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CHAPTER FOUR 

 

METAL DEPOSITION AND GROWTH MODES AT FLAT, STEPPED AND 

KINKED PLATINUM SINGLE CRYSTAL ELECTRODES 

 

4.1. Introduction 

 

The study of the structure and dynamics of deposition of metal adsorbates on solid surfaces 

is of both fundamental and technological importance [1-4]. The early stages of 

adsorption/desorption along with the growth mechanism (e.g. nucleation and growth) can 

dictate the structure and properties of the deposited layers. Metal adatoms and other 

adsorbates at submonolayer coverage have electronic properties that may deviate 

significantly from those of the bulk material. In addition, the adsorbate layer may also alter 

the electronic properties of the substrate itself [5]. 

The adsorption of foreign adatoms on single crystal metal surfaces is a subject of special 

interest in the study of the early stages of electrodeposition. Moreover, submonolayer 

amounts of the adsorbed adatoms can be used to enhance the electrocatalytic activity of the 

metal substrate, either enhancing the catalytic activity towards the desired reaction or its 

selectivity. Modification of the platinum single crystal surfaces with Group 15 (As, Sb and 

Bi) and 16 (S, Se and Te) adatoms has been extensively studied [6-11] and it has been shown 

that bismuth adsorption on Pt(111) electrodes inhibits the spontaneous formation of the 

surface poison (adsorbed CO) from formic acid [12].  

The importance of defects and particularly steps on both electrodeposition and 

electrocatalysis is well known [5]. The role of defects and steps has been explained as a 

consequence of the increased coordination of the adsorbed species at the step, which favours 

the adsorption on these sites [5]. Therefore, it is possible to deposit selectively a particular 

adatom on step sites leaving terraces unmodified. In this way decoration of the step with 

adatoms provides a useful method to obtain a particular homogeneous distribution of 

adatoms on the electrode surface, in order to study their effects on electrocatalytic processes, 

such as formic acid oxidation [13-16]. Prior to studies of the catalytic properties of decorated 

surfaces, the structural aspects of the deposition on stepped surfaces have to be identified. 

Single crystal electrodes have been employed which enable catalytic reactions to be 

examined and varied in a controlled manner. In ultra-high vacuum and high-pressure studies, 
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precise control of temperature, pressure, surface crystallography and composition is possible, 

enabling a reaction to be examined under a variety of physical conditions.  

The important purpose of depositing metals onto pure platinum single crystals is to prepare 

alloyed or decorated anodes which give superior performance as compared to pure Pt. For 

example, Pt-Ru alloys and Pt-modified by Sn are generally found to be the best anodes in 

fuel cells [17-25]. The action of Ru is fairly well understood; Ru sites are believed to 

enhance the adsorption of oxygen or hydroxide [26]. 

Many studies during the last twenty years involving single crystal electrodes have 

demonstrated the importance of surface structure in electrocatalytic reactions. 

It is important to study the behaviour of metals on different substrate structures (i.e. on 

crystals having a range of orientation) since it is found that some metals when so deposited 

affect catalytic behaviour. 

Well-defined electrodes have known structures and each structure has a characteristic cyclic 

voltamogramm which can be used as a fingerprint. 

Deposition at stepped surfaces could occur equally at terraces and steps, or preferentially on 

steps, or preferentially on terraces. In such preferential deposition, adatoms may decorate 

steps first but the process of decoration of the terrace may commence before step decoration 

is completed. Bismuth and tellurium are examples of adatoms that decorate steps first [5]. 

Decoration of steps on electrode surfaces has been reported by Budevski et al. [27] and 

especially for Bi on Pt(332) by Clavilier [6]. Adatoms, such as silver, when they deposit on a 

Pt substrate, may change the composition, structure, and the electronic properties of the 

substrate. 

Feliu et al. [5] rationalised the observed differences in deposition sites by examining the 

electronic properties of the deposited adatoms, in particular their work function. This has 

been interpreted by means of a simple model in which partially charged adatoms interact 

with the dipoles at the step sites [5].  They reported that decoration of the steps is related to 

the work function differences between the adatoms and substrate. Thus a lower work 

function value for the adatom favours the deposition of that adatom on the step (e.g. Bi = 

4.22 eV, Pt = 5.7 eV) [28] in such a way that hydrogen adsorption is blocked. Adatoms 

having a higher work function than platinum (e.g. Se = 5.9 eV)  [28] will be preferentially 

adsorbed on the terraces. Such adsorption may occur close to the terrace edge, as deduced 

from the modification of the energy of hydrogen adsorption on the step [5]. Morgenstern et 

al. [29] explained qualitatively the observed behaviour by considering the electronic charge 

density deficiency at the upper part of a step due to the Smoluchowski effect. The lower 
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charge density above the step reduces the repulsive part of the interaction between the 

platinum and the adsorbed species, resulting in a stronger bond. Feliu et al. [5] proposed a 

similar mechanism which explains both the adsorption of the more electronegative adatoms 

on the step edge and of those adatoms with lower work function at step bottom sites (see 

section 4.2.2.7)  

 

4.2. Results and Discussion 

 

4.2.1.  Cyclic voltammograms of clean platinum single crystal surfaces 

In the present work, the following surfaces were investigated: 

4.2.1.1.  Flat surfaces: Pt(111), Pt(100), Pt(110), 

4.2.1.2. Stepped surfaces 4.2.1.3. Chiral surfaces 

stepped 

surfaces 

microfacet notation kinked 

surfaces 

microfacet notation 

Pt(755) 6(111)́ (100) Pt(321) 2(111)́ (210) 

Pt(533) 4(111)́ (100) Pt(531) (111)́ (100)́ (110) 

Pt(211) 3(111)́ (100) Pt(643) 3(111)́ 3(100)́ (110)  or 3(111)́(310) 

Pt(311) 2(100)́ (111) or 2(111)́(100) Pt(976) 6(111)́ 3(100)́ (110)  or 6(111)́(310). 

Pt(511) 3(100)́ (111)   

Pt(711) 4(100)́ (111)   

Pt(911) 5(100)́ (111)   

Pt(11,1,1) 6(100)́ (111)   

Pt(13,1,1) 7(100)́ (111)   

Pt(332) 6(111)́ (111)   

 

For the above stepped surfaces the terrace widths vary as follows: 

(111)  (755)  (533)  (211)  (311)  (511)  (711)  (911)  (11,1,1)  (13,1,1)  (100) 

 

 

 

 

Narrower (111) terraces Wider (100) terraces 

Step and terrace indistinguishable 
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The deposition and growth modes of Bi, Au, and Ag on the above surfaces have been studied 

by use of cyclic voltammetry. The single crystals investigated provided characteristic cyclic 

voltammograms in sulphuric acid. Figs. 4.1 to 4.3 show the CVs for these crystals which 

have been flame-annealed and cooled in hydrogen, and cycled in 0.1 M H2SO4 at a sweep 

rate of 50 mV s-1. LEED patterns of these surfaces have been obtained in many studies 

[30,31]. 

 

4.2.2. Deposition of bismuth on platinum single crystal surfaces 

 

4.2.2.1. Introduction 

Many studies have been made of the deposition of bismuth on a series of flat and stepped 

surfaces. Decoration of steps on stepped single crystal electrodes has been reported by 

Budevski et al. [27] and especially by Clavilier [6] for Bi on Pt(332). Clavilier et al. [32] 

found that, for bismuth coverages from 0.0 to 0.8 on Pt(111), the electroactivity of the 

surface for the direct oxidation of formic acid was enhanced by a factor of 40 over the whole 

range of coverage. This behaviour was ascribed to the accumulation of the ‘blocking 

intermediate’ to an undetectable level in the presence of bismuth. Clavilier et al. [6] have 

investigated the electrochemical behaviour of a surface compound of bismuth formed 

spontaneously without external potential when platinum single crystals (Pt(111), Pt(100), 

Pt(110) and Pt(332)) are contacted with a solution of a Bi(III) salt.  In sulphuric acid 

solution, the surface compound undergoes a redox reaction in which oxidised and reduced 

species are both adsorbed at the platinum surface. The redox reaction, which depends on the 

structure of the substrate, is highly reversible at the Pt(111) electrode and has been studied as 

a function of pH and sweep rate [6]. This reaction appears as a good probe for the detection 

of Pt(111) surface domains on a platinum surface. Moreover, steps may be blocked 

selectively by the bismuth adsorbate while terrace sites remain free for hydrogen adsorption.  

