits greater than this, the SK mode should be observed. 

The role of dynamic processes in creating the three basic growth modes is not described 

above. For example, when the adsorbate is relatively refractory, or when low substrate 

temperatures are employed or when the vapour flux is very high, an overlayer may undergo 

metastable behaviour which is a result of slow kinetics rather than equilibrium growth. Two 
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additional growth modes; the simultaneous multilayers (SM) and the monolayer plus 

simultaneous multilayers (MSM) have been observed (Fig. 1.28 (d, e)) [209,210]. The 

general form of the SM growth mode has been analysed by Kaschiev [211], and found to be 

a metastable form of the FM mode. It is often referred to as “pseudo-FM” [212]. Between the 

SM and FM modes one can envisage a range of possibilities depending on the degree of 

surface mobility allowed. Recent STM measurements also throw doubt on the assumption of 

thermodynamic equilibrium being attained during metal deposition in vacuum [213]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.28. The various growth mechanisms for thin films on metal substrates by 
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). 
 

 

(a) (b) (c) (d) (e) 

Substrate Adsorbate monolayer 
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1.7.2. Methods of preparing bimetallic surfaces  

 
Usually, well-defined bimetallic surfaces are prepared by one of the following methods: (a) 

cutting and polishing a bulk single crystal alloy [214]; (b) Condensing the vapour of one 

metal onto a clean and well-defined single crystal surface of another pure metal in UHV 

[214]; (c) electrodeposition of one metal onto a clean and well-defined single crystal surface 

of another pure metal in an electrochemical cell [4]. 

 

1.7.2.1. Vapour deposition 

 

The epitaxial growth of metals on metals in UHV has been the subject of many 

investigations. The field was established with the publication by Lassen and Bruk in 1930 of 

the first electron diffraction studies of metallic growth. Progress was slow because of 

difficulties in establishing a theoretical description based on experimental results, due mainly 

to the problem of maintaining surface cleanliness. In 1958, Bauer unified and classified the 

various growth modes on the basis of thermodynamic considerations [210,212]. Until 

recently, when the importance of kinetic parameters has become increasingly recognised, 

this model provided a good theoretical interpretation of metal growth. 

To classify metal–metal growth, it is necessary to recognise a number of distinct kinetic 

events that take place when a gaseous molecule collides with a metal surface. These include 

scattering (elastic or inelastic), adsorption (physical or chemical), desorption, migration and 

random movement, chemical reaction, and penetration [215] (Fig. 1.29). For metal 

deposition, steps (E) and (G) are more important than (B) and (C) because the sticking 

probability of metal atoms on a metal surface is close to unity. Growth must be initiated by 

nucleation of two or more atoms at a step (G). The participation of any other kinetic process, 

including inter-diffusion (alloy formation), (D), or the appearance of random defects on the 

substrate (F), will result in a considerable change in growth behaviour. 

 

1.7.2.2.  Electrodeposition of metals 

 

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

Faraday established the theoretical principles for this method in 1833 [216]. The 

electrodeposition method has found widespread application in a number of investigations  
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concerning the process of crystal growth and its classification [217]. The mechanism of the 

electrodeposition method includes the following stages [218]. 

 

1. Metallic ions in solution acquire a complete hydration shell.  

2. Transport of such ions to the cathode surface occurs under an applied electric field 

yielding an adsorbed ion. 

3.  Charge transfer occurs between the electrode and the adsorbed ion (reduction of 

ion).  

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

5. Adatoms so created diffuse over the surface to preferred adsorption sites, such as 

kinks, steps or vacancies which act as nucleation sites for further growth.  

The total reaction can be represented by: 

 

[M z+ (H2O)n] (aq) + z e-  ®  M lattice + n H2O          (1.19) 

Fig. 1.29. Schematic diagram of surface nucleation and growth: (a) arrival, (b) rebound, either 
elastically without energy loss, or inelastically after exchanging energy. (c) desorption 
of adsorbed atom, (d) interdiffusion, (e) surface diffusion, (f) special sites (g) binding 
and nucleation. 
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The morphology of an electrodeposited film depends on factors such as, the current density, 

the nature of the anions and cations in the solution, the presence of additional agents or 

impurities, whether the current is continuous or pulsed, the morphology of the substrate 

surface, metal ion concentration, and temperature [217]. 

Nucleation and growth of metal electrodeposits follow similar constraints to those outlined in 

Section 1.7.1 [217,219], but the most important difference is the environment that surrounds 

the crystal surface. Although in both cases the condition of a “clean” surface is assumed, the 

metal-electrolyte interface consists of a condensed phase of molecules in the so-called 

double layer region, which means that the adsorption is achieved via a replacement process. 

Therefore, the mobility of ions or atoms is expected to be modified. The charge transfer 

reaction will occur only under the effect of the high electric fields which are present at the 

electrode surface and this highlights another difference in adsorption from the gas phase. 

Whereas, in gas phase deposition, metal atoms arrive at the substrate with large thermal 

energies, in electrochemical deposition the process takes place at ambient temperatures, and 

hence differences in rates of surface diffusion and therefore surface morphology are to be 

expected. 

 

1.7.3.  Metal underpotential deposition 

 

When metal ions (M) are deposited on a foreign metal substrate (S) the interaction can be of 

two types [130]. If the Gibbs energy of the adatom/adatom interaction is stronger than that 

between adatom and substrate, the adatom will deposit at potentials lower than that of the 

equilibrium potential for bulk deposition-dissolution, and three-dimensional clusters will be 

formed at even low coverages. 

 In cases where the adatom and substrate interaction is stronger than the adatom/adatom 

interaction, the adatom will deposit at potentials more positive than the equilibrium potential 

[the Nernst reversible potential] [220-223] for bulk deposition of metal 

[4,20,48,194,224,225]. This is called underpotential deposition (UPD) (UPD signifies the 

electrochemical adsorption of metal submonolayers at potentials positive with respect to the 

Nernst potential (E b), i.e. prior to bulk deposition) and small evenly dispersed domains can 

then be formed on the substrate surface, at least at lower coverages. Usually interactions 

between these small domains cause the formation of larger islands at intermediate or high 

submonolayer coverages.  
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Adsorption under these conditions and at sufficiently low potential sweep rates ensures that 

adsorption under thermodynamic equilibrium can be achieved, usually resulting in a partial, 

single or double monolayer [4]. Many metals have been utilised in UPD experiments on a 

wide variety of different substrates [4,226].  

The deposition of metals onto electrode surfaces may be studied using cyclic voltammetry in 

order to generate a monolayer via underpotential deposition. This process involves the 

reduction of a metal ion at an electrode surface at potentials more positive than the Nernstian 

reversible potential [220-223]. This occurs when the metal electrode (substrate) is of higher 

work function than the metal species chosen for deposition. 

Hevesy made the first observation of underpotential deposition (UPD) in 1912 [227]. A great 

deal of research has been targeted at understanding this phenomenon in the last two decades. 

As a result, UPD has been utilised in a wide variety of electrochemical applications, most 

notably in electrocatalysis [194].  By underpotential deposition it is possible to deposit 

adatoms up to monolayer coverages (or in some cases, where the adsorbate-substrate 

interactions are sufficiently strong, up to two monolayers) at a potential slightly higher than 

the equilibrium potential for bulk deposition-dissolution.  

The UPD technique enables the formation of a stable metal overlayer under equilibrium 

conditions, and the film coverages may be varied by changing the potential. The extent of 

UPD can be gauged by using cyclic voltammetry, assuming complete electron transfer from 

the metal ion to form a neutral adatom species, excluding partial charge transfer [22]. The 

charge associated with the UPD currents may be used to calculate the surface coverage. 

UPD often results in the growth of a uniform adatom layer structurally identical with that 

observed in UHV [228]. Surface imperfections and lattice strain permit the second layer to 

grow prior to first layer completion, with a small overpotential necessary for second adlayer 

growth. Growth from surface imperfections occurs because these sites are of higher surface 

energy, thus leading to an embryonic growth mechanism.  Epitaxial growth is observed when 

the adatom structure matches that of the substrate. For this to occur, the lattice mis-match 

must be less than 5%, and the adsorbate’s surface energy less than that of the substrate [222]. 

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

on the adsorption isotherms [229] and other deposition characteristics [230-232]. 



 63

Information is also obtainable pertaining to the effect on surface structure [233] and surface 

type selectivity [234]. 

 

1.7.3.1. Underpotential deposition methods 

 

Several thermodynamic and structural aspects attributed to UPD in electrocatalysis have 

been reviewed by G. Kokkinidis [225] and R. Adzic [194]. The phenomenon as a whole has 

been discussed in a review by Kolb [4]. A classification of the various methods of 

underpotential deposition (UPD) has been proposed by S. Szabo [224] based on the source of 

electrons consumed in the reduction and deposition of metal ions at a foreign metal 

electrode.  

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

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

 

1.7.3.1.1. Deposition by electrical polarisation 

 

In this category, the adsorption of metal M on a foreign metal S may occur in two different 

potential regions: the underpotential deposition  (UPD) region when EUPD > EN whereby EN 

is the Nernst potential of the reversible Mz+/M couple, (eq.1.20), or in the overpotential range 

where EOPD > EN [224]. 

MZ+ + z e- = M              (1.20) 

Adsorption in the UPD region (at sufficiently low potential sweep rates) ensures that 

adsorption under thermodynamic equilibrium condition is maintained, usually resulting in a 

partial, single or double monolayer [4]. Conversely, adsorption in the overpotential region 

results in a higher probability of producing a three dimensional adlayer on account of the 

rapidity of the adsorption process itself (high flux to surface) and consequent kinetic growth. 

Nevertheless, even with this difference in growth conditions, some bimetallic systems (e.g. 

silver and copper on platinum) give rise to negligible difference in structure of the first 

monolayer, irrespective of whether or not adsorption takes place positive or negative of EN 

[4]. 

In general, for most systems studied, uniform monolayer formation is favoured at more 

positive potentials with respect to the reversible potential [4]. Also, in the UPD 
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adsorption/desorption region it is possible to control quantitatively the adsorbate amount by 

altering the applied potential. This adsorbate coverage control offers many advantages in 

chemical modification of an electrode surface. If the influence of the substrate reaches 

beyond the first UPD layer, controlled amounts of second and even third monolayer can be 

produced prior to the onset of the growth of three dimensional bulk films [4]. 

