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Abstract 

The 2D monolayer catalysts obtained by surface-limited redox replacement 

(SLRR) reaction have found wide applications in fuel cell technology. Their properties 

are very dependent on the morphology of the catalysts monolayers, i.e., the size/shape 

and structure of 2D nanoclusters constituents of the catalyst monolayer. This renders the 

need for better understanding of all processes involved in catalyst synthesis via SLRR 

including reaction kinetics, underpotential deposition (UPD) and catalyst nucleation.   

The first part of this PhD work focuses on UPD phenomenon as a critical step in 

development of more sophisticated protocols for catalyst monolayer synthesis using 

SLRR reaction. The Pb UPD has been studied on Pt and Ru submonolayer modified 

Au(111) surface using conventional electrochemical techniques, in-situ and exsitu 

Scanning Tunneling Microscopy (STM) and statistical image processing. The results 

suggest two distinct UPD process on Pt and Ru modified Au(111) surfaces each 

providing an opportunity for synthesis of more complex bi-metallic monolayer catalyst 

nano structures using SLRR reaction (nanoclusters). As a continuation of this effort, the 

new protocol for synthesis of Ru-Pt core-shell “hybrid” 2D nanocluster structures on 

Au(111) have been demonstrated. Their properties are compared with Ru, Pt and Pt-Ru 

alloy catalyst monolayers/nanoclusters on Au(111) using CO monolayer oxidation and 

electrosorption as the model probe molecule/reaction. The IR spectroscopy data are used 

for qualitative comparison of the strength of the CO-catalyst bond. These results are 

correlated with the CO oxidative stripping results.  

In the second part, the Pt nucleation during SLRR replacement of Cu UPD has 

been studied in order to better understand and describe relevant parameters controlling 
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the Pt monolayer morphology (nanocluster size). The exsitu STM and statistical image 

processing are used to characterize the morphology of deposited Pt monolayers obtained 

in experiments where the coverage of Cu UPD has been varied from 0 to 1. The Pt 

nucleation density and the average size (area) of Pt nanoclusters are used as the main 

descriptors of Pt monolayer morphology. Results are discussed within the framework of 

analytical model developed to describe qualitatively our data. The relevance of our work 

for design of Pt monolayer catalyst is illustrated by our IR data illustrating CO 

electrosorption on Pt monolayers with different nucleation densities and average size of 

Pt nanoclusters. 

In the third part of our work, the finite-size effects (nanocluster size) in a system 

with strong d-orbital mixing such as Pt monolayer on Pd(hkl) were studied. IR data are 

used to compare qualitatively the strength of the CO-metal bond on Pt(hkl), Pd(hkl) and 

Pt/Pd(hkl) surfaces which were  characterized by STM and statistical image processing. 

Our results demonstrate that the finite size of Pt nanoclusters constituents of the Pt 

monolayer of Pd(hkl) has a dominant effect on their electrosorption properties. The 

results are discussed in terms of the active strain in Pt nanoclusters, which is very 

different than the one expected from epitaxial relation between Pt and Pd.  In an effort for 

better control of the morphology of Pt monolayers on Pd, the effect of citrates is studied 

on reaction kinetics of Pt deposition via SLRR of Cu UPD monolayer on Pd 

nanoparticles. The analytical model has been developed having a good predictive 

capability of the reaction rate constant during an industrial scale batch-reactor catalyst 

synthesis process.  
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1 Introduction 

The development of our civilization is determined by the progress in novel 

materials, which possess better properties and improved functionality. The requirement in 

lowering the device dimension has attracted tremendous research interests in 

nanotechnology fields including microelectronics, magnetism and most recently, energy 

conversion [1,2]. The most challenging part in nanotechnology is that while scaling down 

the dimension, the devices must be durable, robust and performance reliably [3].  

Ultra high vacuum (UHV) deposition is widely used in thin-film synthesis [4,5]. 

However, the later development of electrochemical techniques and instruments and their 

application in nanomaterial synthesis provides another choice over UHV methods in 

terms of fast kinetics, precise deposition control and low cost. Especially electrochemical 

methods showed advantages over UHV for ultrathin film growth application [6-10]. The 

ultrathin metal overlayers or high surface area nanoclusters possess very different 

physical and chemical properties due to the altered structure, which can further causes the 

differences in their behavior [11-15]. For example, the d-band center can be shifted with 

respect to the Fermi level when modifying the coherent strain of the ultrathin films 

[16,17]. The d-band center would be shifted up when the strain is positive, which will 

directly promote the catalytic activity. Ultrathin film surface structure including defects, 

surface curvature and steps can affect their catalytic activity and adsorption ability.  

Electrodeposition has been proved a convenient approach in catalyst design. 

When an electrode surface is covered by foreign metal adlayer (typically SML coverage), 

its physical properties are expected to vary from both substrate and the adsorbate bulk 

electrodes. The most obvious change is the work function, which can be measured by the 
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shift of potential of zero charge (PZC). The underpotential deposition (UPD) has become 

a promising approach in ultrathin film growth. For instance, Pt deposited on Au single 

crystals electrochemically was explored by D.M. Kolb [18]. Electrochemical atomic layer 

deposition (ECALD) includes multiple steps of UPD to achieve atomically flat layer-by-

layer growth, and it has a successful application in synthesis of II-VI and III-V 

semiconductor materials [19,20].  

Wieckowski et al. [21,22] proposed a method so called spontaneous noble metal 

deposition on noble metal surfaces, which can be applied in designing bimetallic catalyst. 

This method provided a new possibility in developing fuel cell catalysts using noble 

metal ion-noble metal electrode spontaneous deposition. Brankovic et al. [23,24] has 

demonstrated that sub-monolayer to multilayer Pd and Pt films can be spontaneously 

deposited on Ru(hklm) surfaces. Also, electrochemical and spectroscopic methods were 

applied to examine these bi-metallic surfaces. Those studies were extended to 

nanoparticles, creating the most efficient catalysts for PEMFCs [25,26,27]. 