Massong et al. [26] have investigated the influence of tin (Sn) and bismuth (Bi) UPD on 

Pt(111), Pt(332) and Pt(755) on the oxidation of CO. Deposition of Sn on a Pt(111) electrode 

gives rise to a sharp redox peak which is not due to the adsorption/desorption of Sn. The 

catalytic effect of this Sn adlayer on the oxidation of adsorbed CO is negligible. However, 

UPD of Sn on Pt(332) and Pt(755) has a remarkable catalytic effect, the onset of CO 

oxidation being shifted down to 0.25 V. In the case of Bi, even when the bismuth coverage is 

high enough to block H-adsorption completely, CO is adsorbed. 
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Fig. 4.1.   CVs for Pt flat surfaces in 0.1 M H2SO4 at sweep rate 50 mV s-1:  
(a) Pt(111); (b) Pt(100); (c) Pt(110).   
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Fig. 4.2. CVs for Pt stepped surfaces in 0.1 M H2SO4 at sweep rate 50 mV s-1: (a) Pt(755), (b) Pt(533), (c) 
Pt(211), (d) Pt(311), (e) Pt(511), (f) Pt(711), (g) Pt(911), (h) Pt(11,1,1), (i) Pt(13,1,1), and (j)  Pt(332). 
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Fig. 4.3. CVs for chiral surfaces in 0.1 M H2SO4 at sweep rate 50 mV s-1: (a) Pt(321)R and 
Pt(321)S; (b) Pt(531)R and Pt(531)S; (c) Pt(643)R and Pt(643)S; (d) Pt(976)R and 
Pt(976)S. 
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Feliu et al. [33] have observed that, on the stepped surfaces (Pt(775) [7(111)́ (110)], Pt(553) 

[5(111)×(110)], Pt(15,13,13) [14(111)×(100)], Pt(544) [9(111)×(100)], and (755) 

[6(111)×(100)] bismuth deposits preferentially on the steps, and deposition on the terrace 

takes place only after the step sites have been completely covered. Bismuth-modified 

surfaces vicinal to Pt(111) show different behaviour for the poison formation reaction from 

formic acid depending on the step symmetry and terrace width. Wide terraces in each zone 

(Pt(775) and Pt(15,13,13)) exhibit behaviour that can be compared to the Pt(111) electrode, 

i.e. poison formation is strongly inhibited once the bismuth is adsorbed on the terrace sites. 

On the other hand, for Pt(553) and Pt(755) surfaces, the effect of bismuth is not dependent 

on the adsorption site, i.e. similar inhibition of poisoning is observed when bismuth is 

deposited on the step or the terrace sites. An intermediate case is observed for Pt(544). 

Herrero et al. [5] investigated the deposition of sulphur, selenium, tellurium and bismuth on 

the Pt(775) surface by cyclic voltammetry. Electropositive adatoms (e.g. Bi and Te) deposit 

preferentially on the step sites, whereas adatoms more electronegative than platinum (S an 

Se) deposit preferentially on the terrace. The different behaviours of these adatoms is related 

to differences in their electronic properties.  

Aldaz and et al. [13] have investigated the effect of Bi on the formation of CO from formic 

acid on Pt(755) and Pt(775) which contain six atom wide (111) terraces and monoatomic 

steps having (110) or (100) symmetry respectively.  Bismuth decoration of (100) steps 

caused a large decrease in CO formation, whereas the effect of the same adatom on (110) 

steps was almost negligible. In this latter case it was necessary to adsorb bismuth on the 

terrace sites in order to obtain a similar inhibition of the poisoning reaction. 

Abruna et al. [14] studied the effect of Bi on the oxidation of formic acid on platinum 

stepped surfaces consisting of (111) terraces sites and (110) monoatomic steps. They found 

that the maximum current density for oxidation of formic acid decreases as the (110) step 

density increases, or as the terrace width decreases. Table 4.1 summarises this effect. 

Oxidation of formic acid on these stepped Pt surfaces is enhanced on narrow (111) terraces 

with high (110) step-site densities modified with bismuth; this suggests that a decrease in the 

reaction ensemble size increases its rate. In addition, bismuth appears to block the formation 

of strongly adsorbing reaction intermediates/poisons on the reactive step sites, and may also 

contribute via electronic effects to the oxidation of HCOOH.  

Pt(111) exhibits higher current densities than Pt(110) and Pt(100) in formic acid oxidation 

because of its lower propensity to form strongly bound reaction intermediates [34]. The 
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introduction of monoatomic steps decreases the catalytic activity of the (111) surface 

because of the resulting increase in the formation of strongly bound intermediates on the step 

sites, whereas, for (110) and (100) surfaces, step sites increase the catalytic activity for 

formic acid electro-oxidation [34]. 

Significant enhancement in the electrolytic behaviour has been achieved by modifying the 

surfaces with foreign metal adatoms [35, 36]. Adatoms that adsorb irreversibly, i.e. that 

remain adsorbed in environments not containing the precursor species, facilitate the 

understanding of the electrocatalysis, and are good candidates for applications in commercial 

fuel cells. 

Pt(111) electrodes irreversibly modified with Bi (Bi/Pt(111)), exhibit well-defined stable 

voltammetric features [6,37,38]. The oxidation of formic acid is enhanced significantly (by a 

factor of up to 40) at such modified electrodes. Recently, theoretical model calculations have 

suggested that bismuth acts as a “true” catalyst in these reactions, rather than acting merely 

as a third body [39]. 

The catalytic activity of bismuth-modified Pt electrodes towards HCOOH oxidation is highly 

dependent upon the surface structure of the Pt surface [14]. Attard and co-workers [38] have 

investigated the redox behaviour of irreversibly adsorbed bismuth on Pt(111) by using cyclic 

voltammetry. In agreement with Clavilier and co-workers they found that a single redox peak 

at 0.57 V (Pd/H) was observed.  

 

 

Platinum 

surface 

 

Surface 

structure 

maximum current density during  

of formic acid oxidation/ mA cm -2 

Clean surface Step sites modified 

by Bi 

Bi deposited on the 

terraces 

Pt(554) 9(111)×(110) 0.58 5.4 2.8* 

Pt(332) 6(111)×(110) 0.46 9.9 4.3* 

Pt(221) 3(111)×(110) 0.39 17.3 8.5* 

* normalised per terrace atom 

 

 

 

 

 

Table 4.1 Variation of current in formic acid oxidation with Pt surface structure [14]. 
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The surface redox process for the irreversibly adsorbed bismuth adatom [40,41] is believed 

to be either:                         

Bi (ads) + 2H2O �  [Bi(OH)2] (ads)+ 2H+ + 2e- 

 

 or                                  Bi (ads) + H2O �  [BiO] (ads) + 2H+ + 2e- 

 

In both cases, a change in the oxidation state of surface bismuth from zero to +2 is observed. 

Herrero et al. [12] have shown that Bi shows an important long-range electronic effect which 

inhibits poison formation from the dissociative adsorption of formic acid at very low adatom 

coverage. 

These various studies show that deposition of bismuth on platinum single crystals enhances 

the catalytic activity towards formic acid electro-oxidation. Most previous studies have 

concentrated on platinum single crystals that contain (111) terrace sites and (100) or (110) 

step symmetry. In the present work the electrochemical behaviour of bismuth on different 

platinum single crystal structures has been investigated using cyclic voltammetry. Besides 

single crystal electrodes consisting of (111) terrace sites, structures have been investigated 

which contain more open (100) terrace sites.  

 

4.2.2.2. Deposition of bismuth on flat platinum surfaces 

 

Before studying the effects of bismuth adsorption on our selected single crystal surfaces it 

was necessary to repeat the work of others [6,9,12,32,41-43] in relation to the adsorption of 

bismuth on Pt(111), Pt(100), and Pt(110). The results are shown in Fig. 4.4.  

Progressive deposition of bismuth on Pt(100), Pt(110) and Pt(111) leads to attenuation of all  

hydrogen adsorption states corresponding to terrace sites. For Pt(110), it is very difficult to 

discuss from the CV alone, the range of adsorption sites being blocked, although Hayden and 

co-workers have reported that Bi on Pt(110)-(1´ 2) in UHV decorates the “troughs” of the 

missing row reconstruction first of all and that interatomic repulsions between the adatoms 

cause the formation of a series of “compression” structures [44]. These structures 

correspond to the bismuth adatom spacing along the rows decreasing as coverage is 

increased. Transfer of the Bi-modified Pt(110) surface to the electrochemical cell gave rise to 

similar voltammetry to that shown in Fig. 4.4 (e). For Bi on Pt(100), Stuve et al. [45] have 

already shown by LEED that a c(2´ 2) adlayer is formed at 0.5 monolayers. The CV data 
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suggests strongly that Bi is growing as islands which eventually coalesce and block all H 

UPD processes at 0.5 monolayers. This is because the long range (1´ 1) terrace peak 

(extended two dimensional terraces) at 0.33 V is observed even at highest bismuth loading 

(0.5 monolayers [6]). If bismuth was spreading out across the surface, it would break up this 

long-range order. Hence although bismuth adatoms exhibit repulsive nearest-neighbour 

lateral interactions, densely packed c(2´ 2) islands must be forming. This is in accordance 

with previous UHV studies by Campbell et al. for Bi on Pt(111) [46]. This behaviour 

contrasts with bismuth on Pt(111) since here, the long-range order associated with the 

“spike” at 0.42 V, together with its associated secondary structure, is modified strongly at all 

Bi coverages, indicating wide dispersion of bismuth across the surface. This would be in 

agreement with STM and LEED studies [47] reporting that no ordered bismuth adlayers are 

seen on Pt(111) at room temperature. 