 Parameters that can influence the structure of a UPD layer [225], include the structure of the 

substrate, the relative sizes of the adsorbate and adsorbent species, the distances between two 

adjacent adsorption sites, the extent of UPD adatom coverage, and the coadsorption of 

anions [225]. Spectroscopic evidence has demonstrated that structural changes occur in the 

UPD layer as the adsorbate coverage increases [20,48]. At potentials more positive of EN, the 

growth of the UPD layer is initiated by isolated adatoms M distributed randomly across the 

surface in a partially or fully discharged state [20]. A highly ordered overlayer [48] can be 

obtained as the coverage increases still further with the formation of a series of two-

dimensional periodic super lattice structures being commonly observed.  

 Simultaneous adsorption of anions, such as halides, sulphate and perchlorate, with or 

without the UPD layer, has also been found to have a marked effect on film growth [4,224]. 

Coadsorption of anions in an underpotential deposition system was first demonstrated for 

sulphate and chloride coadsorption with copper on platinum electrodes by Horanyi and 

Vertes using radio-tracer measurements [235]. At low coverage, anions influence the 

ordering of adsorbed metal adatoms [236]. Partial charge transfer between metal adatoms 

and anions has also been suggested as a driving force for co-adsorption to take place [237]. 

However, analogous effects have not as yet been reported for cations, particularly 

coadsorption of cations [4].  

Surface alloy formation has been reported during UPD [4]. Two criteria may be used to 

distinguish between alloy formation and simple chemisorption [4]. First, surface alloying is a 

slow process when compared to monolayer adatom formation due to the higher energy 

barrier for bulk diffusion at room temperature. Second, alloy formation can be deduced from 

an increase in the amount of charge transferred during adsorption relative to that observed 

for monolayer deposition. A secondary effect is that the potential necessary to deposit 

adatoms onto the substrate would be modified if an alloy has formed. Therefore, because the 

bond energy relation in UPD is S-S >S-M >M-M bonds, initial deposition of M should occur 

at more positive potentials on the substrate relative to the alloy.  
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 1.7.3.1.2.  Deposition of metals by chemical reduction  

 

The deposition of metals onto electrode surfaces can be studied by cyclic voltammetry, due 

to the effect of adspecies on hydrogen and oxygen electrosorption, which are structure 

sensitive processes. Voltammetric profiles provide a qualitative and a semi-quantitative 

analysis of the stability and epitaxial relation of the overlayer to the substrate. Two different 

methods of metal deposition have been utilised in this work. 

The immersion technique of irreversible adsorption of one metal onto the surface of another 

was developed by Janssen and Moolhuysen [238]. Spontaneous deposition does not require 

potential control and the metallic adatom is spontaneously adsorbed (deposited) at open 

circuit onto the electrode surface (substrate) by simply immersing the electrode into an 

aqueous solution of the adsorbate ion. The source of the electrons for reduction of the 

adspecies is believed to come from the simultaneous formation of platinum hydroxide. The 

discharge of an adatom ion at the electrode surface involves five main steps: (i) transport of 

the ion to the electrode surface; (ii) decoupling of solvated water molecules from the aqueous 

metal ion; (iii) charge transfer from the substrate to the ion; (iv) displacement of water (or 

any other adsorbed species) from the target adsorption site; (v) the formation of a 

chemisorption bond. 

In some circumstances, the extent of adsorption in this immersion technique may be limited 

to a fraction of a monolayer (submonolayer coverages). Therefore, in order to obtain higher 

metal loadings the forced deposition method is utilised [239], whereby a droplet of the 

aqueous solution of admetal ions is attached to the electrode surface and is reduced to the 

neutral adatom species, either by applying a potential more negative than the Nernst 

reversible potential of the electrode, or by flowing hydrogen over the electrode surface and 

reducing the ions. Hydrogen gas is commonly used as a reducing agent but the method is 

limited to those metal substrates which can adsorb hydrogen (eg. Pt and Pd). Substrates such 

as Au, Ag, and Cu are not amenable to deposition by chemical reduction using hydrogen. 

This method has recently been used [239] to deposit palladium onto platinum to produce 

well-defined palladium films. Reduction has been achieved via a local–cell mechanism (Pd2+ 

reduced, H2 oxidised). Forced deposition has been utilised extensively by Clavilier et al. 

[239]. The potential of the substrate when hydrogen gas is flowing is between – 0.06 V and 

0.1 V [224] versus a reversible hydrogen electrode and, as such, all redox couples positive of 

this value should be reduced. The overall reaction may be expressed as: 
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Mz+
(aq)  + ½ zH2 (aq) ®  M (ads)  + z H+ (aq)                 (1.21) 

 

However, this hydrogen oxidation procedure can lead to multilayer formation which is 

controlled by altering the concentration of aqueous metal ions contained in the droplet or by 

changing the overpotential or the flow of hydrogen gas across the electrode. In practice, very 

dilute metal ion solutions are preferred, since the growth of the adlayer is relatively slow and 

hence three-dimensional crystallisation due to a high adsorbate flux to the substrate is 

avoided. 

Deposition of Pd onto the low index faces of Pt single crystal electrodes has been studied by 

Attard and Bannister [241] utilising spontaneous deposition, and by Clavilier et al. [240] 

using forced deposition. 

An interesting development of this work has been the application of bi-metallic chemistry to 

surface molecular reactivity. Adsorbed CO derived from the by-products of methanol or 

formic acid electro-oxidation is a poison resulting from these important fuel cell reactions on 

platinum [242-245]. By adsorbing small amounts of a second metal, the concentration of the 

CO may be reduced significantly. This has been achieved via underpotential deposition of 

submonolayer amounts [4,246-248], by using Pt alloys [249-251] or by forced deposition of 

a metal [238] onto the surface of another. Palladium adsorbed on gold and gold on palladium 

exhibits a high resistance towards poisoning by CO. Hence surface modified Pd makes an 

interesting alternative to Pt (which is often quickly deactivated) for organic fuel cell 

reactions. 

As pointed out by Attard and Bannister [241], the deposition of thin films of palladium on 

another metal allows not only epitaxial growth of highly ordered films but also, because the 

film is less than a few atomic layers thick, the absorption of hydrogen into palladium can be 

avoided [252]. Single crystals of palladium are more difficult to prepare outside the environs 

of a UHV chamber [252] and so epitaxial palladium films grown upon a suitable metal 

substrate possess many advantages when well-defined palladium films are required for study. 

Kolb and co-workers have electrochemically deposited Pd onto single crystal faces of Au 

(111), (100) and (110) [253] and Feliu et al. [239,240] have prepared Pd on Pt(100) and 

Pt(111) by the method of forced deposition. In all cases, flat well–ordered epitaxial layers 

were found, the electrochemical properties of which were indistinguishable from single 

crystals of Pd(100) and Pd(111). 

 



 67

1.7.4. Metal overlayer growth 

 

The growth modes of metals on metal substrates have been studied extensively using UHV 

techniques and documented by Bauer [212]. Results obtained under UHV conditions may be 

applied to electrochemical systems, with the influence of solvent and anions taken into 

account, together with the substrate potential. For d-block metal overlayers, attractive lateral 

interactions dominate and cause island growth of close packed planes upon the substrate 

surface. The s-block metals vary considerably in their surface behaviour since strong lateral 

interactions arise from dipole-dipole repulsions. Thus, s-block adatoms disperse over the 

electrode surface, and island growth is not observed. The sp-block metals exhibit an 

intermediate growth pattern, with repulsive lateral interactions taking place between nearest 

neighbour adatoms giving rise to ordered phases, although the planes co-exist with large 

regions of clean surface.  

 Surface energies govern the growth modes of metal adsorbates on crystal surfaces [254]. 

Platinum surfaces possess high surface energies relative to the Group VB metals (As, Sb and 

Bi) and thus the overall effect of bismuth, arsenic and antimony adlayer formation on 

platinum is a net lowering of the surface energy. When considering second and third layer 

growth, account must be taken of the lattice mis-match between the substrate and adsorbate 

and changes in surface energy (adsorbate-adsorbate rather than adsorbate-substrate bonding). 

For example, when bismuth is adsorbed onto a platinum surface, microcrystallites are formed 

during growth of the second layer since there is a significant strain energy associated with 

the formation of this layer on top of the platinum substrate 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 acid and formaldehyde, have been proposed as 

possible fuels in platinum based fuel cells [245] and hence understanding of their electro-

oxidation is of great importance. These fuels, particularly methanol, possess many attractive 

features, such as their high energy density and ease of storage and handling. Environmental 

pollution caused by the burning of coal, oil and gas, together with the problems of waste 

disposal in the nuclear power industry, have directed attention to fuel cells as being a very 

attractive source of power. Control over surface crystallography, composition, and reagent 
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purity has enabled electrochemistry to contribute to an understanding of the kinetics of such 

reactions. 

The main disadvantage of using binary organic molecules as fuels is the low exchange 

currents obtained at most electrode surfaces [255], and hence the need for precious metal 

catalysts, such as platinum, to overcome kinetic limitations. For economic viability, a cheap 

catalyst is needed that will not be poisoned by the fuel or reaction intermediates. Since the 

intensive development of fuel cells in the 1960s, designs have improved, both in terms of 

engineering and efficiency, though not in large scale application, (because of limiting 

economic factors such as the cheap and plentiful supply of oil). 

One of the principal reasons for the low rate of organic fuel oxidation is that the platinum 

catalysts undergo self-poisoning in the presence of small, oxygenated organic molecules. 