Other than spontaneous deposition, Brankovic et al. [28] has developed a 

Electrochemical Deposition concept called surface limited red-ox replacement reaction 

based on Galvanic Displacement of UPD Metal Adlayers. There are two unique 

advantages which are determined by its nature of this concept. Firstly, the amount of 

deposit can be controlled accurately down to submonolayer by varying the coverage of 

UPD layer. The second one is that the displacement reaction occurs between noble metal 

ions in the solution phase and the UPD adlayer. During the last decade, different SLRR 

systems were reported with application for catalyst design with improved kinetics of 

oxygen reduction reactions (ORR) and hydrogen oxidation reaction (HOR) [29,30]. In 
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addition, SLRR is applied in catalysts material synthesis on supported nanoparticles. For 

example, besides the higher catalytic activity, Pt modified Au nanoparticles also present 

an improved stability over the long time period. [31] 

1.1. Fuel cells and catalyst 

In the past few decades, the increasing energy crisis and environmental problems 

caused by the fossil fuels have driven many research interests into fuel cells, particularly 

Proton Exchange Membrane Fuel Cells (PEMFCs), which convert the chemical energy 

stored in the fuel directly into electrical energy. The energy conversion efficiency of fuel 

cell is much higher than the internal combustion engines. Besides, fuel cell is a promising 

candidate in energy conversion because it is more environmental friendly. 

Fuel cell was first discovered by Christian Friedrich Schönbein in 1838. 

Nowadays, fuel cells have been commercially applied in automobile vehicles and space 

programs for energy supplies. Besides PEMFCs, there are other kinds of fuel cells 

including phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs) and molten 

carbonate fuel cells (MCFCs). SOFCs and MCFCs are operated at high temperatures 

(above 400°C). 

However, there are several issues with the PEMFCs catalyst which is the crucial 

part of fuel cells. First is the cost. The need of noble metal, mainly Pt, as both anode and 

cathode greatly restrains the commercial application of fuel cells. Catalyst is responsible 

for more than 50% [32] of the total cost. According to US department of energy, the cost 

for automotive FCs is $47/kW while the goal is to reach $30/kW in 2017 [33]. In order to 

reduce the amount of Pt, catalytic activity must be increased. Also, this goal can be 

achieved by increasing the active surface area of the catalyst. Both anode and cathode are 

http://en.wikipedia.org/wiki/Christian_Friedrich_Sch%C3%B6nbein
http://en.wikipedia.org/wiki/Molten_carbonate_fuel_cell
http://en.wikipedia.org/wiki/Molten_carbonate_fuel_cell
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Pt based, however the cathode, where ORR occurs, has a much slower kinetic than the 

anode, where HOR occurs. So the main focus is to enhance the activity of the cathode. In 

our work, we present a general strategy to ultimately reduce the catalyst cost. 

Another issue with the catalyst comes from the anode. There is intrinsically 

existence of CO in the H2 fuel, and CO can strongly bond with Pt and thus blocking the 

effective surface area. For direct methanol fuel cells (DMFCs), CO is an intermediate of 

the anode reaction, acting as an adsorbed poison inhibiting the methanol electro-oxidation 

reaction (MOR). CO tolerance can be improved by Pt-based alloy catalyst, which is 

capable of oxidizing CO at a lower potential by weakening the bonding of CO on catalyst 

surface [25]. 

1.2. The Structure and Field-Dependency of CO Chemisorption on Pt(111) 

Surface 

Chemisorption of carbon monoxide on Pt group noble metals has be studied 

extensively under both UHV and electrochemical systems due to its importance in 

catalyst design. Based on the systematical study of Weaver et al. [34], the CO adlayer 

structures on Pt(111) surface  in the electrochemical environment was revealed 

correlating the STM and IR spectroscopy data. 

The CO adlayer presents a potential depended structure according to in-situ STM 

images under bulk CO condition i.e. near-saturated CO in aqueous acidic solution. 

Within the potential range of -0.25 to 0 V vs. SCE, a (2 2) 3CO adlayer structure was 

observed by STM, with the CO coverage of 0.75. The z-corrugated images indicated that 

along the    direction, there should be two consecutive threefold bonded CO separated 

by the linear bonded CO a brighter intensity on the STM images. The CO adlayer 
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transformed into another (       )R23.4     CO phase if increase the potential to 

0 to 0.2 V vs. SCE range [34]. The CO coverage is 13/19 under this structure. The IR 

data were used to assess the structure conducted from STM. The IR spectra showed two 

potential depended adsorption bands, which were assigned to the linear bonded CO and 

the threefold bonded CO. However the integrated intensity of IR spectra showed a 2:1 

ratio between the linear and threefold bonded CO for the (2 2) 3CO structure, which 

differed from the 1:2 ratio based on the STM image. This disparity comes from the 

dynamic dipole coupling effect. The higher frequency band (linear bond) shows higher 

intensity with the compensation of lower intensity (threefold bond) for the lower 

frequency band. In the case of monolayer CO i.e. CO was removed from the solution 

after a monolayer of CO was adsorbed on the electrode under certain potential, the CO 

adlayer presented a (     )         CO phase with the coverage of 4/7, within the 

potential range from -0.25V to 0.2V vs. SCE [34]. 

Weaver et al. [35,36,37] showed how the field affected the CO adlayer in terms of 

binding energy, vibrational frequency and geometry utilizing DFT calculations, which 

was carried out on atop and threefold binding sites. The binding energy generally behaves 

an increasing trend towards more negative field, especially for the threefold-hollow sites. 

Surprisingly, the stretching frequency of the metal-CO bond showed a non-monotonic 

trend with respect to the field, while a directly inversed trend was found between the 

calculated vibrational frequencies and geometries, i.e. the vibrational frequency increased 

with the deceasing of the bond length, which was related to the strength of the field. This 

phenomenon was known as the Badger’s rule. (Figure 1-1, taken from Ref [35]) 



6 

 

 

Figure 1-1. The left side plots: the stretching frequencies of M-CO bond (upper) and 

intermolecular C-O bond (down) as a function of applied electric field. The 

right side plots: the corresponding bond lengths of M-CO bond (upper) and 

intermolecular C-O bond (down) [35] 

This bell-shape         curve was attributed to the dynamic diploe moment of 

the M-CO bond,    under the effect of the electric field.    decreases linearly  towards 

the more negative field, and pass through 0 at the negative field for the atop site on 

Pt(111), which coincides with the maximum of the         curve. This explains the 

reason for the non-monotonic property of the vibrational frequency change versus the 

electric field. 

The decomposition of the binding energy term into the steric and orbital 

interaction allowed a better understanding of how the electric field affected the binding 

energy. Analysis showed that the  -backdonation was mainly responsible for the 

enhancement of the binding energy when moving to the more negative direction, along 
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with an offset from the weaker  -donation and the steric interaction due to the Pauli 

repulsion.  