The electrochemical characterisation of Bi on Pt(111) is well-developed  [15,48-52] and has 

been corroborated by UHV studies [46]. For qBi (where q = No. of bismuth adatoms per 

cm2/surface density of Pt(111) in cm-2), a single bismuth surface redox peak is observed at 

0.57 V which grows in magnitude and broadens slightly until qBi = 0.33, whereupon all H 

UPD sites are blocked. That is, 1 Bi adatom blocks 3 H UPD sites [6,40,46,53-55]. Hence, in 

order to define bismuth coverage via residual H UPD charge (including also the 

“anomalous” peak in the double layer), one may use the expression:    

 

H H
0

Bi H
0

Q  -  Q
�   =  

3Q
 

 

where  H
0�  = 240 mC cm-2, the maximum amount of charge associated with the clean surface 

and H�  is the residual charge. For qBi > 0.33 monolayers, the surface redox peak splits into 

components at more negative and more positive potentials. This splitting can just be 

discerned in the green curve of Fig. 4.4 (b). 

In the case of Pt(100) and Pt(110) the redox peak appears at potentials above 0.57 V. (Figs. 

4.4 (d) and (f ))  [6].  
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Fig.  4.4.  CVs for bismuth deposition on flat Pt surfaces in 0.1 M H2SO4 at sweep rate  50 
mV s-1.  Arrow indicates change of current density with increasing Bi coverage: 
 (a) Bi/Pt(111), (b) bismuth redox peak of Pt(111), (c) Bi/Pt(100), (d) bismuth 
redox peak of Pt(100), (e) Bi/Pt(110), (f) bismuth redox peak of Pt(110). (d) and 
(f) are reprinted from [6]. 
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 4.2.2.3. Deposition of bismuth on Pt(111)×(111) stepped surfaces 

 

Pt(332) is an example of a (111)×(111) stepped surface. The contribution of the monoatomic 

step is clearly observed in the sharp peak at 0.065 V (Fig. 4.2 (j)). The characteristic 

contribution due to the existence of six atom wide (111) terraces can be seen in the broad 

state (between 0.35 V and 0.60 V) centred at about 0.46 V that is related to anion adsorption. 

Fig. 4.5 (a) shows the effects of the deposition of bismuth on the voltammetric profile of the 

Pt(332) electrode. The first effect of bismuth deposition is the diminution of the peak at 

0.065 V, without significant diminution of the anion adsorption on the terrace. This 

diminution of the step peaks following deposition of bismuth is evidence for the presence of 

bismuth on the step sites. This means that bismuth deposits initially on the step sites. With 

more bismuth added to the surface, the step peaks shift slightly towards a more positive 

potential and the peaks become broader. When the steps are blocked completely, bismuth 

starts to deposit on the terrace sites. From this point, increasing deposition of bismuth on the 

electrode surface leads to the diminution of hydrogen adsorption and sulphate/bi-sulphate 

adsorption on the (111) terraces (Fig. 4.5 (b)). 

Adsorbed bismuth on the Pt(111) electrode also exhibits a peak at 0.57 V (Fig. 4.4 (b)) that is 

assigned to a redox process of bismuth linked to the adsorption of oxygenated species. 

Therefore this peak at 0.57 V can be assigned to a bismuth oxidation/reduction process on 

the (111) terrace. 

The redox peak at 0.57 V observed using the Pt(332) surface is broader than that observed on 

Pt(111) [6,38] due  to the different terrace widths. The long-range order of the Pt(111) 

surface provides a sharper peak than that observed for the Pt(332) where the (111) terrace is 

six atoms wide. This result agrees with Abruna [14]. 

  

4.2.2.4. Deposition of bismuth on Pt (100)×(111) stepped surfaces 

 

(a) Pt(755) and Pt(533) 

 

Pt(755) and Pt(533) exhibit 6 and 4 atom-wide terraces respectively separated by 

(100)×(111) stepped sites. 

Figs. 4.2 (a) and (b) show the voltammetric profiles of Pt(755) and Pt(533) electrodes in 0.1 

M H2SO4 solution. The contribution of the (100) monoatomic step is clearly observed in the 

sharp pair of peaks at 0.22 V. The contribution due to the existence of (111) six atoms wide 
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Fig. 4.5. CVs for bismuth deposition on a Pt (111)×(111) stepped surface in 0.1 M H2SO4 at 
sweep rate 50 mV s-1. Arrow indicates change of current density with increasing Bi  
coverage:  (a) Bi/Pt(332), (b) bismuth redox peak of Pt(332).  
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terraces in Pt(755) can be seen in the broad state extending from 0.35 V to 0.60 V and 

centred at about 0.47 V that is related to anion adsorption. Likewise, for the four atoms wide 

terraces in Pt(533) in respect  to the state centred at about 0.52 V. The first effect of bismuth 

deposition is the diminution of the pair of peaks at 0.22 V, without significant diminution of 

anion adsorption on the terrace (Figs. 4.6 (a) and (c)). This diminution of the step peaks with 

increasing deposition of bismuth is evidence for the presence of bismuth on the step sites. 

This means that bismuth deposits initially on the step sites. Parallel to this diminution, a new 

broad peak at 0.29 V appears. This state will become more important when the 

enantioselective electro-oxidation of glucose on Bi-modified Pt kinked surfaces vicinal to 

(111) is discussed in Chapter Five. However, it is simply remarked here that this unusual 

state is only observed for Bi-modified surfaces containing (111) terrace sites. This new peak 

reaches its maximum intensity when the steps have been completely blocked by bismuth. 

Hence, attenuation of this state as terrace sites begin to be blocked suggests that it is 

associated with terrace sites close to the step, i.e. perhaps even at the ‘top’ of the step. From 

this point when the step sites are fully blocked, further increasing amounts of bismuth 

adsorbed on the electrode surface leads to a reduction of the hydrogen and sulphate/bi-

sulphate adsorption on the Pt(111) terrace (Figs. 4.6 (b) and (d)). Additionally, for each 

surface, a new signal appears on the voltammetric profile at 0.56 V. Adsorbed bismuth on 

the Pt(111) electrode also exhibits a peak at 0.57 V (Fig. 4.4 (b))  that is assigned to a redox 

process of bismuth linked to the adsorption of oxygenated species. Therefore this peak at 

0.57 V in Figs. 4.6 (b) and (d) can also be assigned to the bismuth oxidation/reduction 

process on the (111) terrace. 

Again, the redox peaks given by Pt(755) (Fig. 4.6 (b)) and Pt(533) (Fig. 4.6 (d)) are broader 

than that given by Pt(111) (Fig. 4.4 (b)) which is attributable to the narrower terrace widths 

on the stepped surfaces. 

 

(b) Pt(211) and Pt(311) 

 

Pt(211) consists of three-atom wide (111) terraces separated by (100)×(111) steps. Pt(311) 

consists of two-atom wide (111) terraces separated by (100)×(111) steps; alternatively, this 

surface may be viewed as two atom wide (100)  terraces separated by (111)́(100) steps 

because the terraces cannot be distinguished from the steps. Figs. 4.2 (c) and (d) show the 

voltammetric profiles of Pt(211) and Pt(311) electrodes in 0.1 M H2SO4 solution. The 
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contribution of the (100) monoatomic step is clearly observed in the sharp pair of peaks at 

0.22 V. The characteristic contribution due to the existence of three atom wide (111) terraces 

in Pt(211) can be seen in the broad state (between 0.35 V and 0.60 V) centred at about 0.50 

V that is related to anion adsorption. Because the terrace cannot be distinguished from the 

step in Pt(311) there is no terrace feature in Fig. 4.2 (d). Fig. 4.7 shows the effect of bismuth 

deposition on the voltammetric profiles of Pt(211) and Pt(311). For Pt(311), deposition 

occurs in the step sites which become blocked as more bismuth adatoms are added but no 

redox peak at 0.57 V is observed (Fig. 4.7 (b)).  The first effect of bismuth deposition on 

Pt(211) is to diminish the peak at 0.22 V without a significant diminution of the anion 

adsorption on the terrace (Fig. 4.7 (a)). This means that bismuth deposits preferentially on 

the step sites as in the cases of Pt(332), Pt(533) and Pt(755) explained earlier. The eventual 

absence of the hydrogen adsorption/desorption peaks for the (100) steps suggests that 

bismuth has blocked the step sites completely. Parallel to this diminution, a new broad peak 

appears at 0.30 V, which reaches its maximum height when the steps have been completely 

blocked and is ascribed to (111) terrace states close to the (100)´ (111) step, as suggested for 

a similar state on Pt(533) and Pt(755). 

 

4.2.2.5. Deposition of bismuth on Pt(111)×(100) stepped surfaces 

 

Pt(511), Pt(711), Pt(911), Pt(11,1,1) and Pt(13,1,1) were investigated; there have been no 

previous investigations of bismuth deposition behaviour on these surfaces.  Figs. 4.2 (e) to (i) 

show the voltammetric profiles of the clean surfaces. The characteristic contribution of the 

various (100) terraces can be seen in the broad peak centred at about 0.3 V. The width of 

these terraces increases on moving from Pt(511) which has a 3-atom terrace width to 

Pt(13,1,1) which has a 7-atom terrace width. The contribution of the (111) monoatomic step 

is clearly observed in the sharp pair of peaks at 0.23 V.  