The poison formation reaction and reaction intermediates have been examined both in situ 

and ex situ. The poison has been identified by infra-red spectroscopy as adsorbed CO 

[245,256,257]. In electrochemically modulated infra-red spectroscopy [258] an infra-red 

beam is reflected from a polished electrode surface while the electrode potential is 

modulated between two limiting values. The difference in the infra-red reflectance at the two 

potentials is recorded by a phase sensitive detector which is locked to the frequency of the 

electrochemical modulation. Infra-red reflectance/absorbance spectroscopy [259] has also 

been applied to the study of adsorbed CO. In this technique the infra-red beam itself is 

modulated and is used at constant potential. CO is easily detected by infra-red spectroscopy 

because of its high extinction coefficient. Ex situ techniques, such as XPS, can also provide 

information on the oxidation state of any surface adsorbates from chemical shift 

measurements [260]. Although CO has been positively identified as the poisoning species, 

there is evidence that a “CHO” species may also exist as a poison and/or reaction 

intermediate [261]. Extensive electrochemical and UHV studies have provided a wealth of 

information on organic fuel electro-oxidation reactions at precious metal surfaces. However, 

when comparing electrochemical and gas phase oxidation of organic molecules, difficulties 

arise because of physical and electrical differences at the catalytic surface/fuel interface. To 

illustrate this, consider the following mechanism which describes the decomposition of 

methanol determined from UHV measurements on group VIII (Co, Rh, Ir) and Ib metals 

(Cu, Ag, Au), showing preliminary breaking of an O-H bond and the formation of the formyl 

species as an intermediate: 
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For the electrochemical oxidation mechanism, the first step is thought to be the breaking of a 

C-H bond, not an O-H bond. The difference in the mechanism is thought to come from the 

interaction of ions and water molecules under potential control in an aqueous media which 

directly affects the orientation of methanol molecules relative to the surface [262-264]. 

These observations clearly illustrate that UHV and electrochemical oxidations have to be 

treated as two separate areas because of the role anions and 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 two possible pathways, both of which are 

structure sensitive: 

 

 

 

 

where E1< E2 

For the proposed poisoning intermediate (adsorbed-CO), final oxidation to CO2 occurs by 

reaction with adsorbed water [265]: 

 

CO (ads)   +   H2O (ads)    ®   CO2   + 2H+   +  2e 

 

Group VB elements (As, Bi, Sn) have been introduced as promoters with the intention of 

increasing the selectivity of the catalyst for the active intermediate pathway whilst avoiding 

the formation of the poisoning intermediate. Clavilier has demonstrated that the presence of 

bismuth at all surface coverages prevents the formation of the poisoning intermediate on 

Pt(111) [191]. Indeed, bismuth prevented the formation of poison [267], even at very low 

coverages. The promotive effect of Bi is so great (see Chapter Four) that it can be interpreted 

as Bi promoting the active intermediate pathway as well as preventing the formation of 

poison. 

For Pt(100), the presence of bismuth does not inhibit poison formation completely even at 

high coverages [266]. Thus the effect of bismuth is determined by the substrate crystal 

structure. 
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Results obtained by Clavilier [191,266,267] for bismuth on Pt(111) suggested that formic 

acid oxidation was occurring on Bi-free sites and simultaneously on the adatom covered sites 

depending on electrode potential. In view of these results, there is evidence for bifunctional 

catalysis whereby the oxidation of the fuel is enhanced by the adsorption of O or OH radicals 

adjacent to the reactant [225,268]. Hence, the geometrical reaction of the promoter adatom 

together with the potential at which the adatom redox reaction occurs may also influence the 

electro-oxidation rate. 

The poisoning intermediate has been detected on As/Pt(100) [269] and Bi/Pt(100) [266] 

surfaces during formic acid oxidation. For the Bi/Pt(100) system, the adatom functions as a 

non-oxygen-containing adspecies in an oxidation state of zero, with the highest inherent 

activity for bismuth occurring at a coverage of 0.5 monolayers. However, the As/Pt(100) 

system shows clearly the involvement of oxygen adsorption. A third body poison blocking 

effect is seen since the concentration of the poisoning intermediate 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 with certain organic molecules, biological 

materials, or inorganic salts. A metal and its associated surfaces is normally achiral as a 

result of the mirror symmetry of its close-packed structures. Chiral enantiomers may, 

however, be created at metal surfaces by adsorbing chiral molecules onto the substrate 

surface, a phenomenon referred to as ‘chiral modification’. A number of recent studies have 

reported on the nucleation and growth of such chiral structures within the adsorbed 

molecular monolayer by the adsorption of chiral/ or prochiral molecules onto the surface of 

an achiral substrate [270]. Chiral surfaces are of interest in fields such as heterogeneous 

asymmetric catalysis, chemical sensors, in studies of the separation of chiral compounds, and 

nonlinear optical materials [271].  

In early attempts to create a chiral metal surface, investigators tried to exploit the chirality of 

a homochiral substrate material, such as quartz, to transfer the chirality to a deposited metal 

film [272]. Single crystal metal surfaces having a low Miller index, for example, (100), 

(110), or (111) surfaces, consist of atomically flat terraces that are separated by step edges 

where one atomic plane meets the next. These step edges contain a certain fraction of so- 

called kink sites, and it has been recently pointed out that such kink sites possess an intrinsic 
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chirality [275,278]. Surfaces that exclusively contain kink sites of a specific chirality can be 

formed by cutting single crystals along certain high Miller index directions [275,277]. A 

recent study has indicated that adsorption of L-lysine onto an achiral Cu(100) surface may 

lead to the partial formation of chiral kink sites at step edges during a step-facetting process 

[273]. It was found that the adsorption of molecules (i.e. 2,5,8,11,14,17-hexa-(tert-butyl) 

decacylene) can bestow chirality on the extended flat terraces of a single crystal surface 

[274].  The chirality is caused by a pronounced surface restructuring that is induced 

chemically by the adsorption of chiral molecules. This is revealed directly on the atomic 

scale by intentionally displacing the molecules by the probe tip in scanning tunneling 

microscopy. It was found that at full coverage every adsorbed molecule is associated with a 

chiral hole in the underlying surface. The observed molecule-hole complexes extended 

homogeneously over the entire surface and segregated spontaneously into enantiomorphic 

domains upon gentle annealing, thereby creating a perfectly ordered chiral metal surface. 

 

1.9.2. Theoretical consideration of the intrinsic chirality of kink sites 

Gellman and co-workers [275] described the conditions that they thought necessary in order 

to observe enantioselective adsorption on single crystal surfaces. They proposed that sites 

associated with certain kinked single crystal metal surfaces should be considered to be chiral 

provided the two steps comprising the kink site were of unequal length [275]. Reflection 

through a plane normal to such a surface produces a new surface which cannot itself be 

superimposed upon the original, that is, such kink sites should be chiral. Thus, chirality 

should be absent when the surfaces contain steps of equal length on each side of the kink. 

If one tries to place the kink shown in Fig. 1.30A (a) onto its mirror image without leaving 

the plane of the paper, the images are found to be non-superimposable, i.e. the kink site is 

chiral. In contrast, when the kink shown in Fig. 1.30A (b) is rotated by 90° in the plane of the 

page, it is completely superimposable on its mirror image, i.e. because the magnitudes of the 

step lengths on either side of the kink are the same: the kink is achiral. 

Gellman and co-workers [275] were the first to examine the chirality of metal surfaces in a 

systematic and detailed manner. To test their hypothesis they required a chiral probe. They 

chose to investigate the adsorption and desorption of the simplest chiral alcohol, 2-butanol, 

on appropriate chiral kinked surfaces, namely, Ag(643) and its enantiomorph Ag(6 4 3) .  

They examined the difference in desorption enthalpies of the alcoholic stereoisomers using 

temperature-programmed desorption (TPD). The (643) plane may be written in microfacet 
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notation [276], as 3(111)´ (310), i.e. a three atom wide (111) terrace separated by zigzag 

(310) steps. Within the precision of their experimental technique no enantioselectivity could 

be detected in the desorption of R- and S-2-butanol on either of the chiral kinked silver 

surfaces; i.e. there was no measurable difference in desorption enthalpies to within ± 0.1 

kcal mol-1). In addition, no difference was observed in the decomposition kinetics of the 

enantiomeric alkoxides formed on the preoxidised Ag(643) and Ag(6 4 3)  surfaces.  

Subsequent theoretical work by Sholl [277] confirmed that chiral discrimination between 

kink sites and asymmetric molecular centres should give rise to an enantiospecific energy 

difference [277]. 

However, Attard and co-workers [278,279] disagreed with Gellman’s definition of a chiral 

kink site. They proposed that the original postulate was an approximation since it failed to 

take into account the surface geometry (i.e. the individual Miller index planes) of the two 

steps, the junction of which forms the kink site. This is illustrated in Fig. 1.30A (c).  A kink 

site may be thought of as the junction of three fundamental planes, namely (111), (100), 

(110). Any one of these may correspond to a terrace, the other two being the step sites that 

form the kink. In this analysis, all kink sites should be chiral, even when the two steps have 

equal lengths. A detailed analysis of surface crystallography for f.c.c. systems reveals that all 

single crystal kinked surfaces are chiral, irrespective of the magnitude of step lengths 

comprising the kink (save for the meso forms such as “stepped” surfaces of the n(110)´ (100) 

or n(100)́ (110) type). This is illustrated in Fig. 1.30B which depicts schematically the 

stereographic projection, centred on the (001) pole, of crystal planes in face-centred and 

body-centred cubic crystals. 

A point in the Fig. 1.30B corresponds to a particular Miller index plane. The x–and y-axes 

represent rotations of the crystal in the directions from (001) to the (111) and (1 1 1) planes 

and the (1 1 1)  and (1 1 1)  planes, respectively. The rotation of angles along the x- and y-

axes are denoted as “a”. Similarly, the outer circumference of the circle represents a rotation 

of the crystal in a plane orthogonal to a in the direction from (111) ® (110) planes, that is, a 

rotation of the crystal around the axis perpendicular to the (100) plane. Rotation of the 

crystal in this direction is denoted as b. Hence, any point in the stereographic projection (Fig. 

1.30B), starting from (001) may be reached by applying two angles of rotation. The first, a, 

the second b in the plane orthogonal to a. 

 



 73

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.30A. (a), and  (b) Schematic representations of surface chirality based on ref. 275. In (a) the 
length of steps forming the kink is different, hence reflection of the kinked surface in a 
plane perpendicular to the surface generates a non-superimposable enantiomer. In (b), 
because the step lengths comprising the kinks are equivalent, no enantiomeric surface is 
generated after reflection in a plane perpendicular to the surface. 
 