1.3. Adsorbed CO Oxidation 

CO, acting as a poison in the anodic fuel cell reactions and an intermediate in 

oxidation of small organic molecules like methanol, formic acid, etc., its oxidation 

reaction has been studied extensively in the last three decades. Different approaches 

including electrochemical measurements and spectroscopy methods are applied in these 

studies to reveal the behavior of this reaction. The anodic stripping reaction follows the 

stoichiometry in acid solution: 

                     .                                 (1-1) 

CO oxidation on different catalyst surfaces including Pt[38-40], Ru[41], Rh[42] 

and Au[43], and bimetallic catalyst like PtRu [44-46] in acid or alkaline environment is 

examined using the above methods. For CO/Pt system, differently Pt electrode were 

investigated including polycrystalline Pt [44], and single crystal Pt [45]. Especially, CO 

oxidation on polycrystalline Pt has been studied extensively. The coverage of CO on Pt 

varies from 0.85 to 1.0 depend on the crystal orientation.  

The CO oxidation on Pt in electrochemical environment can be compared with the 

gas-phase catalysis, on which the CO and oxygen are both in chemisorbed state, which is 

known as Langmuir-Hinshelwood reaction. From this point of view, the mechanism of 

reaction of adsorbed CO anodic oxidation in electrolyte is similar to the gas-phase, since 

both reactions happen through the adsorbed state. Only in the gas-phase, the oxygen is 

dissociatively adsorbed on the surface; while in electrochemical electrolyte, it is oxygen 

containing species instead, and since this process is structure sensitive, thus the COads 
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oxidation in this situation is surface sensitive. But because of the high mobility of oxygen 

on the catalyst surface in gas-phase, the reaction is structure insensitive. Besides, 

different anions can affect the oxidation in acidic solutions because the anions can 

competitively adsorb on the surface with the oxygen containing species, to further inhibit 

the reaction [44].  

In various electrochemical methods, stripping voltammetry of the oxidation 

process of adsorbed CO on the catalyst surface is most commonly used to characterize 

the reaction by presenting different onset of the stripping peak. For example, Figure 1-2 

shows the comparison of CO stripping on Pt and Ru obtained under the same preparation 

and electrochemical condition [44]. CO was first adsorbed at 0.075V vs. NHE and inert 

gas was then purged to remove the CO in the electrolyte. As discussed previously, the 

CO monolayer oxidation first happens on the nucleation sites which favor the 

electrochemical adsorption of oxygen containing species. In the case of Ru, the stripping 

voltammetry is significantly changed in the way of both the onset and the stripping peak 

as compared than that of Pt. The onset on Ru is ~0.2V earlier and the oxidation peak is 

shifted ~0.15V more negatively than for Pt, meaning that Ru shows a more active catalyst 

property for CO oxidation as compared to Pt. The reason can be contributed to that the 

oxygen containing species adsorbed on Ru at a much lower potential (0.6V vs NHE) than 

that of Pt, which prompts the onset of CO oxidation to CO2 at very low potential.  
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Figure 1-2. COads stripping voltammetry of sputter-cleaned (a) polycrystalline Pt and (b) 

polycrystalline Ru in 0.5 H2SO4. Solid line: the first sweep. The dotted line: 

the CV after CO oxidation. Scan rate: 20mV/s [44]. 

The detailed adsorption characterization of CO on the catalyst surface including 

site occupation, and dependence of surface structure and potential, can be realized with 

in-situ infrared spectroscopy. CO binds to the transition metals like Ru, Pt, Rh strongly 

via a synergic bonding composed of two parts, the CO to metal s-σ donation and metal to 

CO d-π
*
 back donation. The former one forms due to that the non-bonding electron of 

carbon donates its electron to the empty metal orbital, while the latter one is because of 

the metal d-orbitals electron donation to the empty π-antibonding orbitals to CO. the 

existing bond between CO and metal surface weakens the carbon-oxygen bond in CO. 

The carbon-oxygen bond is very sensitive to the electric field applied on the metal 
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surface due to the stark effect, which can cause the changes of the synergic bond between 

carbon and metal, and further leads to the changes of the carbon-oxygen bond. This 

process can be easily detected by IR spectra, by measuring the stretching frequency of 

CO bond, νCO. For example, if negative potential is applied, the metal electron density is 

higher while enhancing the π
*
-backbonding, so that the carbon-oxygen bond is weakened, 

and νCO is therefore decreases under this circumstance. Thus by studying the IR spectra 

of different catalyst systems, the catalytic property can be inferred from the vibrational 

frequency, which reveals the strength of CO molecule bond to the catalyst surface.  

1.4. ORR Mechanism 

The mechanism of ORR in acidic environment can be expressed by the following 

reactions, 

                                     ,                    (1-2) 

                        
              , and             (1-3a) 

                                       .                (1-3b) 

Reaction (1-2) is a four direct electrons transfer reaction with the reversible potential of 

1.23V vs. SHE, and (1-3a) and (1-3b) represents a serial pathway with      as 

intermediate products. The serial reaction is not desired since      can damage the 

membrane and lead to the loss of the overall efficiency. 

Bulter-Volmer equation can be used to describe the kinetics of ORR[47], 

      (     )   ( 
   

  
)    ( 

    

  
),                         (1-4) 
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where   is the current density, E is the applied overpotential, C is the oxygen 

concentration,     is the adsorbed OH species coverage, and      is the Gibbs free 

energy of the adsorption process. Here      represents the adsorption, with stronger 

adsorption,      value decreases from positive to negative. Thus the reaction rate 

decreases as      increases if only considering the exponential term. But with negative 

    , i.e. strong adsorption, the exponential term becomes negligible and the linear term 

turns dominant. The    increases in this condition, thus reaction rate decreases when 

     is very negative. This explains the reason why “volcano plot” is observed and 

studied in ORR catalyst design. This phenomenon is known as the Sabatier principle. On 

one hand, the adsorbate molecule must have a strong enough binding energy to the 

catalyst surface so that decomposition can happen. On the other hand, the active site of 

catalyst can be blocked when the products of decomposition strongly bind to the surface 

and becoming the rate limiting step of the reaction. Good catalyst must present the 

optimized adsorption energy that can properly bond reaction intermediates to the catalyst 

surface, not too strong to slow the reaction kinetic and not too weak so that catalyst 

surface is covered with enough reactant. 
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Figure 1-3. ORR “volcano plot” of single crystals, taken from Ref [48]. 

Figure 1-3 shows the “volcano plot” of the ORR on different metal single crystals. 

The prediction made from Eq.(1-4) shows a good agreement with the experimental data. 