Fig. 4.8 also shows the effect of deposition of bismuth on these surfaces. Bismuth does not 

deposit preferentially, but deposits on steps and terraces equally. Moreover, there is a shift of 

position of the step peaks to slightly to more positive values as more bismuth is deposited. 

This result differs from those obtained for surfaces containing (111) terraces for which there 

is a preferential deposition on steps. These differences in the behaviour of deposited bismuth 

may be associated with the fact that one set of surface structures has (100) terraces and 

(111)́ (100) steps, whereas the other has (111) terraces and (100)´ (111) steps. Hence the 
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Fig. 4.7. CVs for bismuth deposition  on Pt (100)×(111) stepped surfaces in 0.1 M 
H2SO4 at sweep rate 50 mV s-1.  Arrow indicates change of current density 
with increasing Bi coverage: (a) Bi/Pt(211), (b) Bi/Pt(311).  
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step geometry is identical in both cases. Therefore, it is concluded that it is the structure of 

the terraces which is important. For open (110) and (100) planes, bismuth is known to form 

ordered adlayers [45,56]. This is not the case for Pt(111) at room temperature [47]. 

Therefore, the growth behaviour exhibited may be either a reflection of the ease with which 

the bismuth can diffuse or that adsorption in ordered overlayer phases is more stable than 

adsorption at steps. Surface diffusion is known to be more facile on close-packed surfaces 

[47] leading to rapid population of less stable defect sites. If surface migration is 

compromised, it could be that access to more (thermodynamiclly) stable sites is less 

probable, hence the ‘indiscriminate’ population of sites for stepped Pt(100) surfaces.  

 

4.2.2.6.  Deposition of bismuth on chiral platinum surfaces 

 

Pt(321), Pt(531), Pt(643) and Pt(976) in both R- and S-states have been investigated. These 

chiral surfaces consist of (111) terraces with both (100) and (110) step sites. Fig. 4.3 shows 

the voltammetric profiles for these surfaces in 0.1 M H2SO4. The contribution of the (110) 

and (100) monoatomic steps is clearly observed in the sharp peaks at 0.07 V and 0.23 V, 

respectively. The characteristic contribution due to the existence of terraces can be seen in 

the broad state between 0.35 V and 0.60 V centred at about 0.52 V for Pt(321), Pt(531) and 

Pt(643)  and at 0.45 V for Pt(976), that is related to anion adsorption. Fig. 4.9 shows the 

effects of deposition of bismuth on chiral electrodes. Bismuth deposits selectively on 

(111)́ (100) and (110)´ (100) steps and hence on any kinks formed by the intersection of 

these steps. When these steps are completely blocked bismuth starts to deposit on terrace 

sites (Figs. 4.9 (b) and (d)). This behaviour has been investigated for surfaces containing 

(100)×(111) and (111)×(111) steps. Parallel to this diminution of the peaks associated with 

steps and kinks, a new peak appears at 0.30 V. This new peak reaches its maximum intensity 

when the steps and kinks have been completely blocked by bismuth. Again, this state is 

ascribed to (111) terrace sites close to (111)´ (100) steps which have been blocked by 

bismuth. Adsorbed bismuth on the (111) terrace sites also exhibits a peak at 0.58 V that is 

assigned to a redox process of bismuth linked to the adsorption of oxygenated species; this 

peak is therefore assigned to bismuth oxidation/reduction processes on the (111) terrace. The 

peak at 0.30 V also diminishes when bismuth is deposited on the terrace. It is found that the 
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Fig. 4.9. CVs for bismuth deposition on chiral surfaces in 0.1 M H2SO4 at sweep rate 50 mV s-1. 

Arrow indicates change of current density with increasing Bi coverage: (a) Bi/Pt(321), 
(b) bismuth redox peaks of Pt(321), (c) Bi/Pt(531), (d) bismuth redox peaks of Pt(531); 
(e) Bi/Pt(643); (f) bismuth redox peak of Pt(643); (g) Bi/Pt(976); (h) bismuth redox peak 
of Pt(976).  
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redox peak given by Pt(976) is the sharpest, and it is noted that this crystal has the most 

extensive (6 atoms) terrace. On decreasing the width of (111) terrace, the redox peaks 

become broader, as seen in Pt(643) which has a three atom wide terrace (Fig. 4.9 (f)). 

 

4.2.2.7.  Discussion and conclusion of Bi deposition on Pt single crystal surfaces 

 

From the results of the present study, it can be concluded that deposition of bismuth occurs 

preferentially at step sites when the surface contains (111) terraces and (100)´ (111)[e.g. 

Pt(755), Pt(533)] or (111)´ (111)[e.g. Pt(332)] steps. Deposition on the (111) terrace sites 

does not start until the step sites are completely blocked. On the other hand, Bi deposits 

equally at steps and terraces when the surface consists of (100) terraces and (111)´ (100) 

steps [e.g. Pt(711), Pt(11,1,1)]. In Fig. 4.10 the changes in cyclic voltammetry for bismuth 

adsorption on Pt(332) and Pt(11,1,1) are reported. For Pt(332), rapid surface diffusion of 

bismuth adatoms on close-packed (111) terraces ensures that step sites are decorated 

preferentially as signified by the attenuation of the (110) step electrosorption peak prior to 

adsorption at (111) terrace sites. In contrast, the more open (100) terrace sites of Pt(11,1,1) 

give rise to a slower rate of surface diffusion and simultaneous blocking of terrace and step 

sites as shown by simultaneous attenuation of all electrosorption features as a function of 

bismuth loading. 

Deposition of Bi on surfaces vicinal to Pt(111) show a peak at potential around 0.57 V. This 

peak can be seen in Pt(111) at the same potential. For all other stepped and kinked surfaces 

studied, including Pt(110) and Pt(100), no Bi surface redox peak in the potential region 

between 0.0 and 0.85 V is observed. Rather, in the case of these surfaces the analogous redox 

state is located at more positive potentials (see Figs. 4.4 (d) and (f) for Pt(100) and Pt(110)). 

It is known, however, that high positive potentials should be avoided in order to preserve the 

surface order. For this reason, the potential window is limited to 0.0 - 0.85 V and the analysis 

of their behaviour is based purely on the blocking of the hydrogen and sulphate/bi-sulphate 

adsorption processes. Because this peak was observed when Bi adsorbs on the Pt(111) 

electrode, this is assigned to a redox process of bismuth linked to the adsorption of 

oxygenated species, as already discussed in the literature [6,14,40,47,53,57-61]. 

Fig. 4.11 shows the effects of terrace widths on the shape of the redox peak when it reaches 

its maximum height for different Pt single crystal surfaces having different (111) terrace 

widths. It is clear that the redox peaks become broader with decreasing the terrace width. 
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Fig. 4.10. CVs for bismuth deposition on Pt(332) and Pt(11,1,1) at sweep rate 50 mV s-1.   
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These results agree with those of Abruna referred to above and suggest that the long range 

BiO or Bi(OH)2 network that forms upon bismuth oxidation loses some of its stability upon 

decreasing the width of the available (111) terraces [62]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to the Bi surface redox peak, there was a new feature observed when Bi was 

deposited on surfaces containing (111) terraces and (100)´ (111) steps at 0.30 V. This new 

peak reached its maximum intensity when the steps had been completely blocked by 

bismuth. This peak diminished in intensity when bismuth was deposited on terrace sites. The 

behaviour of the peak at 0.30 V was very similar to that observed when copper is deposited 

on platinum-stepped surfaces [63]. This behaviour was ascribed to the adsorption of 

sulphate/bi-sulphate adjacent to copper deposited on a step site [64]. The identical behaviour 

of the peak in the presence of Cu and Bi adsorbed on the step site clearly indicates that both 

peaks have the same origin. Additional support to this explanation is based on the fact that 

this peak at about 0.30 V was not observed in perchloric acid solutions for both Cu and Bi 

adsorption [64]. Herrero et. al. [5] have studied the deposition of Bi, Te, S and Se on 

Pt(775)[7(111)́(111) or 6(111)́(110)]. They observed the growth of a new peak as Bi (or 
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Fig. 4.11. Effect of the terrace width of Pt surfaces on the intensity of bismuth redox 
peaks in 0.1 M H2SO4 at sweep rate 50 mV s-1: (1) Pt(111); (2) Pt(755) = 
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Te) was deposited on the step. When the step was completely blocked, the new peak reached 

its maximum intensity and started disappearing when Bi was deposited on the terrace. This 

finding by these researchers is not in agreement with present results. Inspection of Fig. 4.5 

shows clearly that for Pt(332) (like Pt(775) a n(111)´ (111) stepped surface), no peak at 0.27 

V is observed when Bi is adsorbed at steps. The reason for this disagreement between both 

sets of data is unknown at the present time, however, this peak is seen in the case of Pt 

stepped surfaces having (111) terraces and (100)´ (111) steps and in the case of chiral 

surfaces having (111) terraces and (111)´ (100), (110)́ (100) steps as in the case of Pt(976). 