(c) Surface chirality based on the microstructure of the individual components forming 
the kink. The handedness of the kink is decided by viewing the surface from the 
vacuum/electrolyte side. If the sequence of sites (111) (100) (110)® ®  runs clockwise, the 
kink is denoted R-, if counter-clockwise it is denoted S-. The possible configuration of 
step and terrace sites forming a chiral kink are also depicted schematically as the 
junction between three components, terrace, step and step. 
 
(d) and (e) Representation of surface chirality based on ref. [279] and  [281]. This 
representation takes into account the surface geometry (microstructure) of the individual 
Miller index planes of the two steps whose junction forms the kink site. 
 

(d) (e) 

(a) (b) 

(c) 
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The segment of the circle generated by any particular set of (111), (100) and (110) planes is 

more commonly referred to as the “stereographic triangle”. The stereographic triangle may 

be thought of as being analogous to a three-component phase diagram in which the poles of 

the triangle represent flat (111), (100) and (110) terraces (one component), the edges of the 

triangle to stepped surfaces (n(111)´ (100),  n(100)́(111), n(100)́(110), n(110)́(100), 

n(110)́ (111) and n(111)´ (110) in microfacet notation [276], i.e. consisting of two 

components, terraces and linear steps) and all points inside the triangle denoting kinked 

surfaces (three components: terraces, steps and kinks, in microfacet notation p(111)´  

q(100)́  r(110), where  p, q and r are integers ³ 1). 

If one assigns a “priority” to each of the planes in terms of surface packing density (hence 

(111) > (100) > (110) for f.c.c. crystals), then two types of stereographic triangle may be 

distinguished. Hence, modification to the nomenclature originally introduced in ref [275] is 

used to define the absolute stereographic configuration of chiral single crystals. It is based on 

an analogy with the Cahn-Ingold-Prelog sequence rules in organic chemistry [280], whereby 

the groups associated with the stereogenic centre are given a particular order of priority.  In 

terms of atomic surface density, the hierarchy of surface sites becomes (111) > (100) > (110) 

for f.c.c. metals.  The kink site is viewed from above (i.e. from the vacuum or electrolyte 

phase). The sequence of sites forming the kink is noted (Fig. 1.30A (c). If the sequence 

(111) (100) (110)® ®  runs clockwise around the triangle, the surface is denoted “R” (from 

the Latin “rectus”). If, however, the sequence (111) (100) (110)® ®  runs anticlockwise, 

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

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

Ag(643)S and of the Ag(6 4 3) surface as being Ag(643)R are retained. In Fig. 1.30A parts 

Fig. 1.30B.  Stereographic projection 
illustrating the nature of surface 
chirality. The fundamental adsorption 
sites for f.c.c. crystals are shown. R 
stereographic triangles correspond to 
the sequence (111) (100) (110)® ®  
being clockwise and S stereographic 
triangles to the anticlockwise 
arrangement. 
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(d) and (e), the individual character of the step and terrace sites is now included in the 

schematic representations of Fig. 1.30A parts (a) and (b). Although the kink in Fig. 1.30A (d) 

is still chiral by virtue of its inequality in step lengths, it is also chiral because of the 

nonsuperimposability of the kink microstructure. Of particular note, however, is that now 

Fig. 1.30A (e) displays chiral properties despite the equivalence of the magnitudes of the step 

lengths forming the kink. Hence, in this analysis, all kinked single crystal metal surfaces are 

chiral so long as the kink site incorporates three different types of fundamental sites. A more 

detailed exposition of the surface crystallography of kinked surfaces may be found in ref. 

[281]. 

Experimentally, the preparation of chiral platinum surfaces is straightforward. To prepare a 

Clavilier bead single crystal [25], the electrode is first oriented (using either a He-Ne laser 

[281] or Laue backscattering), whereby the various crystallographic directions are 

represented by a family of eight stereographic triangles. The stereographic triangles alternate 

as R or S, as may be deduced by taking the sequence of sites (111) (100) (110)® ®  for each 

triangle. 

Kinked surface planes correspond to all points located within a stereographic triangle, and 

hence, all points lying on the sides or at the vertexes of the stereographic triangle are 

associated with achiral surfaces. Rotation angles in the plane defined by moving from the 

(100) to the (111) pole we defined as a, and orthogonal rotation to this plane (rotations from 

the (111) to the (110) pole, for example) we define as b. 

If the single crystal is aligned, for example, along the (100) plane, as stated earlier, in order 

to produce a kinked surface, two angles of rotation are required, a followed by b. However, 

although an R- or S- surface may be generated using a singular value of a, for the final 

rotation, a choice of “+b” or “-b” is possible, i.e. a rotation of “+b” could generate an R- 

surface whereas a rotation “-b” would generate the S-surface an equivalent, but non-

superimposable crystal plane. Each “couple” (R- and S-) of adjacent triangles is symmetric 

about a mirror plane defined by the common edge of both triangles. Because the sequence 

(111) (100) (110)® ®  defines the handedness of kink sites in the real crystal surface 

associated with R- or S- stereographic triangles, it is relatively straightforward to produce a 

kinked surface consisting entirely of R- or S-kinks. Once the bead electrodes are oriented, 

the R and S planes may be produced by grinding and polishing [281] (see Chapter 3, Section 

3.11). 
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An alternative way of obtaining R- and S- kinked surfaces would be to purchase a standard 

“disc” single crystal of the required kinked crystal plane from a commercial manufacturer. If 

both crystal faces are cut parallel to one another, one 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 condition for chirality outlined in ref. [275] is 

generally fulfilled because of the two steps forming the kink; the first is always monoatomic 

in length in the surface plane, whereas the other is multiatomic. The only exceptions to the 

Gellman interpretation [275] of chirality occur when the surfaces are considered to belong to 

one of three “turning lines” joining an “apex” of the stereographic triangle to the (531) pole. 

These turning lines represent crystal surfaces of constant kink geometry but varying terrace 

width. All other lines from the (531) pole to the sides of the triangle represent varying kink 

geometry at constant terrace width. For kinked surfaces situated on the turning line, the kink 

is made up of two steps, both of which are monoatomic in length in the surface plane, i.e. 

both steps are of equal length and should not be chiral according to ref. [275]. However, the 

difference in step site symmetry ensures, in fact, that such surfaces are chiral (see later for 

(321)) and, depending on the type of stereographic triangle in which the plane is situated, the 

R- and S- symmetry of the plane should be preserved. 

Deviation from the “ideal kink model” outlined above may be envisaged as a consequence of 

kink coalescence. In this case the two steps forming the kink are both multiatomic in the 

crystal plane. An analogy can be drawn here with surface facetting [60]. For many stepped 

surfaces, instead of a regular array of monoatomic high steps separated by terraces, facetting 

may occur such that multiatomic high steps form. This means that although the nominal 

crystal plane direction is preserved, the facets giving rise to the surface do not reflect the 

microstructure expected from a simple truncation of the bulk crystal. In a similar way, kink 

reconstruction/coalescence may lead to a nominal “compound-step” direction, but facetting 

of the compound–step into varying, multiatomic step lengths may lead to the formation of 

“non-ideal” kinks. Nonetheless, on average, even for reconstructed/facetted/non-ideal kinked 

surfaces, the R- or S-symmetry of the nominal Miller index plane should be preserved. 

Hence, all crystal planes located inside the stereographic triangle should preserve their R- or 

S- symmetry. Equivalent points inside adjacent stereographic triangles having a common 

side should form a pair of chiral surfaces. 

It is interesting to note that non-chiral kinks may also be identified since the (110) site is 

actually composed of the intersection of two (111) planes or two (100) planes, i.e., (110) 

º (111)́ (111) or (110) º (100)́ (100). 
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Hence, stepped surfaces along the (100) ®  (110) direction actually correspond to three 

intersecting planes (although two of the planes are of the same character) and have therefore 

sometimes in the past been referred to as “kinked”. Such surfaces should not, according to 

the previous analysis, exhibit an enantiospecific response. An example of an achiral “kinked” 

surface would be Pt(210) which may be written in microfacet notation as 2(100)´ (110) 

2(100)́ (111)́ (111). When written as 2(100)´ (110), the surface is stepped (two intersecting 

planes) whereas when written as 2(100)´ (111)́ (111) it is kinked (three interacting planes). 

A theoretical paper by Sholl [277] detailing calculations of the adsorption properties of a 

number of chiral hydrocarbons on chiral platinum has lent further support to the expectation 

of enantiospecificity in asymmetric kinked surfaces of the 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 glucose electro-oxidation are extensive and 

include studies on polycrystalline [283-288] and crystalline electrodes [289,290]. The 

structure sensitive nature of glucose oxidation, particularly in relation to the dependence of 

the oxidation rate on terrace width, is discussed in references [291] and [292]. 

The interpretation of the voltammetric peaks is not important for present purposes; rather, 

their overall shape is to be regarded as a fingerprint of the adsorption and reaction processes 

taking place at a particular single crystal surface. So long as the surface is achiral, whether 

D- or L-glucose is being adsorbed, the voltammetric curves are expected to be the same. 

However, if there is a difference in the voltammetry (all other parameters remaining 

constant), then there is the possibility of a difference in the electrochemical reaction and this 

would constitute an entiomeric response. Such differences might be observed for chiral 

surfaces. 

To demonstrate that kink sites are essential for the observation of an enantiomeric effect in 

the adsorption of glucose, it is first necessary to show 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 sweep of the CVs corresponding to the initial 

adsorption, decomposition and reaction (electro-oxidation 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 whereas Pt(211) (which may alternatively be 

written as Pt 3(111)´ (100)) consists of an arrangement of 3-atom wide (111) terraces 

followed by a (100) linear step. The CVs (Fig. 1.31) show how the rate of glucose electro-

oxidation (as measured by the current density) varies as a function of the potential. The D- 

and L-glucose reactions on a given surface are indistinguishable, although there are 

differences between Pt(111) and Pt(211) which demonstrate the structure-sensitivity of the 

reaction. Thus, the CVs in Figs. 1.31 (a) and (b) show maximum oxidation current at 0.35 V 

corresponding to a maximum rate of glucose decomposition on Pt(111) terraces. Those in 

Figs. 1.31 (c) and (d) show the initial adsorption and decomposition of D and L-glucose on 

Pt(211). The peak at 0.29 V and 0.35 V may be assigned to adsorption of glucose at 

(100)́ (111) steps and (111) terraces [291,292] whereas the peak at 0.5 V arises from D-

glucose oxidation at sites influenced by a poisoning intermediate. The (111) terrace sites of 

Pt(211) (peak at 0.35 V) appeared to block more rapidly than step sites. This finding was 

consistent with an earlier study in which the rate of D-glucose adsorption and oxidation was 

found to increase with increasing terrace width [291,292]. The greater magnitude of the 

electro-oxidation currents at 0.35 V for Pt(111) relative to Pt(211) has been attributed to the 

increased rate of adsorption of glucose as (111) terrace width increases [291,292]. 