Pt and Pt-like metals present the highest activity among all the materials. According to 

Norskov et al.[16,17], the ORR kinetic rate is associated with the metal d-band center. By 

shifting the d-band center up or down with respect to the Fermi lever, the adsorption bond 

can be tuned stronger or weaker. Then the activity is changed accordingly. For instance, 

from Figure1-3, we know that Pt has a strong bonding energy with O2, i.e. Pt-OH bond is 

too strong and becomes the rate-limiting step, thus the d-band center should be tuned to 

shift down to achieve higher activity. 

There are many efforts made to tune the Pt d-band center including synthesis of 

PtM (M=Ni, Co, Fe, etc.) alloy [49-51], these methods reduce the Pt loading and also 

improve the activity by modifying surface structure at atomic level. Besides, Pt or Pt 

based bimetallic monolayer catalyst can also be applied as catalyst material. 
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1.5. Bimetallic Electrocatalysis 

 

Figure 1-4. CO stripping voltammetry of different Ru atomic percentage Pt-Ru alloys in 

0.5M H2SO4. Solid line (——) shows the first sweep, and the dotted line (---) 

shows the second sweep. Both sweeps are positive going. Scan rate: 20mV/s. 

Taken from Ref [44]. 

The alternation of activity is introduced by alloying different metals. And its 

application in catalysis is studied for a long time [44,52-55]. This so-called bimetallic 
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catalyst can be prepared in different ways, such as bulk alloys and pure metallic surface 

modified by electrodeposited second metal. 

Bulk alloys can be generated straightforwardly by melting two desired metals 

using conventional metallurgy [52]. Later, UHV methods were introduced to analyze the 

alloy properties, including surface composition. When determining surface composition, 

for polycrystalline alloys, low-energy ion scattering (LEIS) excited by helium or neon 

ions is the most used tool [56]. LEIS detects the surface composition by measuring the 

energy of the scattered ions at certain incident angle, therefore the mass of scattering 

atoms at the surface can be determined. Since the ratio of ion scattering from the first to 

the layers below is at the order of 10
5
, LEIS has very high surface sensitivity. In the case 

of single crystal, low energy electron diffraction (LEED) can be used due to the periodic 

structure of the sample. Besides the surface composition, more information like atom 

position can also be revealed by LEED. Not like LEIS, LEED is not limited to the first 

top layer of the surface, but also the layers under the top layer can be detected. 

Composition oscillation is observed in the first three layers in alloys prepared as single 

crystal, for example, in Pt-Ni alloys [57]. One classic example of the bulk alloy is the Pt-

Ru. When studied by LEIS, the surface Pt composition of the first layer is found higher 

than that of the bulk after annealing [58], so the top Pt-enriched layers are sputtered off to 

achieve the same composition as in the bulk. Figure 1-4 [44] shows the CO stripping 

voltammetry on different Ru composition Pt-Ru alloys. The catalyst is sputter-cleaned 

and the surface composition is measured by LEIS. Even very small amount of Ru (7%) 

can enhance the catalyst property of CO oxidation dramatically comparing to the pure Pt 

voltammetry in Figure 1-2. Further increasing the Ru composition leads to more negative 
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shifting of the oxidation peak. At the same time, the width of the peak is decreasing, and 

this is also proves the enhancement of the activity. However, after increasing the Ru 

composition to more than 50%, the peak of voltammetry shifts towards positive potential. 

This phenomenon can be explained by the bifunctional mechanism. Initially, CO is 

adsorbed on both Pt and Ru. Since the CO oxidation on Ru starts at much lower potential 

than that on Pt, CO is first oxidized on Ru resulting bare Ru while Pt is still covered by 

CO. As discussed previously, Ru is more intend to adsorb OH species, so the bare Ru 

atoms is then covered by oxygen containing species, and provides the oxidation condition 

of CO adsorbed on Pt atoms. This process includes the following reactions, 

       (  )          and                             (1-5a) 

(  )    (  )             .                               (1-5b) 

From Eq. (1-5a), we can see that the effective size for adsorbing OH species is 

proportional to the surface Ru composition. It’s clearly shown in Eq. (1-5b) that when 

           , the reaction is optimized to achieve the maximum catalytic activity. To 

achieve this requirement, the ideal composition for Ru is 50%. This bifunctional 

mechanism is attributed to ensemble effect, which is a category of the bimetallic 

electrocatalysis. Ensemble effect requires two metals are alloyed uniformly, and this is an 

essential factor of this Pt-Ru catalyst. Gasteiger et al. [44] showed that the degree of 

intermixing of Ru and Pt could cause a big difference in the catalyst performance. Two 

Pt-Ru samples with the same surface Ru composition but prepared in different ways were 

compared, both the samples were sputter-cleaned, but one was annealed after sputtering. 

The clustered Ru resulting from annealing prevents the intermixing of the two metal 
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atoms, and therefore the voltammetry of the annealed sample showed a positive shifted 

peak than the non-annealed one. Moreover, the IR studies [59] of the sputter-cleaned Pt-

Ru system presents one C-O stretching frequency which is between the pure Pt and Ru, 

while the annealed sample showing two separated frequencies for Ru and Pt. This 

difference emphasizes the importance of the intermixing of the two metals.  

When preparing the bimetallic catalyst by electrodeposition and only monolayer 

or submonolayer is deposited, different from ensemble effect, it is ligand effect that 

comes into play. Ligand effect, also known as electronic effect, is caused by the 

electronic charge transfer introduced by the substrate or primary metal to the monolayer 

metal or vice versa, and further leads to the modification of the binding energy of 

reactance.  

There is another effect called strain effect, which is due to the lattice mismatch 

between the deposited metal and the substrate metal. Brankovic et al.[60] showed that 

there is a size effect of Pt submonolayer clusters on Au(111), that different size of the 

PtsubML is subject to tensile or compressive strain from the substrate Au(111) and then 

results in the shift of d-band center. Also, for Pt-Ru surface where Ru was 

electrodeposited with 0.5ML coverage and having Ru clusters on Pt substrate, there were 

three C-O stretching frequencies: on Pt, on Ru and on Pt-Ru boundaries [59]. And the last 

one corresponds to the submonolayer Ru modified Pt surface, which is affected by strain 

effect. 
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1.6. The d-band Model 

In order to explain the trend in adsorption energies and of catalyst on different 

transition metal surfaces, Hammer and Nørskov [16,17,61,62,63] proposed the d-band 

model. 