Herrero et al. [5] also reported that the adsorption of S and Se caused a shift in potential of 

the clean surface step peak at low coverages. For low coverages of Se, this peak even 

appeared to split in contrast to Bi adsorption, however, for Se and S the shift of the step peak 

was also observed in perchloric acid, indicating that the shift is not related to the anion 

adsorption. They suggested that this shift has to be associated to changes in the adsorption 

energy of the hydrogen on the step site induced by the presence of Se or S on the terrace. 

Hence, the new peak at 0.30 V which was observed for Pt surfaces having (111) terraces, can 

be assigned to changes in the adsorption energy of the hydrogen on the step site. 

In order to understand the deposition mechanism of Bi on the studied surfaces, the first step 

is to establish the deposition conditions and the factors that control them. The deposition of 

Bi has been carried out from solutions with very low concentration of the adatom species, 

and thus the process is under solution diffusion control. However, the kinetics of the 

deposition might also play a role. In order to investigate this, the H UPD charge (terrace and 

steps) and anion adsorption was measured as a function of the time of dipping. This charge is 

proportional to the amount of surface that has not been blocked by the adatom and the slope 

of this representation can be considered proportional to the deposition rate. Fig. 4.12 shows 

the results obtained for bismuth on some Pt stepped surfaces studied. The diminution of the 

charge with the number of cycles is in general linear, and there is no systematic difference in 

the slope in this case for deposition on the stepped and flat surfaces. This means that 

deposition rate is independent of the deposition site. Since the deposition reaction is taking 

place at high overpotential in all cases, it could be considered that any atom that reaches the 

surface is immediately deposited. Therefore, the overall rate of the process is solution 

diffusion controlled. 

Once the factors that control the mechanism have been established, the next step is to 

determine why some adatoms (Bi in our study) decorate the steps. If the process were only 



 181

solution diffusion controlled, the probability of Bi being deposited on the step would be, for 

example, Pt(755), 1/7 of the total (there are six surface terrace atoms for every step atom). 

Using only these arguments, the decoration of the steps could not be explained. An 

additional process, such as surface diffusion, has to facilitate the decoration of the step. Once 

the adatom has reached the surface, it can diffuse until it reaches a position of minimum 

energy. This way, once bismuth adatoms are deposited on the terrace, they move over the 

surface until they reach a step site, where they are trapped. Since the energy for adsorption 

on these sites is lower than that of the terrace site, the adatom cannot move from the step. 

According to this, bismuth should diffuse fast over the surface with an average diffusion 

length larger than the terrace width. 

Feliu et al. [5] reported that the decoration of the steps seems related to the work function 

differences of the adatom and the substrate (Bi = 4.22 eV, Pt = 5.7 eV, Sn = 4.42 eV, Cu = 

4.65 eV, Te = 4.95 eV, Se = 5.9 eV, S = 6.2 eV). Thus lower work function values favour the 

deposition of the adatom on the step, in such a way that hydrogen adsorption is blocked. The 

adatoms having higher work function than platinum will be preferentially adsorbed on the 

terraces, most likely close to the terrace edge, as deduced from the modification of the 

energy of hydrogen adsorption on the step. In this respect, it is interesting to note that similar 

behaviour, i.e. adsorption on step edges, has been described for S on Cu(11,1,1) [65]. 

Feliu et. al [5] proposed a mechanism that has been drawn schematically in Fig. 4.13 to 

explain both the adsorption of the more electronegative adatoms (e.g. S, Se) on the step edge 

and those adatoms with lower work function (more electropositive adatoms) at step bottom 

sites.  
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Fig. 4.13. Schematic representation of the proposed interaction between 
adatom and step sites, as a function of the charge density carried by 
the adatom (d±) and the step dipole [5]. 
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4.2.3. Deposition of Gold on Platinum Single Crystal Surfaces 

 

4.2.3.1. Introduction 

 

The nucleation and growth of gold overlayers on a hexagonally reconstructed Pt(100) surface 

was studied by scanning tunneling microscopy and photoelectron spectroscopy by Borg et al. 

[66]. It was reported that gold formed rectangular (1×1) islands of monolayer height, with 

the long axis of the islands parallel to the rows of the Pt(100)  hexagonal reconstruction. 

Nucleation occurred at both flat terraces and step edges, but mainly at step edges intersecting 

the reconstructed rows. Islands also nucleated at structural defects in the surface. The STM 

images showed that Pt atoms were incorporated into the first monolayer Au islands, 

contributing to about 20% of the island area. Growth of the second monolayer on the islands 

started well before completion of the first monolayer. The monolayer and bilayer islands 

then grew simultaneously until the first monolayer was nearly completed, without any 

nucleation of three-layer islands. This is similar to the behaviour of Pd on Pt(100) [67]. 

Further growth proceeds in quasi-layer-by-layer mode.  

 

Gold is an interesting adsorbate in combination with platinum since it chemisorbs adsorbates 

very weakly. In contrast, the platinum surface shows extensive chemisorption behaviour 

evident in many important industrial catalytic processes. 

When platinum and gold are combined together in a single catalyst, one of two things may 

happen (i) a simple blocking of surface platinum sites by gold may lead to a gradual decrease 

in activity and probably an increase in selectivity. (ii) surface alloying may produce hybrid 

electronic structures in which the partially filled d-band of platinum accepts valence 

electrons from gold resulting in electron-deficient gold. The gold may thereby become 

catalytically active. 

In this part of the thesis, the growth mode of gold on a series of flat, stepped and chiral 

platinum single crystal electrodes was investigated in order to examine the conditions 

necessary to give outcomes (i) or (ii).  In terms of catalytic activity, the reaction of choice 

was the electro-oxidation of glucose for which platinum is extremely active, but gold is inert 

since it cannot activate C-H bonds. In addition, because pure D- and L-glucose are available, 

it was possible to examine the enantioselectivity of the reaction [68,69] using chiral single 

crystal electrodes of platinum modified by gold. Reactions of D- and L-glucose on Au/Pt are 

discussed in Chapter Five. 
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4.2.3.2.  Deposition of gold on flat platinum surfaces 

 

Figs. 4.14 (a), (c) and (e) show the effects of gold deposition on the flat surfaces, Pt(111), 

Pt(100) and Pt(110); deposition gradually attenuates the terrace sites. Further, for Pt(100) 

because the shape of the CVs in the potential range 0.0 to 0.4 V remains virtually unchanged, 

though weaker in intensity, pseudomorphic island growth of gold may be deduced. This 

result is consistent with previous work by Borg and his co-workers [66] who investigated 

deposition onto a reconstructed Pt(100) surface. In the present study, the Pt(100) surface was 

in its unreconstructed state and the Au was probably growing as close-packed islands (see Bi 

on Pt(100) discussed previously and Pd/Pt(100) [67]). This is to be expected since transition 

metals deposited on transition metals exhibit attractive lateral interactions hence generating 

closely-packed (1́1) islands [70]. For Au/Pt(111), as for Bi, rapid diffusion of gold on the 

close-packed (111) terrace causes gold to nucleate over the entire surface leading to the 

break up of  the two dimensional long-range order (presumably surface (1´ 1) islands of gold 

since, unlike Bi, gold exhibits attractive lateral interactions). This is signified by extensive 

modification of the (111) anion peak in the double layer region. It may be deduced therefore 

that, for Pt(100), surface diffusion is sufficiently slow such that large (1́ 1) islands form, 

hence preserving the intensity of the 0.33 H UPD peak, even at gold coverages close to 1 

monolayer. For Pt(110) (Fig. 4.14 (e)) it is not possible to explain the behaviour of Au 

deposition from the CV alone, only a gradual blocking of clean surface sites can be 

observed. Figs. 4.14 (b), (d) and (f) illustrate CVs in which Au adatoms are removed from 

the flat surfaces, Pt(111), Pt(100) and Pt(110) respectively, at potentials higher than that used 

to characterise the H UPD region. At high potentials the gold adatoms desorb and they are 

replaced by oxygen which enters into the bulk of the electrode [71,72]. Hence the sweep 

scan is not reversible because the crystalline order of the surface has been changed. 

For Pt(111), excellent (1´ 1) pseudomorphic order of the gold adlayer is deduced prior to 

oxidation stripping. This is because, for extremely flat Au(111) surfaces, the same sharp gold 

oxide peaks at 1.5 V (adsorption) and 1.1 V (desorption) are reported [71,72]. Furthermore, 

in Kolb’s work it was also demonstrated that a miss-cut of only ± 1/2 ° from the (111) plane 

leads to a broadening and a diminution in magnitude of the gold oxide peaks.  

For Au/Pt(100) the size of the gold stripping peak cannot be consistent with just gold oxide 

formation (note the imbalance in the change of the oxide stripping peaks) for low coverage 
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of gold. In fact, this behaviour is most readily understood in terms of two surface reactions: 

 

(i) (gold precursor) (aq)  
2H  (g)¾¾¾®  gold monolayer on Pt (fully reduced)  

and 

(ii) (gold precursor) (aq) 
2H  (g)¾¾¾®  (gold precursor) (adsorbed) (not fully reduced). 