·  Pt(332).  

Similar findings were obtained for the electro-oxidation of D- and L-glucose on the stepped 

surface of Pt(332) [278] (Fig. 1.32). Pt(332) may alternatively be written as 6(111)´ (111); 

hence, it consists of six-atom–wide (111) terraces separated by (111)´ (111) steps. Being a 

stepped surface it is achiral. Negligible differences in the voltammetry of the surface toward  

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.31. CVs for the electro-oxidation of 5 mM glucose on achiral Pt surfaces in 0.05 

M H2SO4 at a sweep rate of 50 mV s-1.  
(a) D-glucose/Pt(111); (b) L-glucose/Pt(111); (c) D-glucose/Pt(211); (d) L-
glucose/ Pt(211). Reprinted from [279].       

(a) (b) 

(c) (d) 

I/
m

A
 c

m
-2

 

E/V (RHE) 



 79

D- and L-glucose oxidation were observed. Because of the wider terrace width exhibited by 

Pt(332), the magnitudes of the electro-oxidation currents at 0.3 V (associated with glucose 

adsorption at (111) terraces) are larger than those for Pt(211). In addition, the peak 

corresponding to adsorption at (100)´ (111) sites (0.22 V) is completely absent [since (100) 

sites are not present] although the initial adsorption of glucose at (111)´ (111) steps is 

observed at 0.07 V. 

 

 

 

 

 

 

 

 

 

 

1.9.3.2. Glucose electro-oxidation on chiral Pt surfaces 

 

 

1.9.3.2. Influence of anions and kink structure on enantioselective electro-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(643)S and Pt(643)R surfaces. Fig. 1.34 shows the 

voltammetric response for a fully LEED/AES characterised Pt(643) electrode. The peak at 

0.35-0.7 V is assigned to ionic adsorption onto (111) terraces, that at 0.22 V to n(111)´ (100) 

step sites [35], and that at 0.06 V to (111)´ (111) or “110” sites [32]. 

Glucose electro-oxidation on Pt(643)R and Pt(643)S was reported by Ahmadi in 1999 

[278,279]; the results are shown in Fig. 1.35. A clear enantioselective response was obtained. 

The linear sweep voltammogram (LSV) for D-glucose oxidation at Pt(643)S was identical to 

that of L-glucose at Pt(643)R, and the LSV for D-glucose at Pt(643)R was identical to that of 

L-glucose at Pt(643)S.  

Fig. 1.32. LSVs  for 5mM glucose electro-oxidation on Pt(332) in 0.05 M at sweep rate 50 mV s-1: 
(a) D-glucose/Pt(332), (b) L-glucose/Pt(332). Reprinted from [278]. 
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This represented the first experimental confirmation of the intrinsic chirality of kinked metal 

single crystals. 

Fig. 1.35 shows that, for the [D-glucose/ Pt(643)S + L-glucose/Pt(643)R] pairing, the peak at 

0.33 V (reaction at (111) terraces) was larger than the 0.22 V peak (reaction at (111)´ (100) 

steps) whereas the reverse was true for the alternative pairing. The conclusion was drawn 

that the lower oxidation current at 0.33 V for the [Pt(643)R/D-glucose + (Pt(643)S/L- 

glucose] pair represented a blocking of the (111) terraces in these systems due to a stronger 

adsorption (greater reactivity). Thus, each chiral surface was able to distinguish between the  

D- and L-forms of glucose, and the four reactions taken together constituted a clear 

enantiomeric response, i.e. the kink sites were behaving as chiral entities. The low current 

densities at 0.07 V indicated negligible glucose decomposition on the (110) step site of the 

kink. 

Fig. 1.33.  A hard sphere model of  Pt(643)R and Pt(643)S surfaces. 
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Fig. 1.36 shows the diastereomeric relationships found for Pt(643) in perchloric acid [293]. 

The “shoulder peak” at 0.33 V in sulphuric acid characteristic of reaction at (111) sites is 

shifted to more positive potentials (~0.6 V) in perchloric acid. In addition, a diastereomeric 

relationship in the peak potential was observed (the D/R and L/S peaks occur at slightly 

more positive potentials than the D/S and L/R peaks). The difference in electric current 

Potential/V  Pd/H 

Fig. 1.34. CV for Pt(643) in 0.1 M H2SO4 at sweep rate 50 mV s-1 Reprinted from [279]. 

Fig. 1.35.  LSVs for 5 mM glucose electro-oxidation on Pt(643) in 0.1 M H2SO4 at sweep rate 50 
mV s-1: (a) D-glucose/pt(643)S, (b) L-glucose/Pt(643)S, (c) D-glucose/Pt(643)R, (d) L-
glucose/Pt(643)R. (The ordinate is scaled from –100 to + 500 mA cm-2 and the abscissa 
from 0.0 to 0.9 V). Reprinted from [278]. 
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density at 0.6 V for both diastereomeric combinations was approximately the same. It was 

interesting to note that for surfaces vicinal to (111), the clean surface terrace peak at 0.42 V 

is shifted positively to 0.7 V in the absence of specifically adsorbing anions [293] mirroring 

almost exactly the magnitude of the potential shift in the main enantioselective feature. In 

fact the onset of anion adsorption in both perchloric and sulphuric acid coincides with the 

enantiospecific voltammetric peak in each of these electrolytes. Hence the strong specific 

adsorption of anions (sulphate or hydroxide) on (111) terrace sites [293] appears to make a 

decisive contribution to the enantioselective oxidation of glucose for kink sites adjacent to 

extended (111) planes. 
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 Fig. 1.37 shows a hard sphere model of Pt(321)S and Pt(321)R surfaces. All steps in the 

kinked Pt(321) surface are two atoms long. These kinks should not be chiral according to 

Gellman’s model [275], but they should be chiral according to Attard’s criteria [282,293].   
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Fig. 1.36. CVs  for 5 mM glucose electro-oxidation on Pt(643) in 0.1 M HClO4 at sweep 
rate 50 mV s-1: (a) D-glucose/Pt(643)S, (b) L-glucose/Pt(643)S, (c) D-
glucose/Pt(643)R, (d) L-glucose/Pt(643)R. Reprinted from [293]. 
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Harris studied D- and L-glucose oxidation over Pt(321)R and Pt(321)S and obtained a chiral 

response. The LSVs for L-glucose/ Pt(321)S and D-glucose/Pt(321)S are shown in Fig. 1.38.  

A significant enantiomeric response is again observed at 0.3 V; indeed its magnitude was 

greater than that observed for Pt(643). The kink sites at this surface were clearly chiral, 

thereby supporting the Attard criteria for kink site chirality.  

The enantioselective response was also observed when D- and L-glucose electro-oxidation 

was allowed to react on Pt(321) in perchloric acid (Fig. 1.39). 
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Fig. 1.38. LSVs for 5 mM glucose electro-oxidation on Pt(321)S in 0.1 M H2SO4 at sweep rate 50 
mV s-1: (a) D-glucose/Pt(321)S, (b) L-glucose/Pt(321)S.  
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Fig. 1.39. CVs for 5 mM glucose electro-oxidation on Pt(321) in 0.1 M HClO4 at sweep rate 
50 mV s-1: (a) D-glucose/Pt(321)R, (b) L-glucose/Pt(321)R, (c) D-glucose/Pt(321)S, 
(d) L-glucose/Pt(321)S. 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 of a kinked surface based on (100) terraces 

glucose oxidation was performed on a Pt(721) surface [293]. This surface is analogous to 

Pt(643) in possessing a three atom wide average terrace width but the (100) and (111) sites 

are interchanged (the longest step is of (111) symmetry whereas the terrace is of (100) 

symmetry). Fig 1.40 shows the electro-oxidation of D- and L-glucose on Pt(721)S. The sharp 

peak at 0.3 V corresponds to electrosorption at the (111)́ (100) steps and the peak at 0.1 V to 

(110) sites. The (100) terrace site was situated at 0.36 V but was somewhat obscured by the 

glucose electro-oxidation currents. As observed for (111) terrace based surfaces, no electro-

oxidation current could be observed at (110) kink sites and only a negligible oxidation 

current at the (111)´ (100) steps. The greatest oxidation currents coincided with the (100) 

terrace sites between 0.36 V and 0.5 V. Inspection of the current density between 0.36 V and 

0.5 V for the D/S combination showed that this consisted of a more intense peak at 0.4 V 

followed by a very weak shoulder at more positive potentials. For the L/S pair, the intensity 

of the peak at 0.4 V was reduced and the “missing charge” displaced into a more pronounced 

shoulder at 0.5 V. The magnitude of the peak corresponding to electro-oxidation of the 

“surface poison” at 0.76 V was similar in both cases on the first potential sweep but larger on 

the second sweep for the S/D combination. This result was also found for the diastereomeric 

pairing of D/R and L/R. 