It is necessary to understand the electronic structure of solids first to illustrate the 

d-band model. First, we recall the molecular orbital theory. In the most simplified 

situation, a homonuclear diatomic molecule like H2, when two H atoms are brought 

together, the wave function given by one-electron Schrödinger Equation starts splits into 

bonding state with lower energy and anti-bonding state with higher energy. According to 

linear combination of atomic orbitals (LAOS), these two energy states can be expressed 

as: 

          ,                                               (1-6) 

where    is the energy level of the non-interacting hydrogen atom.   is the coupling 

matrix, and   is the overlap matrix element. When the overlapping between the two 

atoms becomes bigger, the coupling matrix  , which is proportional to the overlap 

increases and causing the split between the bonding and anti-bonding states also increases. 

The situation for a heteronuclear diatomic molecule is a little complicated but similar and 

presents the same overlapping effect.  

If we extend this theory into the solid with a large number of atoms and well-

defined crystal structure, it will cause the energy states split into continuous bands instead 

of orbitals. For transition metals, the s and p would form broad bands due to the large 

overlap between the electronic states, which results large splitting of the orbitals, as we 
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discussed above. Different from the s and p electrons, the d electrons of the transition 

metals are localized and thus the overlap is small, and makes the d-band very narrow but 

still continuous. The d-band is of critical importance in the catalysis studies. 

Figure 1-5(d) [62] shows a density of states (DOS) of a transition metal. DOS is 

the projected from the band diagrams comprising of bands in the reciprocal k-space. 

From the schematic, we can see that the s and p bands are extended and de-localized and 

d-bands are narrow and localized.  

When an adsorbate interacts with the transition metal surface, the adsorption is 

treated as two separate processes. First, the adsorbate states couple with s states and the 

adsorbate states are broadened (Figure 1-5(b)[62]). Then the interaction with d states 

occurs (Figure 1-5(c)[62]). 

 

Figure 1-5. Schematic of the interaction between the adsorbate state and the transition 

metal surface forming a chemical bond. (a) adsorbate states. (b) interacting 

with s-states. (c) coupling with d-states. (d) DOS of transition metal. From 

Ref. [62] 

We can now express the bonding energy considering the two processes, 

          ,                                                 (1-7) 

(a) (b) (c) (d) 



19 

 

where     represents the coupling with s-states, and     means the contribution from 

the interaction with d-states. In the d-band model, one basic assumption is that     is 

independent of different metals and the total bonding energy is determined by the 

interaction with d-bands,    . As we discussed above, the s-bands are broad and de-

localized and half-filled making the assumption reasonable.  

The “d-band center” is proposed as an interpreter to better estimate the strength 

bonding energy. Since if there are more anti-bonding d-states below the Fermi level, and 

thus the d-band center is lower,     will be lower than the situation where there are less 

anti-bonding states below the Fermi level. This can be explained by a simplified block 

shape band structure model (Figure 1-6). 

 

Figure 1-6. Schematic of the block shape band structure. 
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In this model, we use a block with width w to represent the d-band and assume 

that the DOS of d-band is uniform.    is the d-band center energy,    is the Fermi level 

energy, and  ( ) is the DOS of d-states. Here, 

{
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.                             (1-8) 

We now introduce the degree of filling f to represent how much of the d-band is filled, i.e. 

the position of the d-band center, assuming the DOS is uniform, 
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Because the boundary condition for d-band center is 

   
 

 
      ,                                            (1-10) 

and we know that        . 

Now we can calculate the bonding energy contributed by the interaction with d-

bands under this model, 

    ∫  ( )(    )   
(     )

 

 

  

   
 

 

 
 

 
.                      (1-10) 

It can also be expressed in terms of f, 

      (   ) .                                        (1-11) 
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Since        , that gives             , and     is a monotone increasing 

function of f in this range. Notice here the interaction between the adsorbate and the 

metal surface should be attractive, that makes the      . This means that     has the 

minimum value when f=0.5, which gives the strongest bonding strength, and as f 

increases, the bonding becomes weaker till the d-band is completely filled. This 

simplified model shows that desired catalyst can be chosen based on the position of the d-

band center. For example, when stronger chemisorption bonding is needed to enhance the 

catalyst activity, metal with a higher d-band center is more proper, while a lower d-band 

center metal is needed in the case of poisoning.  

Besides, from the model, we can see that the bandwidth w, can also be utilized as 

a tuning parameter of the d-band. When the bandwidth increases, if keeping the same 

      level, more d-electrons are needed to fill the band up to Fermi level. But it is 

found that the number of d-electrons does not change. In this case, the d-band center must 

be shifted up to compensate the change in bandwidth (Figure 1-7 [63]). The bandwidth 

can be adjusted due to multiple factors, including temperature, strain and the change in 

coordination number. 
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Figure 1-7. Schematic showing how the d-band center shifts when changing the 

bandwidth under the condition of fixed number of the d-electrons [63]. 
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2 Surface Limited Red-ox Replacement (SLRR) Reaction 

Electrochemical methods play and important role in modern nanomaterial 

synthesis.  To reduce the loading of Pt, or Pt-like noble metals, the most efficient way is 

to synthesize 2D monolayer catalyst where “every atom counts in catalytic reaction” [64]. 

For Pt the 2D (Frank van der Merwe) growth is very difficult to achieve [65]. Brankovic 

et al.[28] proposed deposition by the surface limited red-ox replacement reaction (SLRR) 

which achieves the 2D Pt deposit. Besides 2D growth, another advantage of SLRR is that 

the morphology of deposited Pt clusters after SLRR shows a uniform distribution all over 

the surface without the preferred deposition on steps or other surface defects. Since 

SLRR allows monolayer (ML) metal deposition to happen and is also a low cost method 

comparing to other UHV growth methods, it has shown many applications, especially in 

electrocatalyst. Recently, Dimitrov et al. [66] has proposed a variation of SLRR, which 

has the application in thin film growth. Instead of using different cells for each step, a 

“one cell, one solution” configuration is developed to simplify the process. It combines 

SLRR together with the pulse co-deposition of UPD layer M or hydrogen and metal P. 

The deposition potential and the concentration of M and P ions are carefully designed to 

limit the amount of M residue in the film and maintain SLRR of P film. 

2.1 Underpotential Deposition 

UPD is an electrochemical phenomenon that occurs at a more positive potential 

than the reversible Nernst potential. This phenomenon represents a monolayer deposition 

of one metal on a foreign more noble metal substrate. A submonolayer (SML) or a 

monolayer (ML) can be formed during the UPD due to the strong interaction between the 

depositing metal ions M and the metal substrate S [67,68]. The effective pair interaction 
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Veff = VMM + VSS – 2VMS is typically in the order of 0.01 to 0.1 eV, this allows only low 

energy metal ion precursors to be deposited. Therefore, deposition is limited to one or 

two monolayers. The 2D Metal-Substrate deposition, 2D Metal-Substrate alloy formation 

can be observed in UPD process. 