 

Hence, the large desorption current is ascribed to the stripping of a complex of gold by 

further oxidation. This behaviour has already been reported by Uosaki and Kolb [73-76] for 

[PdCl4]
2-, [PtCl4]

2- complexes on Au surfaces. Hence, there is an activation energy barrier for 

the decomposition of the surface complex on Pt(100) which is not observed with other Pt 

surfaces studied. Nonetheless, reaction (i) still takes place to some extent on Pt(100), leading 

to an ever decreasing amount of surface complex stripping as Pt sites are blocked with the 

gold adlayer (see Fig. 4.14 (c)).  

For both Au/Pt(100) and Au/Pt(110), the shape of the oxide region (at full blocking by gold) 

is identical to highly ordered Au single crystals of the same symmetry [71,77]. Hence good 

(1´ 1) pseudomorphic gold films are deduced based on electrochemical oxide analysis. The 

complete blocking of the H UPD peak by gold also coincides with complete blocking of the 

Pt-O stripping peaks (0.65 V) and a maximum intensity of Au-O stripping peaks (1.1 V). 

Hence, the ratio of changes between the Au-O and Pt-O stripping peaks, in addition to the 

attenuation of H UPD, may be used to determine gold coverage. 

 

4.2.3.3. Deposition of gold on platinum (100)´́́́ (111) stepped surfaces 

 

 The possibility of decorating platinum (100)×(111) stepped surfaces with gold was 

examined in the present study. Figs. 4.15 (a), (c), (e) and (g) show the effects of the 

accumulation of gold on the voltammetric profile of Pt(755), Pt(533), Pt(211) and Pt(311). 

At first, there is a diminution of the step peak at 0.22 V, without significant diminution of 

anion adsorption on the terraces. This means that gold deposits initially on the step sites. 

Deposition of gold adatoms on (111) terraces starts before the steps are fully blocked. Fig. 

4.15 also shows that further increases in the amount of gold on the electrode surface leads to 

a diminution of hydrogen and sulphate/bi-sulphate adsorption on the (111) terraces. 

This deposition resembles that of bismuth (Section 4.2.2.4), except that bismuth does not 

deposit on (111) terraces until the step sites are completely blocked. 
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With regard to Au/Pt(755), Au/Pt(533), Au/Pt(211) and Au/Pt(311), it is clear that, with 

progressive dosing of Au, the main CVs for clean crystals preserve their original shape with 

a subsequent decrease  in magnitude of the main peaks for steps first and then for terraces. 

The decoration of steps by gold adatoms in the first stages of deposition can be explained by 

the process of surface diffusion. When a gold adatom is deposited at the surface, it diffuses 

until it reaches a position of minimum energy. When gold adatoms are deposited on the 

terraces, they move over the surface until they reach a step site, where they are trapped. 

Since an adatom has a lower energy on these sites than on terrace sites, it cannot move from 

the step. Gold adatoms appear to diffuse quickly, at the first stages of deposition, over the 

surface with an average diffusion length larger than the terrace width. Other adatoms 

deposited in similar conditions, such as bismuth [5], copper [64], tin [26] also, decorate the 

steps. In addition, consideration of the difference in work function between gold and 

platinum as compared with that between bismuth and platinum would, according to Feliu [5], 

lead to less of an association with the defect site dipole since the polarity of the Au-Pt bond 

is much less than that of Bi-Pt. This probably accounts for the slight differences in behaviour 

between the two adsorbates.   

Figs. 4.15 (b), (d), (f) and (h) illustrate CVs in which Au adatoms are removed from the 

Pt(100)́ (111) surfaces, at potentials higher than those used to characterise  the H UPD 

region. 

4.2.3.3. Deposition of gold on platinum (111) × (100) stepped surfaces 

Gold deposition on (111)×(100) stepped surfaces was investigated using the crystals Pt(511), 

Pt(911), Pt(11,1,1) and Pt(13,1,1). The terraces in these crystals were (100), the terraces 

increasing from three atoms wide to seven atoms wide. Figs. 4.16 (a), (c), (e) and (g) show 

the effects of accumulation of gold. From these CVs it is clear that deposition of gold 

adatoms occurs at the same rate at steps and terraces for low and high dosages of gold. Thus, 

gold deposits equally on terraces and steps, i.e. it does not move preferentially to special sites 

after its initial deposition. The gold grows at sites on the surface and, as more adatoms join 

these islands, nucleation continues until a monolayer of gold is created, after which the 

surface is completely blocked by gold.  

The behaviour of gold on these surfaces is the same as that of bismuth discussed earlier 

(Section 4.2.2.5). 

Figs. 4.16 (b), (d), (f) and (h) illustrate the CVs of Au/Pt(111)´ (100) stepped surfaces at 

oxide potential region. Inspection of the gold oxide peaks at highest gold coverages indicates 
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Fig. 4.16. CVs and oxide potential region (OPR) of gold deposition on Pt(111)×(100) stepped 
surfaces in 0.1 M H2SO4 at sweep rate 50 mV s-1. Arrow indicates change of current 
density with increasing Au coverage: (a) Au/Pt(511); (b) OPR Au/Pt(511); (c) 
Au/Pt(911); (d) OPR Au/Pt(911); (e) Au/Pt(11,1,1), (f) OPR Au/Pt(11,1,1), (g) 
Au/Pt(13,1,1), (h) OPR Au/Pt(13,1,1). 
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systematic changes in the structure of the peaks as a function of step density and terrace type. 

Since these peaks are also consistent with bulk gold single crystalline behaviour [77], one 

may deduce that the gold overlayers are pseudomorphic with the platinum substrate. Hence it 

may be possible to study stepped gold single crystal surfaces using platinum single crystals 

as a “template” whilst avoiding problems associated with the facile reconstruction that is 

observed with pure gold surfaces. It may also allow studies of chemisorption of organic 

molecules at much less reactive surfaces than platinum under well-defined conditions.       

 

4.2.3.4.  Deposition of gold on chiral platinum surfaces 

 

Figs. 4.17 (a), (c), (e) and (g) show the effects of the accumulation of gold on the 

voltammetric profiles for Pt(321), Pt(643) and Pt(976) in both R- and S-forms. These chiral 

crystals consist of (111) terraces, (111)×(100) and (110)´ (100) steps, and kink sites at the 

junction between the (100) and (110) steps. The terrace width increases on passing from 

Pt(321) towards Pt(976). At high loadings, occupation of terrace sites occurs but from Figs. 

4.17 (b), (d), (f) and (h) it is clear that the defect sites are blocked preferentially by gold at 

low gold doses. Based on data reported in Section 4.2.3.3, it is speculated that these 

overlayers also give rise to epitaxial pseudomorphic films.  

 

4.2.4. Deposition of silver on platinum single crystal surfaces 

 

4.2.4.1. Deposition of silver on flat platinum surfaces 

 

Deposition of silver was studied on Pt(100), Pt(111) and Pt(110) 

 

4.2.4.1.1. Deposition of silver on Pt(100)  

Fig. 4.18 (a) shows the effect of silver deposition on Pt(100). As more Ag is added to the 

surface, the intensity of the main peak decreases without presenting any new feature. This 

behaviour shows that Ag deposits on Pt(100) randomly as islands. 

When the surface of Ag/Pt(100) was cycled for a longer time than that in Fig. 4.18 (a), 

unexpected effects were seen (see Figs. 4.18 (b) and (c)). First, at low coverages of silver,  

 

 



 191

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

 
 

 

 

 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-100

-50

0

50

100
Ah/Pt(321)

C
ur

re
nt

 D
en

si
ty

 / 
 m

 A
  c

m
-2

Potential / V Pd/H
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-100

-50

0

50

100 Au/Pt(321)
(110) steps

(100) steps

(111) terraces

C
ur

re
nt

 D
en

si
ty

 / 
 m

 A
  c

m
-2

potential / V  Pd/H

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-100

-50

0

50

100

Au/Pt(531)(100) steps(110) steps

C
ur

re
nt

 D
en

si
ty

 / 
 m

 A
 c

m
-2

Potential / V Pd/H
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-100

-50

0

50

100 Au/Pt(531)

C
ur

re
nt

 D
en

si
ty

 / 
 m

 A
  c

m
-2

potential/V  Pd/H

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-100

-50

0

50

100

150 Au/Pt(643)
(110) steps

(100) steps

(111) terraces

C
ur

re
nt

 D
en

si
ty

/  
m 

A
  c

m
-2

Potential/V  Pd/H
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-100

-50

0

50

100

150

Au/Pt(643)

C
ur

re
nt

 D
en

si
ty

 / 
 m

 A
  c

m
-2

potential/V  Pd/H

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-80

-60

-40

-20

0

20

40

60

80
Au/Pt(976)(110) steps (100) steps

(111) terraces

C
ur

re
nt

 D
en

si
ty

 / 
 m

 A
  c

m
-2

potential/V  Pd/H

(a) (b) 

(c) (d) 

(e) (f) 

(g) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-80

-60

-40

-20

0

20

40

60

80

Au/Pt(976)

C
ur

re
nt

 D
en

si
ty

 / 
  m

 A
  c

m
-2

potential/V  Pd/H

(h) 

Fig. 4.17. CVs of gold deposition on platinum chiral surface electrodes in 0.1 M H2SO4 at 
sweep rate 50 mV s-1. Arrow indicates change of current density with increasing Au 
coverage: (a) and (b) Au/Pt(321); (c) and (d) Au/Pt(531); (e) and (f) Au/Pt(643); (g) 
and (h) Au/Pt(976).   
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the main peak which represents the long range order of (100) terrace sites at 0.34 V (Fig. 