Fig. 1.40. CVs for 5 mM glucose electro-oxidation on Pt(721)S in 0.05 M H2SO4 at sweep rate 
50 mV s-1: (a) D-glucose/Pt(721)S, (b) L-glucose/Pt(721)S. Reprinted from [293]. 
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Fig. 1.41. CVs for 0.5 mM glucose electro-oxidation on Pt(721)R in 0.1 M HClO4 at sweep rate 
50 mV s-1: (a) D-glucose/Pt(721)R, (b) L-glucose/Pt(721)R. Reprinted from [293]. 
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In perchloric acid the variation in surface poison formation between enantiomers was more 

marked. Fig 1.41 shows the electro-oxidation of D- and L- glucose on Pt(721)R in perchloric 

acid and it was clear that a substantial surface coverage of poison species has accumulated 

for the L/R combination relative to D/R. Furthermore, the glucose electro-oxidation currents 

were situated at more negative potentials relative to oxidation reactions taking place in 

sulphuric acid and close to the potential of the (111)́ (100) step electro-sorption peak. The 

appearance of a small shoulder on the body of the major electro-oxidation peak at 0.33 V 

was similar to findings in sulphuric acid. It is a common feature that the diastereomeric 

pairing giving rise to the most intense shoulder peak (L/S, D/R) was of opposite polarity to 

that found in sulphuric potentials. This means that, if the glucose electro-oxidation peaks 

observed in both sulphuric and perchloric acid were due to the same surface reaction, then 

changing from strongly to weakly adsorbed anions had the effect of changing the 

enantioselectivity of the surface reaction. A qualitative comment concerning the Pt(721) 

surface would also be that the enantiospecific electrochemical processes were less 

pronounced in sulphuric acid than kink surfaces based on (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. 1.43 show the diastereomeric relationships obtained in sulphuric acid for 

glucose oxidation using chiral Pt(11,7,1) and Pt(841) electrodes, respectively. The lower 

density of (110) surface sites on Pt(841) was revealed by the much smaller peak current 

density at 0.07 V relative to the same peak obtained using Pt(11,7,1). In contrast, the greater 

number of (100) step sites on Pt(841) relative to Pt(11,7,1) is reflected in the greater intensity 

of the 0.21 V peak. Irrespective of the average (110) terrace width, a number of electro-

oxidation features are common to both surfaces in sulphuric acid. The first is that all give 

rise to three oxidation peaks at 0.21 V, 0.3 V and 0.5 V ((Pt(841) or 0.63 V (Pt(11,7,1)). For 

Pt(841) and Pt(11,7,1), (L/R and D/S), the 0.21 V and 0.3 V peaks were large in relation to 

the alternative diastereomeric pairing. However the third peak at more positive potentials 

was generally less intense for the (L/R and D/S) combination and more intense for the (D/R  

and L/S) pairing. The second point, in common with all surfaces, was that negligible electro-

oxidation current was seen at the potential of the (110) site peak. This clear 

enantiodiscriminatory effect should be contrasted with results obtained for kinked (110)  
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at 0.07 V relative to the same peak obtained using Pt(11,7,1). In contrast, the greater number 

of (100) step sites on Pt(841) relative to Pt(11,7,1) was reflected in the greater intensity of 

the 0.21 V peak. Irrespective of the average (110) terrace width, a number of electro-

oxidation feature are common to both surfaces in sulphuric acid. The first is that all give rise 

to three oxidation peaks at 0.21 V, 0.3 V and 0.5 V (Pt(841)) or 0.63 V (Pt(11,7,1)). For  
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Fig. 1.42. CVs for 5 mM glucose electro-oxidation on Pt(11,7,1) in 0.1 M H2SO4 at sweep 
rate 50 mV s-1: (a) D-glucose/Pt(11,7,1)S, (b) L-glucose/Pt(11,7,1)S, (c) D-
glucose/Pt(11,7,1)R, (d) L-glucose/Pt(11,7,1)R. Reprinted from [293]. 
 

 

Fig. 1.43. CVs for 5 mM glucose electro-oxidation on Pt(841) in 0.1 M H2SO4 at sweep rate 
50 mV s-1: (a) D-glucose/Pt(841)S, (b) L-glucose/Pt(841)S, (c) D-glucose/Pt(841)R, 
(d) L-glucose/Pt(841)R. Reprinted from [293]. 
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terraced surfaces in perchloric acid (Fig.1.44). For both Pt(11,7,1) and Pt(841), the CVs were 

essentially identical irrespective of the diastereomeric combination used. Hence specifically 

adsorbed anions appear to play a crucial role in the enantioselectivity of kinked surfaces 

based on (110) terraces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.9.3.3. Electro-oxidation of other sugars 

Attard and co-workers [282] have extended the previous experiments by studying a number 

of sugars, including mannose, arabinose, and xylose, on chiral kinked platinum electrode 

(Pt(321) and Pt(643)), and the initial electro-oxidation current was monitored. 

Although each sugar gave rise to its own singular response, a number of features were 

common to all CVs. The most important being the absence or presence of a peak at (0.35-0.4 

V(Pd/H)) corresponding to reaction at (111) terraces (peak A). 
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Fig. 1.44. CVs  for 5 mM glucose electro-oxidation on Pt(11,7,1) in 0.1 M HClO4 at sweep rate 
50 mV s-1: (a) D-glucose/Pt(11,7,1)S, (b) L-glucose/Pt(11,7,1)S, (c) D-
glucose/Pt(11,7,1)R, (d) L-glucose/Pt(11,7,1)R. Reprinted from [293]. 
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For D-glucose/R-kinks and L-glucose/S-kinks, peak A was not present whereas for D-

glucose/S kinks and L-glucose/R kinks it may clearly be discerned. 

Fig. 1.45 shows the diastereomeric results of reacting mannose with the same R and S 

electrodes. Note that, although the CVs differ from those of glucose, once again the presence 

of peak A was indicated for the D/S and L/R combination, whereas it was not present for the 

D/R and L/S pairing. Glucose and mannose are epimers differing only in the chirality of the 

carbon atom at position 2 (Fig. 1.47). This suggests that changing the stereogenic centre at 

this position does not in itself alter the chiral relationship between the chemisorbate and the 

metal surface. 

In contrast, when D- and L-arabinose were investigated, it was found that peak A was 

present for the D/R combination but not present for the D/S (Fig. 1.46). There were two 

differences between arabinose and glucose. The first was the change in chirality at carbon 

atom position 3 (Fig. 1.47). The second is that arabinose does not contain a CH2OH 

substituent at ring position 5. Either of these two features could mark out arabinose from 

glucose. However when xylose was investigated (which like arabinose does not contain a 

CH2OH group at position 5 (Fig. 1.47)), the D/S and L/R combinations did give rise to peak 

A, just like glucose and mannose. Because xylose possesses the same chirality as glucose 

and mannose at position 3 (Fig. 1.47), whereas in arabinose the chirality was reversed, it is 

suggested that chiral discrimination between the glucose at carbon 3 and the kink gave rise to 

the enantioselective reaction associated with peak A [282]. 

 

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

Watson and Attard  [294] have investigated the inherent surface chirality of kink sites for the 

bi-metallic 6% Pd-Pt(643) surface using the electro-oxidation of glucose as a chiral probe. It 

was found that the reactions of the R-crystal with the D- and L-glucose solutions were not 

similar. From CVs in Fig. 1.48 a peak was observed at 0.3 V when D-glucose was reacted 

with the R-surface whereas for L-glucose the peak was absent. When the crystal was 

changed and the S-surface was examined in the same glucose solutions a diastereomeric 

result, including two different stereogenic centres, was obtained, i.e. 

 

D-glucose + 6% Pd-Pt(643)R º  L-glucose + 6% Pd-Pt(643)S 

and 

L-glucose + 6% Pd-Pt(643)R  º  D-glucose + 6% Pd-Pt(643)S 
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Fig. 1.45. LSVs for 3 mM mannose electro-oxidation on Pt(321) in 0.1 M H2SO4 at sweep 
rate 50 mV s-1: (a) L-mannose on Pt(321)R, (b) D-mannose on Pt(321)R, (c) L-
mannose on Pt(321)S, (d) D-mannose on Pt(321)S. Reprinted from [282]. 
 

Fig. 1.46. LSVs for 1 mM mannose electro-oxidation on Pt(643) in 0.1 M H2SO4 at sweep rate 
50 mV s-1: (a) L-arabinose on Pt(643)R, (b) D-arabinose on Pt(643)R, (c) L-arabinose 
on Pt(643)S, (d) D-arabinose on Pt(643)S. Reprinted from [282]. 
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Fig. 1.48. CVs for 5 mM glucose electro-oxidation on 6% Pd/Pt(643) in H2SO4 at sweep rate 
50 mV s-1: (a) L-glucose/Pd/Pt(643)S; (b) D-glucose/Pd/Pt(643)S; (c) L-
glucose/Pd/Pt(643)R; (d) D-glucose/Pd/Pt(643)R. Reprinted from Watson [294]. 
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This finding is very close to that found for Pt(643) and its electro-oxidation of D- and L-

glucose discussed above [278]. Hence, it is clear that not only kinked platinum single crystal 

surfaces display an enantiomeric response in their interaction with chiral adsorbates but so 

too does the corresponding 6% Pd/Pt surface.. 

This result is further evidence of the validity of the proposition made in refs. [278,279,282] 

concerning surface chirality and, moreover, that all single crystal surface kink sites are chiral 

irrespective of the composition of the substrate [294]. 

 

1.9.4. Temperature effects in the enantiomeric electro-oxidation of D- and L-glucose on 

Pt(643)S [279] 

If one determines activation energy for the formation of diastereomeric intermediates of 

glucose electro-oxidation the difference in activation energy between the two values ( )ED D  

can be used to calculate a diastereomeric product ratio Q [295]. 

( ) log QeE RTD D = -                    (1.22) 

For a McKenzie-Prelog or Cram asymmetric synthesis, Q is given by the mole ratio of the 

diastereomeric products [P]/[N], where P refers to the like combination of configuration at 

the two chiral centres (R, R) or (S, S) and N to the corresponding antipodal combination (R, 

S) or (S, R) [295]. Thus, it is possible to evaluate the relative stereoselectivity (the mole 

percentage of the major adsorption diastereomeric product) from ( )ED D . To calculate the 

activation energy for the adsorption of D-glucose on Pt(643)S, a deconvolution programme 

can be used to break down the different contributions to the total electro-oxidation. The 

absolute value of the current density at 0.39 V can be taken as a measure of the reaction rate. 

Three Gaussian peaks are sufficient to account for the electro-oxidation profile. The 

magnitude of the electro-oxidation peak at 0.39 V is the main difference between D- and L-

glucose.  

Fig. 1.49 shows the electro-oxidation of D- and L-glucose using Pt(643)S at 293 and 273 K. 