Schmidt et al. [69] studied different UPD systems using polycrystalline substrates 

and derived models for UPD. Since the seventies, single crystal electrode was introduced 

in the research of UPD phenomenon. Also, surface science technics got involved in this 

field. X-ray diffraction (XRD) [70], low energy electron diffraction (LEED) [71] and 

Fourier transform infrared spectroscopy (FTIR) [72] are all employed to study the surface 

characteristics of the overlayer and substrate structure. Especially, the in-situ STM is a 

very powerful tool to investigate the UPD phenomenon. 

UPD can be well examined by cyclic voltammetry (CV) by studying the cathodic 

and anodic features with respect to applied potential. Information including different 

crystallographic orientation and density of defects like steps, grain boundaries and 

dislocations can be determined by CV. For example, Pb UPD on different Au(hkl) 

systems were studied by Hamelin [73]. She divided different faces into three main zones 

of the unit projected stereographic triangle, and explained the Au substrate with TLK 

model. Also, the influence of crystal defects on CV can be seen in Figure 2-1 [74]. The 

adsorption/desorption peaks are better defined on less density of surface 

impurities/defects. 
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Figure 2-1. Pb
2+

/Ag(111) in 5 10
-2

M Pb
2+

 5 10
-1

M NaClO4 + 5 10
-3

M HClO4, scan 

rate at 10mV/s (a) chemically polished Ag(111) substrate, (b) 

electrochemically grown quasi-perfect Ag(111) [74]. 

2.1.1 UPD Thermodynamics 

The Nernst equation represents the thermodynamic equilibrium, 

          
  

  
         ,                                       (2-1) 

where    is the standard equilibrium potential.   is the gas constant.   is the valence of 

the metal ion, and F is the Faraday’s constant.      is the activity of the metal ion. 

In the UPD process, a metal ion     can be partially or completely discharged 

when in contact with the substrate metal. The equilibrium can be expressed as: 

         ( )   (      ) ( ),                                (2-2) 
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where S means the substrate,      is the electrosorption valency. Form this, Swathirajan 

and Bruckenstein [75] proposed a model for adsorption isotherm to connect the coverage 

to the applied underpotential, 
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where   is the coverage,   is the Temkin parameter and   is the Frumkin parameter. 

Without Temkin and Frumkin parameter, the equation is only based on the simply 

Langmuir adsorption model. Temkin parameter takes the particle-substrate interaction 

into consideration while the Frumkin parameter is related to the lateral particle–particle 

interaction.   

In the model of Kolb et al. [76], a relationship between the underpotential shift 

    and the work function difference between the substrate metal and the adsorbate 

  was established, where     is the potential difference between the most positive 

desorption peak and       , 

         .                                                 (2-4) 

The Temkin parameter   can be also quantified by   , which reveals the interaction 

between the adsorbate and the substrate. 

2.1.2 UPD Phases Structure 

When UPD overlayer forms on the single crystal metal surface, it can form a 

well-ordered structure. Due to the different reciprocal lattice vectors of the substrate and 

UPD metal, three structures are defined: commensurate, high-order commensurate and 

incommensurate overlayer.  
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Figure 2-2. From top to bottom, (a) and (b), commensurate adlayer (c) Higher order 

commensurate adlayer (d) Incommensurate adlayer. 

In order to form commensurate structures, at high    localized adsorption with 

1/n<1 must be satisfied, this means ratio of number of adsorbate and substrate atoms is 

less than 1. On the contrary, with high misfit, incommensurate overlayers are formed. 

 

Figure 2-3. (     )     adlayer structure. 
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Figure 2-4. Incommensurate adlayer structure. 

2.2 SLRR Deposition 

 

Figure 2-5. Schematics of SLRR, explained in text [28]. 

Figure 2-5[28] shows the procedure of SLRR. The whole idea of SLRR is based 

on replacing the 2D monolayer of sacrificial metal M obtained through underpotential 

deposition (UPD) on noble metal substrate S(h,k,l) by more noble metal P. Here the 

sacrificial layer is not limited to UPD metal layer, hydrogen UPD and other adlayers 



29 

 

adsorbed via charge transfer can also be used [77]. First, 2D UPD adlayer is obtained 

with desired coverage. Then the electrode is immersed into    
 containing solution to 

allow the displacement to happen. Deposition is achieved by irreversible replacement of 

UPD layer       (     )  by depositing metal ion    
. The stoichiometry can be 

expressed as following equation [78], 

(   )        (     )
  (   )  (

 

 
)      

  

 (   )       
  

 (   )  (
 

 
)    (     )

 .(2-5) 

Here in this equation,   is the coverage of UPD adlayer,   is the packing density of 

      (     ) with respect to substrate S when    ,   and   are the oxidation state 

of UPD metal M and depositing metal P, respectively. Subscribes      means the 

solution state of metal while   means the deposited state. By controlling the UPD adlayer 

coverage, precise amount of     (     )
  can be obtained under know stoichiometry. 

2.2.1 SLRR thermodynamics 

 

Figure 2-6. Schematic of driving force of SLRR [28]. See explanation in text. 
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The driving force of this reaction can be explained with Figure 2-6 [28].      
  is 

the electromotive force potential which is the difference between the reversible potential 

of metal M and P under standard conditions.      
  is the underpotential of        

system, meaning the potential vs. the reversible potential of M when     at standard 

condition. So the driving force under standard condition is: 

        
       

       
 .                                       (2-6) 

And from Nernst equation, we know this potential is concentration depended, so for the 

general condition, driving force is 
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[    ]
 .                              (2-7) 

From Eq. (2-7),          can be tuned by choosing different concentration of M 

or P. For example, if the concentration of M
m+

 ions is very low, then the logarithmic term 

becomes the dominating factor of         , and leads to a higher nucleation 

overpotential which can cause a high nucleation rate of P. Also, the oxidation state of M 

and P, which determines the stoichiometry, plays an important role here. For example, 

when comparing Pt(IV) SLRR via Cu UPD in sulfuric acid environment, which means 

m=2, p=4 in this case, and Pt SLRR via Cu UPD in perchloric acid, where m=1, p=4 [78], 

with the same concentration of Cu and Pt ions, when  4/
PtCu

aa m < 0.1,          is 

obviously higher for the system Pt SLRR of Cu when m/p=0.5 instead of m/p=0.25 

(Figure 2-7A).  
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Figure 2-7. (A) Estimate of ΔEred-ox vs. ratio and (B) Nucleation rate vs. 

 ratio. Estimates are made for Pt deposition via SLRR of Cu 

UPD layer, black: m/p=0.5, red: m/p=0.25. 