4.18 (b) CV1) starts to decrease in height (Fig. 4.18 (b) CV2 and CV3). 

It was expected that subsequent depositions of silver would lead to further attenuation of the 

main peak, but this was not the case. Instead, the peak was shifted to a more negative 

potential, 0.31 V, and then, with repeated cycling with the same amount of silver deposited 

the potential of the shifted peak grew until it reached a stable height. Further cycling did not 

affect the height of this peak (CV3). Deposition of more silver onto the surface and further 

cycling did not change the potential of the peak but increased its intensity (CVs 4,5 and 6). 

The maximum height of the new peak, CV6 was 140 mA cm-2 at a maximum charge density 

of 204.7 mC cm-2. After obtaining CV6, more silver was added to the surface and this led to 

new further changes, (Fig. 4.18 (c)).  The new peak at 0.31 V (CV6) started to decrease 

gradually every time silver was added to the surface until one monolayer of silver was 

achieved (Fig. 4.18 (c) CVs (7,8,9 and 10)). From the changes in the CVs it is concluded that 

an alloy of Ag/Pt(100) structure was being formed since strong electronic perturbation rather 

than simple island growth is the only explanation for the new voltammetric feature [26]. In 

addition, because pure silver cannot chemisorb hydrogen, the presence of a H UPD peak 

must be associated with platinum in the surface. This behaviour is quite different to that of 

gold or bismuth adsorbed on Pt(100).   

According to Batzill [78], Ag and Pt form a disordered nanophasic surface alloy confined to 

the topmost layer only. Attard et al. also reported such behaviour for Pd on Pt(100)-hex [67] 

and Cu on Pt(100)-hex [70,79]. No Ag diffusion into the bulk occurs. With increasing Ag 

content, Pt is replaced by Ag in the surface layer, until a complete pseudomorphic Ag layer 

is formed on top of the alloy. 

Batzill et al. [78] recently reported from an STM/LEED/Auger study that silver deposition 

on Pt(100)-hex surface leads to the formation of a disordered Pt20Ag80 surface alloy. There 

was a “break” in the Ag uptake plot, as determined by Auger Spectroscopy, for this amount 

of Ag and this state was defined as monolayer coverage (1-ML Ag). LEED observations [78] 

showed that spots attributed to a hex-reconstruction decreased in intensity with increasing 

Ag deposition on Pt(100)-hex at 300 K and were only faintly visible at an Ag coverage of 0.7 

ML. After Ag deposition at room temperature, and for samples that had been annealed to 800 

K following this deposition, only sharp (1×1) spots were observed after the disappearance of 

the “hex” spots. Batzill proposed that Ag grows pseudomorphically on the Pt(100) surface  
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Fig. 4.18. CVs of Ag deposition on a 
flat Pt(100) electrode surface in 0.1 
M H2SO4  at  sweep rate 50 mV s-1. 
Arrow indicates change of current 
density with increasing Ag coverage: 
 
(a) deposition of Ag on Pt(100) after 

3 potential sweeps. 

(b) condition as (a) after 20 potential 

sweeps. 

(c) condition as (b), but with further 

Ag deposition. 
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with no additional, long-range, ordered structure. Further Ag deposition caused nucleation 

and growth of a second layer. At moderately elevated temperatures, the surface moves 

towards thermodynamic equilibrium that favours the surface being completely covered with 

Ag because of the lower surface free energy of Ag by comparison with Pt [80,81].  

However, there is a problem with this interpretation in that the Pt(100) electrode 

voltammetric profile is that of a (1´ 1) surface, not the hex-phase as in UHV [43]. Therefore, 

the “excess” 20% of adatom which act as nucleation sites for growth of the Ag/Pt alloy and 

derived from lifting of the clean surface reconstruction are clearly not present. Nonetheless, 

work by Al-Akl [82] has shown that a similar alloying process was  observed for Ag UPD on 

Pt(100)-(1́ 1) after repetitive potential cycling. Hence it is the action of potential cycling 

which presumably creates the surface defects that allow surface alloying to commence. It 

was noted in Al-Akl’s work that the number of potential cycles necessary to cause surface 

alloying was a sensitive function of the density of surface defects. For “perfect” (1́1)-

Pt(100) surfaces, alloying was detected only after many potential cycles. Similar findings 

have also been reported in the literature for Ag/Pt(111)  [83-85]. 

 

4.2.4.1.2.  Deposition of silver on Pt(111) and Pt(110) 

 

The growth and properties of thin silver films on the Pt(111) surface have been studied 

extensively [47,83,88,89,90-92], but there have been few reports of thin silver films on 

Pt(110) [93].  

Pt(110) has a well-known (1×2) reconstructed surface phase and a (1×1) unreconstructed 

surface phase [94]. The structure of the (1×2) reconstructed surface can be understood in 

terms of the missing-row model [63,95]. The (1×1) unreconstructed surface can be prepared 

only as a metastable phase. It switches into the stable reconstructed phase on thermal 

activation [96]. Metal thin film growth on corrugated (reconstructed) Pt(110)-(1×2) has been 

reported by Wang et al. [97], Fusy et al. [98] and Liao et al. [99]. 

Figs. 4.19 (a) and (b) show CVs of the behaviour of silver deposition on Pt(111) and Pt(110). 

They do not display new features as was found in the case for Pt(100). For both Pt(111) and 

Pt(110) increasing the amount of deposited silver attenuates the peaks associated with terrace 
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sites. However, for Pt(110), a new very broad peak is induced between 0.1 and 0.3 V at 

highest silver loadings which is similar to that for Pt/Pd(110) bulk alloys recently reported by 

Watson et al. [100]. In addition, it was noted in Watson’s work that bulk Pt/Pd(111) [101] 

alloy surfaces gave rise to CV behaviour almost identical to that for Ag/Pt(111) surface 

alloys prepared by Clavilier [83]. Hence Pt/Pd and Pt/Ag bulk single crystal alloys seem to 

provide very similar voltammetry. This suggests that for the “open” Pt(110) surface, Ag 

deposition is indeed leading to the formation of (1´ 1)–alloy phases. In contrast, the alloy 

Fig. 4.19. CVs of silver deposition on flat Pt(111) and Pt(110) electrode surfaces in 
0.1 M H2SO4 at sweep rate 50 mV s-1. Arrow indicates change of current 
density with increasing Ag coverage. 
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peaks reported by Clavilier for Ag/Pt(111) are not observed here, indicating island growth of 

a monolayer film as also found for Au on Pt(111). Presumably the activation energy barrier 

for surface alloying on close-packed (111) planes, free of defects, is greater than for more 

open (110) and (100) planes.   

Shern et al. [93] studied the growth mode of silver on Pt(110)-(1×2) at room temperature by 

LEED, AES and UPS. The variation of the Auger signal for Ag with coverage showed initial 

linear growth followed by a premonolayer break and a monolayer break. An unusual increase 

in the intensity of integer beams was observed in LEED after silver atoms filled the missing- 

row sites. UPS showed that the d-band and the Fermi edge underwent interesting changes 

with Ag coverage. The results of Shern’s work indicated that film growth in this system 

follows the Stranski- Krastanov mode (SK growth mode) i.e. after the completion of the first 

1.5 ML of Ag on Pt(110), further Ag deposition leads to the formation of three dimensional 

islands [93]. 

Moreover, it was revealed that, during the formation of the first half-monolayer, silver atoms 

filled the missing-row sites of a Pt(110)-(1×2) surface. The question then arises: after the 

missing-row sites are filled, on which sites do succeeding silver atoms adsorb, on silver sites 

or on platinum sites?. Huang et al. [102] addressed this question in a study of the growth of a 

silver film on the Pt(110)-(1×2) surface using AES and CO thermal desorption spectroscopy. 

At 300 K, growth followed the Stranski-Krastanov mode, i.e. layer-by-layer growth to 1.5 

ML followed by three dimensional island growth. The first 0.5 ML of Ag atoms filled the 

missing-row sites to form a pseudo Pt(110)-(1×1)-0.5 ML Pt-0.5 ML Ag surface structure, 

then the next 0.5 ML and the final 0.5 ML of Ag  atoms were located on the Ag sites and on 

the Pt sites, respectively. The Ag film growth behaviour on the pseudo Pt(110)-(1×1)-0.5 ML 

Pt-0.5 ML Ag surface is surprising. The surface free energies of Ag and Pt are 1.302 and 

2.691 J m-2, respectively [81]. From the viewpoint of surface free energy [103], silver atoms 

would be expected to locate first on the Pt sites so as to minimise the total free energy of the 

surface. However, the lattice mismatch between Ag and Pt is about 4% [104], and this 

appears sufficient to cause silver to occupy first the silver sites of the pseudo Pt(110)-(1×1)-

0.5 ML Pt-0.5 ML Ag surface.  

Batzill [78] suggests a more general phenomenon of monolayer confined alloying involving 

epitaxial growth of heteroatoms on a reconstructed surface leading to altered atom densities 

compared to bulk terminated surfaces. This description may explain the results of Shern [93] 

and of Huang [102] for the Ag/Pt(110) system. Batzill et al. [78] reported similar AES 

uptake plots for Ag growth on Pt(110) at room temperature [93,102], the primary difference 
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being that the removal of the surface reconstruction on Pt(110) released 0.5-ML Pt to the 

adlayer and caused the formation of an Ag50Pt50  surface alloy. No results for annealed 

Ag/Pt(110) surfaces were presented. Alloy formation on Pt(110) would be consistent with 

the CV data reported in the present study.   