Decreasing the temperature decreases the absolute magnitude of the rate of electro-oxidation 

(smaller anodic currents at 273 K than at 293 K) while increasing the resolution of the 

individual electro-oxidation peaks (compare the potential region between 0.3 and 0.45 V at 

273 and 293 K, particularly for D-glucose). Thus, if the rate of D-glucose adsorption is 

measured at 293 and 273 K, an activation energy barrier of 9.4 kJ mol-1 is evaluated. 
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Repeating the above deconvolution procedure for L-glucose, electro-oxidation using the 

same three Gaussian peak contributions at 293 and 273 K gives rise to an activation energy 

barrier for L-glucose adsorption on Pt(643)S of 8.0 kJ mol-1 . 

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

that the free-energy difference between the corresponding precursor transition state ( )ED D  is 

approximately 9.4 - 8.0 = 1.4 kJ mol-1, i.e. of the order of a kilojoule per mole. 

Using this value in eq. 1.22, the diastereomeric product ratio Q for the glucose electro-

oxidation at 289 K is shown to be 1.8. This, in turn, may be translated into a mole percentage 

of the major diastereomeric product of 64%. 

Although this value is small (50% would be zero enantiomeric effect), it is evident that 

glucose electro-oxidation is critically dependent on the average terrace width of the single 

crystal electrode and, therefore, it is  conjectured that this value may be increased by suitable 

geometrical manipulation of terrace width and kink geometry. In this way, enantioselectivity 

at solid surfaces may be investigated at a fundamental level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.1.49. CVs for 5 mM glucose electro-oxidation on Pt(643)S in 0.05 M H2SO4  at sweep 
rate 50 mV s-1: (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 of aaaa-Ketoesters Using Cinchona-Modified  

Platinum 

 

1.10.1. Introduction 

1.10.1.1. Catalysis 

A catalyst is a substance that increases the rate of a chemical reaction without undergoing a 

permanent chemical change itself. Catalysts that are in the same phase as the reactants are 

known as homogeneous catalysts while catalysts that are in different phase to the reactants 

are called heterogeneous catalysts. For example, enzymes that catalyse biochemical reactions 

are referred to as homogeneous catalysts while metals or oxides used to catalyse gas 

reactions are referred to as heterogeneous catalysts. 

The catalyst provides an alternative pathway by which the reaction can proceed, in which the 

activation energy is lowered. It thus increases the rate at which the reaction comes to 

equilibrium although it does not alter the position of equilibrium. Most catalysts are also 

highly specific in the type of reaction they catalyse, this is particularly apparent in enzyme 

catalysis. 

 

1.10.1.2. Orito reaction 

The notion of being able to control the inherent chirality of a two–dimensional surface, 

particularly a metal which is catalytically active, is an attractive proposition. In principle, it 

would enable the experimentalist to investigate chirality in a new and fundamental manner, 

not only in terms of the differences in reactivity of asymmetric centres in molecules, but also 

to control the activation of these centres via their interaction with particular surface sites of a 

preferred handedness. The huge potential of, for example, synthesising nanostructured 

materials with a definite handedness and to probe their interaction with electromagnetic 

radiation, molecules, and other “handed” materials will probably ensure intensive research 

efforts well into this century. 

Over the last 20 years some remarkable developments were reported which have led 

subsequently to profound changes in our understanding of the reactive interface and in 

particular the role of surface structure and composition in heterogeneous catalysis. 

The first was the discovery of a heterogeneous catalytic involving the promotion of 

enantioselectivity in the hydrogenation of pro-chiral a-keto esters and some other classes of 
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ketones by the addition of cinchona alkaloids [296-300]. These cinchona alkaloids act to 

modify the catalytic surface, which in this case is metallic platinum. 

The original reaction in this category, reported by Orito and co-workers, was pyruvate ester 

hydrogenation catalysed by cinchona-modified Pt. In the presence of a supported Pt catalyst 

the following reaction occurs: 

 

 

 

 

 

 

 

 

 

in which equal amounts of the two optical isomers of ethyl lactate are produced. However, in 

the presence of the alkaloid cinchonidine, an enantiomeric excess of > 80% with respect to 

the R-isomer is achieved and this is accompanied by a considerable increase in the absolute 

rate of hydrogenation.  

 

 

 

 

 

In this example of the “Orito” reaction, the enantiomeric excess can be calculated from the 

simple formula below, 

(R-S) (S-R)
enantiomeric excess = e.e. = 100  or  100%

(R+S) (S+R)
x x  

Which equation you use is dependent upon which enantiomer is formed in excess. 

In this example the R enantiomer is formed in excess and this means that the equation used 

must be the first one (the 2nd equation would give a negative enantiomeric excess although 

its modulus will be the same number). 

We can calculate the enantiomeric excess as, 
(90 - 10)

e.e. 100 80%
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Interestingly, when the alkaloid cinchonine is used as modifier (in cinchonine two of the 

stereogenic centres in the alkaloid are reversed), the enantiomeric excess favours S-ethyl 

lactate. 

The reaction is usually carried out in solution at ambient temperature and elevated hydrogen 

pressure. A wide range of solvents has been studied. The cinchona-modified supported Pt 

catalysts have proved themselves to be the most selective catalytic systems for this type of 

reaction. Modification by cinchonidine and its derivatives (such as quinine and 

dihydrocinchonidine) provides enantioselectivity in favour of the R-product, whereas 

cinchonine and its derivatives (quinidine, dihydrocinchonine) favour S-product formation. 

Although an extensive body of literature associated with this reaction has accumulated since 

1980 [301-307], the mechanism by which enantioselectivity is generated remains subject to 

some controversy. This reaction has been investigated by several groups [306,307] but there 

is no universal agreement as to the origin of enantioselectivity in this reaction [308-312].  

The role of surface structure in determining enantioselectivity is arguably one of the most 

urgent in the whole area of catalytic hydrogenation. This is hardly surprising considering the 

overriding importance attached to asymmetric synthesis and catalysis in various branches of 

chemistry (e.g. the pharmaceutical chemistry) [313,314].  

The mechanistic models referred to above are summarised briefly in the following 

subsections.  

 

1.10.2. Models for the interpretation of the enantioselective hydrogenation of aaaa-

ketoesters 

 
Early studies of this reaction provided mechanisms that explained three important features: 

(i) the sense of the enantioselectivity, (ii) 20- to 100-fold increase in reaction rate that 

accompanied the presence of a modifier, (iii) the requirement of a relatively large Pt particle 

diameter (> 2 nm). 

 Most investigators have supposed that alkaloid molecules are adsorbed onto the catalyst 

surface and in so doing create a chiral environment at adjacent sites at which the 

hydrogenation is carried out. 

This is consistent with the well-known strong adsorption of N-heterocyclic compounds onto 

platinum group metals; and is consistent with the premodification step used by Orito and 

other groups [298,299]. [Premodification involves exposure of the catalyst to the alkaloid in 

a pre-reaction step and transfer of the modified catalyst to the reactor]. In other laboratories it 
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has been more common to admit solvent reactants, catalyst and modifier to the reactor in one 

operation [315]. This method of in situ modification has led some workers, e.g. the 

Margitfalvi group, to propose a second model in which a complex is formed between the 

alkaloid and the reactant in solution [316]. The purpose of this complexation is chemically to 

shield one enantioface of the pyruvate and leave the other enantioface open to attack by H(ads) 

from the catalyst surface. 

In summary, the two models are: (i) the adsorption model - in which the catalyst surface 

becomes enantioselective by the preferential adsorption of alkaloid on the surface, and (ii) 

the chemical shielding model - in which the catalyst simply acts as a donor of activated 

hydrogen for the reaction and enantioselectivity is provided by the shielding supplied by the 

alkaloid. Although the latter is not unreasonable, there is some question as to its validity on 

kinetic grounds [317]. Furthermore, it would be expected that any metal that adsorbed 

hydrogen dissociatively should catalyse enantioselective reaction; in practice, Pt is 

exceptional and metals such as Ni are not rendered enantioselective by cinchona alkaloids. 

Reviews have been presented by Wells and Wells [315] for the adsorption model and by 

Margitfalvi [316] for the shielding model. Although both the adsorption and shielding 

models use the catalyst as a host and H-atom donor for hydrogenation, neither has placed 

great emphasis on the role of the particle morphology of the catalyst concerned. However, 

some effect of catalyst morphology on enantioselectivity has been worked [307]. 

An important feature of pyruvate ester hydrogenation is the dependence of enantioselectivity 

on the size of the Pt catalyst particles. Baiker and Blaser [318] first reported that a lower 

dispersion (larger particle size) was favourable for both activity and enantioselectivity. They 

also reported that use of catalysts with metal particle size < 2 nm resulted in catalysts with 

less selectivity and low turnovers. Their assertion was that the effect on dispersion could be 

attributed to the adjacent adsorption of a large alkaloid molecule with a pyruvate molecule in 

a prescribed geometry. This model would place a size constraint on the flat surface of the 

catalyst particle. 

Results obtained by Zuo and co-workers [319] have conflicted with this generalisation. They 

found that reaction catalysed by stabilised Pt colloids having a mean particle size of 1.4 nm 

gave an e.e. in favour of R-(+)- product up to 97.6 %. Further interesting catalysts were 

prepared by Bhaduri et al. [320] who immobilised small clusters of Pt on a polymer support 

with the alkaloids cinchonidine and ephedrine. Their bests results were for methyl pyruvate 

hydrogenation over a Pt-cinchonidine catalyst, which gave values of the enantiomeric excess 
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of up to 80%. Following these results, attention has turned to catalyst particle optimisation 

with respect to surface morphology.  

Wells et al. [296] have reported that effective modification of 6.3% Pt/silica (EUROPT-1) by 

the alkaloid cinchonidine to achieve fast enantioselective hydrogenation of methyl pyruvate 

to methyl lactate or of butane 2,3-dione to 3-hydroxybutane-2-one requires adsorption of the 

alkaloid in competition with another strong co-adsorbate. Comparison of experiments in 

which the catalyst was modified under both aerobic and anaerobic conditions indicated that, 

normally, oxygen present as air dissolved in solvent and organic reactant functions as this 

strong co-adsorbate. Alternative co-adsorbates that facilitated effective modification 

included nitrous oxide, ethyne, propyne and buta-1,3-diene; ineffective co-adsorbates 

included propene and carbon monoxide. Product analysis has shown that co-adsorbate 

propyne was removed as propene and propane in the early stages of reaction, and this created 

the surface conditions necessary for fast enantioselective hydrogenation of pyruvate ester or 

alkadione. Modification under propyne provides reaction rates and values of the 

enantiomeric excess under standard conditions (10 bar, 293K) that are comparable to, or 

higher than those obtained with normal aerobic modification. The ability to modify catalysts 

under reducing conditions has provided, for the first time, a reliable route to the preparation 

of an enantioselective Ru catalyst. 