To better control the morphology of the deposit layer, it is very important to 

understand the SLRR driving force. Furthermore, the nucleation rate can be 

approximated using classic nucleation theory [79] as 

     
( 

      

(        )
   ( ))

                                       (2-8) 

When          is very high, nucleation rate   is close to the theoretical rate value  , 

which means there are more 2D clusters formed on the surface. For the two situation of 

Pt SLRR via Cu UPD discussed above, the nucleation rate is plotted as a function of 

 4/
PtCu

aa m in Figure2-7B, and it is very sensitive of a
Cum+ / a

Pt4+ ratio, when 

a
Cum+ / a

Pt4+ >10
-5

 in both cases. The nucleation rate decreases very quickly as  4/
PtCu

aa m

drops below 10
-4

, which corresponds to the situation that the small nuclei form and favor 

the surface defects instead of the uniform distribution in typical SLRR. The condition 

a
Cum+ / a

Pt4+

 4/
PtCu

aa m
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should be avoided in the general catalyst synthesis. It is of crucial importance to 

understand the a
Cum+ / a

Pt4+  and the m/p ratio in controlling the deposit morphology.  

2.2.2 SLRR Stoichiometry 

When 2D, atomic thick layer of metal P is deposited, the coverage of metal P with 

respect to the substrate can be derived from Eq. (2-5) with the following equation [80]: 

           
   (

 

 
)                                            (2-9) 

Here, θ0 is term to express the possible adsorption of metal P via process other than the 

SLRR [80], and it can also describe the situation that there are a certain coverage of pre-

existing P before the SLRR happens. 

STM or AFM technics are used to experimentally reveal the surface morphology 

and the coverage of the deposit. The stoichiometry of SLRR can be affected by specific 

reaction environment which favors certain oxidation state of the UPD metal layer. 

Brankovic et al. [78] showed that different anions can also affect the stoichiometry of 

SLRR. The oxidation state of Cu in Pt SLRR via Cu UPD in perchloric acid environment 

is 1+ instead of 2+, which is true in sulfuric acid condition (Figure 2-7). Hence  
 

 
     , 

due to the strong thermodynamic stability of {     }
  in the presence of Cl

-
 at the 

interface. Since each reduced {     }
   gives six Cl

-
, so there are sufficient Cl

-
 at the 

interface to favor the existence of {     }
 . Furthermore, by choosing different anion, 

driving force for SLRR varies and causes different surface morphology. This 

phenomenon shows that the anions play an important role in determining the coverage of 

deposited metal. 
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Figure 2-8. the dependence of Pt coverage vs. the Cu coverage in UPD process [78]. 

2.2.3 SLRR Kinetics 

To scale up the application of SLRR protocol beyond the academic research into 

the catalyst industry, it is very important to understand the reaction kinetic, so that the 

amount of deposition material is properly monitored. Brankovic et al. [81] also studied 

kinetics of SLRR and a theoretical model is proposed. 

In order to develop a phenomenological model of SLRR reaction, which describes 

the open circuit potential (OCP) during the deposition process, the representative 

adsorption isotherm of the UPD metal-substrate system in SLRR (E vs.    , Eq.(2-2)) 

must be combined with the proper reaction rate expression to get the potential vs. time 

model (E vs. t) for the reaction process. In this way, the experimental OCP transient data 

can be fitted with this E vs. t model, and thus the kinetics of SLRR reaction can be 
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analyzed directly and different experimental parameters to better understand and control 

the deposition process. 

When the reaction order is zero (N=0) in terms of     , i.e transport limited 

redox replacement (TLRR), the reaction rate k0 can be expressed as the following from 

ref. [82], 
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.                                         (2-10) 

Here pP
D and  represent the diffusion coefficient of P

p+
 ions, and the thickness of the 

diffusion layer, respectively. The term 


pP
C represents the concentration of P

p+
 ions in the 

bulk solution and UPD

i  is the surface concentration of a full and complete UPD layer. 

Therefore, the E vs. t model of the zero order reaction can be expressed as, 
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The open circuit potential transient can be fitted to obtain the reaction rate constant    

using the above equation (Eq.(2-11)). 

When reaction order      which is SLRR reaction, the reaction rate constant k’ 

follows the expression [82]; 

k’  Lis

PCk ,     (2-12) 

where k represents a fundamental rate constant, 
is

PC is the concentration of P
p+

 ions at the 

electrode/solution interface and L is the reaction order in terms of P
p+

 ion concentration. 

The OCP model is, 

       
  

  
   {     (     )    (   (     ))

 

  (       (     (     )))}. 
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(2-13) 

When              reaction rate constant K is defined as, 

  1)()1(  NUPD

i

Lis

PCkNK
.
   (2-14) 

The E vs. t model can be generalized as, 
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(    )  (   )

  (    )  (   )    (    )
 

(   )    (    )
 

(    )}.  (2-15) 

Figure 2-9 shows the experimental and fitted OCP transient data of Pt SLRR via 

Cu and Pb UPD in sulfuric acid environment. For both of these two cases, m=2 and p=4, 

since the oxidation states of Pb and Cu are 2, and Pt is deposited via hexachloroplatinate 

complex ({PtCl6}
2-

) i.e. p= 4. The reaction order of UPD metal adatom coverage of these 

reactions is N=2. Since there are more than one Cu/Pb adatom involved in the red-ox 

reaction. And in general, when the stoichiometry requires more than one UPD adatom to 

deposit metal ion, the reaction order can be taken as 2. 

 

Figure 2-9. (A) OCP transients for Pt deposition via SLRR of Pb UPD (green) and Cu 

UPD (red) on Au(111), in H2SO4. (B) OCP transients for Pt deposition via 

SLRR of Pb UPD (green) and Cu UPD (red) layer on Au(111), in H2SO4 

[81]. 
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The previous models are used to fit the transient data for different SLRR reactions. 

The extracted reaction rate constant of Pt SLRR via Pb UPD is almost twice faster than 

via Cu UPD, which means that the activation energy of the activated complex of 

{PtCl6}
2-

 -Pb UPD adatom is lower than that of {PtCl6}
2-

 -Cu UPD adatom. Kinetics are 

determined by the activation energy, and this reflects the energy in oxidizing the Pb/Cu 

UPD adatoms to activated state so that the electrons are transferred to {PtCl6}
2-

 ion. The 

lower activation energy of {PtCl6}
2-

-Pb UPD adatom complex is consequence of the 

lower work function of Pb as UPD metal and thus easier activated than {PtCl6}
2-

-Cu 

UPD adatom one. 