 

4.2.4.2.  Deposition of silver on Pt(100)´́́́ (111) stepped surfaces 

 

Figs. 4.20 (a) to (h) show behaviour during silver deposition on the (100)´ (111) stepped 

surfaces: Pt(755), Pt(533), Pt(211) and Pt(311). The potential of the step sites peak is at 0.22 

V for all surfaces. During early stages of deposition, silver adsorbed on the step sites of 

Pt(755), Pt(533), and Pt(211) (Figs. 4.20 (a), (c), and (e)). No silver was deposited on (111) 

terrace sites until about half the step sites were filled. Further, there was no change in the 

potential of the main peak, only attenuation was observed for the step sites due to silver 

adatoms replacing the hydrogen on these sites. After half the step sites were filled the peak 

formerly at 0.22 V shifted to a higher potential and silver started to deposit on terrace sites. 

The shift in the step peak potentials from 0.22 V to 0.24 V occurred for all these surfaces 

(Figs. 4.20 (a), (b), (c)) after which the potential remained stable. As more silver was added, 

the peaks representing the modified steps were attenuated simultaneously. During this 

process, silver adsorbs on the terrace sites. This voltage shift for the step peak was not 

apparent in the case of Pt(311) (Figs. 4.20 (g) and (h)). Pt(311) lacks (111) terrace sites, 

because its terrace and step sites have the same atomic width and are therefore 

indistinguishable. Deposition on this face simply led to a gradual diminution of the step peak 

until all sites for hydrogen were replaced by Ag adatoms. It is concluded that the voltage 

shift in the step peak indicates the formation of an alloy structure. 

Before a complete monolayer of silver is reached, this alloy consists of a mix of Ag and Pt 

atoms. The presence of a H UPD region in the CV after adding silver is proof of the presence 

of Pt adatoms in the surface. On increasing the amount of silver, the surface eventually 

becomes completely covered with silver. This accords with the view that the lattice mis-

match determines the locations of adsorbate atoms on the substrate [104]. 
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Fig. 4.20. CVs of silver deposition on (100)´ (111) stepped electrod surfaces in 0.1 M H2SO4 at 
sweep rate 50 mV s-1. Arrow indicates change of current density with increasing Ag 
coverage: (a) and (b) Ag/Pt(755); (c) and (d) Ag/Pt(Pt(533); (e) and (f) Ag/Pt(211); (g) 
and (h) Ag/Pt(311).  
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4.2.4.3.  Deposition of silver on Pt(111)´́́́ (100) stepped surfaces 

 

Pt(511), Pt(711), Pt(911), Pt(11,1,1) and Pt(13,1,1) were used to investigate the behaviour of 

silver deposition. Fig. 4.21 shows the effect of silver deposition on these surfaces. First, 

silver at low doses is deposited on step sites as denoted by the decrease in the voltammetric 

peak at 0.22 V. When the intensity of this feature is reduced by a quarter, silver starts to 

deposit on the terrace sites in addition to further deposition on steps, and a new peak starts to 

grow at a more positive potential. The location of the new peak is between the (111) step 

sites and (100) terrace sites. This new peak grows and reaches a maximum when the step 

sites are fully blocked (Figs. 4.21 (a), (c), (e), (g) and (i)).  After reaching maximum height, 

this new peak starts to decrease as more silver is deposited onto the surface and this is 

accompanied by a further covering of terrace sites. The rates of silver deposition on the sites 

represented by the modified peak and on terrace sites are equal (Figs. 4.21 (b), (d), (f), (h) 

and (j)). It is believed that the new feature in the voltammetric profiles of Pt(111)́(100) 

stepped surfaces is due to the formation of an alloy structure similar to that described for 

Pt(100) since it is evident that the Pt(100)-(1´ 1) sites are being transformed into Ag/Pt alloy 

sites in a similar manner via repetitive potential cycling. As silver cannot chemisorb 

hydrogen, so the presence of a H UPD peak must be associated with Pt atoms in the surface, 

and hence it is proposed that as more Ag adatoms are added, mixing of Ag and Pt atoms 

occurs.  There are similarities between the behaviour of silver on Pt(111)́(100) stepped 

surfaces and its behaviour on Pt(100) (discussed earlier (Section 4.2.4.1.1)). 

 

4.2.4.4.  Deposition of silver on Pt(111)´́́́ (111) stepped surfaces 

 

The effect of decorating the Pt(111)´ (111) stepped surfaces with silver was examined using 

Pt(332) (Fig. 4.22). The first effect of the silver deposition was diminution of the peak at 

0.065 V, without a significant diminution of anion adsorption on the (111) terraces (Fig. 4.22 

(a)). This indicates that silver deposits initially on the step sites. Silver starts to deposit on the 

terrace sites when about half of the steps are filled. In parallel with the diminution of step 

sites, a new peak appears at 0.18 V which reaches its maximum intensity when the steps 

become completely blocked by silver (i.e. when the peak corresponding to hydrogen 

adsorption on these sites disappeared) (Fig. 4.22 (b)).  Fig. 4.22 (c) shows that, after reaching 
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Fig. 4.21. CVs of silver deposition on Pt(111)´ (100) stepped electrode surfaces in 0.1 M H2SO4 
at sweep rate 50 mV s-1.  Arrow indicates change of current density with increasing Ag 
coverage: (a) and (b) Ag/Pt(511); (c) and (d) Ag/Pt(Pt(711); (e) and (f) Ag/Pt(911); (g) 
and (h) Ag/Pt(11,1,1); (i) and (j)  Ag/Pt (13,1,1).   
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its maximum height, this peak starts to diminish and finally disappears. During this process, 

silver adsorbs on the terrace sites. The shape of the CV for the alloyed surface (red curve in 

Fig. 4.22 (c)) is very reminiscent of the bulk alloy peak exhibited by Pt/Pd(111) bulk alloys 

[101] and Ag/Pt(111) alloyed surfaces [83] in terms of peak potential. However, the width of 

the feature is broader, and this is attributable to the shorter average (111) terrace width 

exhibited by the (332) plane.  

This behaviour resembles, to some extent, the deposition of bismuth on Pt(332) discussed 

earlier (Section 4.2.2.3), although in that case no new peaks were induced. 

 

4.2.4.5.  Deposition of silver on platinum chiral surfaces 

 

The effects of silver deposition on the R- and S- variants of Pt(321), Pt(531), Pt(643) and 

Pt(976) were investigated. As the deposition behaviour was the same on the R or S forms of 

these chiral crystals, deposition on the R-crystals is shown in Fig. 4.23. 

Figs. 4.23 (a), (c), (e) show that silver deposits first preferentially on the (100) and (110) step 

sites. Deposition at (111) terrace sites commences when the coverage of steps reaches about 

a quarter. In parallel with this coverage of step and terrace sites, a new peak appears at 0.16 

V which grows and reaches a maximum when (110) sites are fully blocked, but when there 

are still (100) step sites and (111) terrace sites free for further silver deposition. After 

reaching its maximum height, this new peak decreases as more silver is added to the surface, 

and it finally disappears as the terrace sites become completely blocked. 

 

Deposition of Ag on Pt(976) (Figs. 4.23 (g) and (h)) leads to a decrease in (100) step sites 

with a shift of the peak originally at 0.22 V towards more positive potentials. A new peak is 

observed at 0.16 V which after reaching its maximum height, decreases, displaying 

behaviour similar to that observed for (100)´ (111) stepped surfaces. In line with previous 

findings, it is proposed that the new peaks observed at 0.16 V correspond to the formation of 

a surface alloy which nucleates from defect sites to cover the entire surface.  
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Fig. 4.22. CVs of silver deposition on a Pt(111)´ (111) stepped electrode surface in 0.1 M 
H2SO4 at sweep rate 50 mV s-1.  Arrow indicates change of current density with 
increasing Ag coverage: (a), (b) and (c) Ag/Pt(332).  
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Fig. 4.23. CVs of silver deposition on Pt(111)´ (100)(110) chiral surface electrodes in 0.1 M H2SO4 at 
sweep rate 50 mV s-1. Arrow indicates change of current density with increasing Ag 
coverage: (a) and (b) Ag/Pt(321); (c) and (d) Ag/Pt(531); (e) and (f) Ag/Pt(643); (g) and 
(h) Ag/Pt(976).  
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