 

More recently, Attard [282] has highlighted the fact that the platinum particles in supported 

catalysts are racemates containing, on average, equal numbers of left-and right–handed 

kinks. He proposed an alternative model as a consequence of his work on well-defined Pt 

surfaces, based on preferential reaction of the chiral modifier at R- or S- kink sites leaving an 

“excess” of the opposite handedness kink to act as hydrogenation centres for reaction. 

According to this model, selective blocking of sites (which is known to occur from 

electrochemical studies of organic reactions at surfaces) should enhance reaction rate by 

preventing poisoning reactions occurring in parallel, due to the requirements of a different 

ensemble of surface sites for poisoning and for the enantioselective hydrogenation. 

 

1.10.3.  Adsorption of alkaloid and its derivatives on well-defined surfaces 

 

The advent of the surface science approach [321] to the study of solid surfaces has 

contributed greatly to our understanding of many aspects of surface reactivity and 

emphasised the importance of surface structure and composition in controlling the rates of 
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surface reactions [322].  Adsorption studies were performed on clean single crystal surfaces 

[282] because such surfaces provided a very limited range of adsorption sites. By 

systematically introducing into the surface defects such as steps, kinks, vacancies, and 

adatoms, any changes in surface reactivity may be assigned directly to a particular type of 

adsorption site. The stability of surface intermediates as a function of coverage, surface 

structure, temperature, and pressure may also be evaluated in a similar manner. Although 

analogous ex situ surface science measurements may be carried out on well-defined 

electrode surfaces, the method is experimentally demanding and expensive 

[16,142,143,228,323,324] because it involved the use of an ultra-high vacuum (UHV) 

apparatus and electron spectroscopies which exploit the surface sensitivity of electrons [36]. 

Further, the gap between UHV and electrochemical environments has to be bridged [325]. A 

further criticism, often, raised was the question of how relevant measurements on well-

defined surfaces under UHV conditions may be to both real heterogeneous catalysts 

operating at elevated pressures and to aqueous electrochemical interfaces.  

 In fact, electrochemical processes of adsorption and deposition should be thought of as 

replacement reactions of one surface active species by another as potential and electrolyte 

composition are varied. Nonetheless, important insights into the nature of catalytic activity 

may be obtained because the electrochemical technique of choice, cyclic voltammetry [326], 

is particularly sensitive to changes in the local charge state of different surface regions 

(terraces, steps, kinks, adatoms, and chemisorbate) [183,327], and hence, perturbation of 

these surface sites as a consequence of chemical reaction may be readily identified. An 

analogous surface science tool would be photoemission from adsorbed xenon (PAX) which 

not only gives information about the local work function of a surface site but also provides 

quantitative estimates of local surface coverages [327,328].  

 The adsorption of dihydrocinchonidine and dihydrocinchonine on platinum single crystal 

electrodes has been studied [282], particularly over kinked Pt (531) and Pt(321). No chiral 

discrimination was observed (see Fig.1.50 and Fig. 1.51), i.e. the attenuation of all clean 

surface peaks, irrespective of the alkaloid/chiral-surface combination, occurred at the same 

rate. When such adsorption rate studies were extended to flat and stepped achiral surfaces, 

again little change in the rate of alkaloid adsorption was observed (see Fig.1.52). This 

indiscriminate adsorption by the alkaloid suggests that structural models from the literature 

based on particular terrace widths and particle sizes do not seem to play a central role in 

determining the mechanism of enantioselectivity, at least so far as the alkaloid in the absence 

of other reactants is concerned. Rather, all sites (step, terrace, and kink) appear to be 



 100

occupied with equal probability during adsorption from solution consistent with a random 

distribution of alkaloid chemisorbate.  

By consideration of the quinoline and quinuclidine groups, which make up the cinchona 

alkaloid molecule, it is also possible to address electrochemically the configuration of the 

molecule adsorbed on the surface. Fig. 1.53 shows a graph of normalised voltammetric peak 

area (1= clean surface, 0 = complete blocking) vs. the number of potential sweeps 

(essentially a time axis). It was clear that when the alkaloid and quinoline were compared at 

10-6M concentration, the initial rates of the adsorption match closely. There was some 

divergence at higher coverages, perhaps associated with a greater difficulty of packing 

cinchona alkaloids by comparison with quinoline rings. For quinuclidine, even for very much 

more concentrated solutions, a relatively low rate of adsorption was found. From these 

measurements, it was concluded that alkaloid adsorption occurred via the quinoline ring and 

that the quinuclidine substituent does not interact strongly with the metal surface [282]. 

These findings are in agreement with H/D exchange data [329] and recent NEXFAS studies 

showing that the quinoline ring of the alkaloid adsorbs parallel to other metal surfaces at 

room temperature [330].   

Although the results outlined above appear to negate the possibility that preferential 

adsorption of the alkaloid at kink sites governs enantioselective reaction, it must be 

remembered that, under reaction conditions, a dynamic equilibrium is achieved with 

competition for surface sites between dihydrogen, alkaloid, solvent, and a-ketoester [306]. 

To assess the stability of the chemisorbed alkaloid under reaction conditions, cyclic 

voltammetry was used to monitor the surface coverage of alkaloid after exposure of the 

surface to 1 atm of hydrogen for a few minutes. It is evident from Fig. 1.51 that the adlayer is 

unstable in the presence of hydrogen gas, as demonstrated by the substantial recovery of 

platinum sites for the adsorption of hydrogen. Furthermore, reductive desorption of alkaloid 

from the surface appears also to be a racemic reaction with no evidence of preferential 

desorption from R or S kinks. Hence, the actual concentration of alkaloid on the surface 

under average reaction conditions (10 to 50 atm hydrogen pressure) is probably small. 

Another noteworthy feature stemming from the measurement of the rate of irreversible 

adsorption of modifiers was that chemisorbed oxygen adatoms inhibit the uptake of alkaloid. 

Whether the surface concentration of oxygen adatoms ever reaches the surface coverages 

typical of those of a freshly flame-annealed Pt crystal (0.25 monolayers) in the presence of 

50 atm of hydrogen is debatable, but it is interesting that pyruvate ester hydrogenation is  
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Fig. 1.50. CVs for 1 mM dihydrocinchonidine and dihydrocinchonine in 0.1 M H2SO4 at sweep 
rate 50 mV s-1: (a) dihydrocinchonine on Pt(531)S, (b) dihydrocinchonidine on 
Pt(531)S, (c) dihydrocinchonine on Pt(531)R, (d) dihydrocinchonidine on Pt(531)R.  
Reprinted from [282].  
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Fig.1.51. Hydrogen-induced desorption of dihydrocinchonine from Pt(321)S and Pt(321)R. Clean 
surface of hydrogen electrosorption region ( _____ ); after adsorbing saturated layer of 
dihydrocinchonine (- - - -); after holding the dihydrocinchonine adlayer at – 0.2 V 
(Pd/H) for two minutes showing recovery of free platinum sites ( ¼¼  ). Bubbling H2 
at 1 atm pressure while holding the electrode potential at 0 V gave a similar result.  
Reprinted from [282]. 
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Fig. 1.52. Variation in coverage of free metal sites as a function of the number of potential 
cycles (time) for achiral platinum electrodes. 0.1 M H2SO4 + 10-5 M 
dihydrocinchonidine. Sweep rate 50 mV s-1, and the upper and lower potential 
limits were 0 V and 0.8 V (Pd/H), respectively. The curve is meant as a guide to 
the eye. 
 

Fig. 1.53. Plot of fractional coverage of free hydrogen sites versus number of potential cycles 
(time axis) for uptake of various organic compounds from 0.1 M H2SO4 on 
Pt(321)R. Compounds from top to bottom: quinuclidine (10-4 M); 
dihydrocinchonidine (10-6 M); dihydrocinchonidine (10-6 M); quinoline (10-6 M); 
cinchonidine (5×10-7) [282] 
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reported to give poor enantioselectivity and no enhanced rate under strictly anaerobic 

conditions [331]. Hence, ironically, the presence of hydrogen and traces of oxygen in the 

reaction mixture, should act to prevent the alkaloid from attaining too high a surface 

coverage. 

 

1.11. Objectives of the Present Investigation 

 
The present study is directed towards investigating further notions of chirality at metal 

surfaces, proposed initially by Gellman et al. [275] and later elaborated upon by Attard and 

co-workers [278,279] since fundamental understanding of asymmetric molecular interactions 

at solid surfaces is seen as a crucial element of any theory of enantioselective heterogeneous 

catalysis [332]. The approach to be used is one successfully applied in reference [293] 

whereby the surface sensitivity of cyclic voltammetry is exploited to elucidate 

diastereomeric properties of glucose and other chiral molecules interacting with well defined 

kinked platinum single crystal electrodes. In particular, questions raised by the selective 

blocking of chiral kink sites are to be addressed. Is enantioselective electro-oxidation of 

glucose for example still observed when stereogenic centres on the metal surface are blocked 

by a second adsorbate? Since complications resulting from a second catalytically active 

metal being present at the surface needed to be avoided, three catalytically inactive elements 

(at least in the present context) have been chosen for scientific scrutiny. Bismuth, gold and 

silver fulfil this criterion and in order to examine changes in surface enantioselectivity as a 

function of adlayer coverage, it is proposed that a detailed study of their various growth 

modes on platinum is required in order to elucidate structure-reactivity relationships, 

particularly the propensity of each metal to selectively decorate kink sites. Another aspect of 

the work to be addressed is the dependence of molecular structure and surface morphology in 

generating enantioselective surfaces relevant to Orito-type reactions [298-300]. It has already 

been proposed/speculated upon in the literature that certain chiral modifiers exhibit a 

particular preference for adsorption at defect sites due to their shape [296]. Is this view 

correct? If so then this behaviour should be revealed readily when the uptake of chiral 

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