OCP transient data of Pt SLRR via Pb UPD and Cu UPD on Au(111) in 

perchloric acid environment are shown in Figure 2-8B. For the SLRR reaction via Pb 

UPD case, the stoichiometry is the same with the sulfuric acid case, m = 2, p = 4. The 

extracted reaction rate constant K is more than 10 times slower than that in 0.1M H2SO4 

(K =0.87 [s
-1

], for 0.1 M HClO4vs. K=9.7 [s
-1

] for 0.1 M H2SO4). The strong dependence 

of K on different anion provides the opportunity of adjusting the rate by choosing 

different electrolyte. Since {SO4}
2-

 is a stronger ligand than {ClO4}
-
, which has no 

complex affinity of metal ion, Pb oxidation is promoted as the result of stabilized Pb ions 

with the existence of {SO4}
2-

. 

For the case involving Cu UPD in perchloric acid, as discussed previously, the 

stoichiometry is m=1, p=4, due to the ligand effect of Cl
-
 ions. The rate constant extracted 

from the OCP transients are similar in both sulfuric and perchloric cases, which shows 

that different ligands (Cl
-
 vs. SO4

2-
) does not possess a major effect in reaction kinetics 

for this UPD system. 
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Different from the two SLRR reaction in sulfuric acid, that the rate constant of Pt 

SLRR of Pb UPD is faster than that of Cu UPD due to the lower work function of Pb 

based on the previous discussion, opposite trend is observed in perchloric acid. This can 

be explained that the solution phase of anions could significantly affect the activation 

energy of UPD metal-{PtCl6}
2-

 activated complex. The {CuCl2}
-
 complex is much more 

stable than Pb ion in perchlorate electrolyte, due to the weak complexing ability of 

{ClO4}
-
 ion. So the activation energy of Cu UPD adatom-{PtCl6}

2-
 is lower than that of 

Pb UPD adatom, and faster kinetic is expected. 

From Eq. (2-12) and (2-14), we can see that the surface concentration of the 

depositing metal ion, is

PtCl
C 2

6 }{
, has an effect on the reaction rate. And from ref [82], we 

know that is

PtCl
C 2

6 }{
is proportional to the bulk concentration, 

2
6 }{PtCl

C , and thus with 

higher bulk concentration, higher reaction rate is expected. Figure 2-10 shows the OCP 

transient of Pt deposition via Cu SLRR in 10
-5

 M {PtCl6}
2-

 + 0.1 M HClO4 solution. Due 

to the 100 times lower concentration of bulk Pt ion, the reaction rate is reduced ~40 times 

than that in the situation of Figure 2-9 correspondingly (K(Figure 2-10A)=0.089 [s
-1

], 

K(Figure 2-9B)=3.61 [s
-1

]). This proves that by increasing the concentration of the 

depositing metal ion, faster kinetics can be achieved. 

When the metal ion concentration is low and/or the diffusion layer is of large 

thickness, the replacement reaction is no longer surface-limited, but transport limited 

(TLRR), following Eq. (2-11). Figure 2-10b shows the OCP transient of Pt deposition via 

Cu TLRR with the same concentration of Pt ion as in Figure 2-10a, but without rotation, 

which caused a very thick diffusion layer, and changing the reaction condition to TLRR. 

The transient data was fitted using Eq. (2-11) and the fit agreed with the data except for 
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the initial ~20s, for the reason that the transport limited reaction condition is not 

established during this period. However after the {PtCl6}
2-

 is depleted near the electrode 

electrolyte interface, it follows the TLRR model. The reaction constant k0 fitted from the 

experimental data is 0.0020 [s
-1

]. Using Eq.2-10, and for m/p=0.25,  {     }  = 7.13×10
-5

 

[cm
2
 s

-1
] [83],  =0.05 [cm] [84] and      

   of the full Cu UPD layer calculated as the 

product of areal surface concentration of Au(111) and packing density of Cu UPD layer, 

       
    (                  ), one gets the value of k0 = 0.0019s

-1
, which is very 

close to the experimental data. This means that this model is accurate enough to predict 

the behavior of the TLRR. 

 

Figure 2-10. (A). OCP transients for Pt deposition via SLRR of Cu UPD layer on 

Au(111) in 10
-5

 M {PtCl6}
2-

, with 1000 rpm rotation rate, (B) OCP 

transients for Pt deposition via TLRR of Cu UPD layer on Au(111) in 10
-5

 

M {PtCl6}
2-

, no rotation [81]. 
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3 Scanning Tunneling Microscopy 

STM was first invented in 1981 by Binning and Rohrer [85], who earned the 

Noble Prize for physics in 1986 based on this contribution. It is a superb tool to image 

samples with reproducible atomic resolution in real space, with the resolution down to 1Å 

laterally and 0.1Å vertically. Since it images atoms directly in real space, application is 

extended to non-periodic patterns. In the early days, STM is limited to UHV environment, 

but now, with the improvement in tip etching technique, vibration isolation and 

electronics, imaging condition is extended to air, water and other solutions.  

 

Figure 3-1. Schematic view of STM. (a) ideally only one atom exists at the very end of 

the tip. (b) Three piezoelectric crystals control the position of substrate, a 

feedback is built between the tip current and tip-substrate distance [86]. 

The fundamental of STM is the tunneling phenomenon. If two metals are placed 

close enough (usually of atomic dimension) to each other but not in contact, and a 

potential bias is applied, there is tunneling current generated, 

       
    ,                                                    (3-1) 
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where    is the tunneling current,   is proportional to the product of states density of the 

two metals at Fermi level,    is the potential bias,   is related to the work function of the 

two metals. And   is the distance between the two metals. 

3.1 Principles of STM 

 

Figure 3-2. Comparison of tip shape (a) improper shape with thin body. (b) ideal shape 

with wide body. 

In STM, a metal probe, usually etched Pt-Ir or W wire, with ideally only one atom 

at the tip end, is employed as scanning probe. The quality of the tip is of essential 

importance in STM imaging. First of all, STM resolution is determined by the radius of 

the tip curvature. Ideally, there should be only “one atom” at the end of the tip. Also, 

other than sharpness, the shape of tip plays an important role. Usually the tunneling 

current is less than 1nA, thus even tiny noise can greatly jeopardize the image quality. So 

there should be a wide body following  the sharp ending to resist the noise, as shown in 

Figure 3-2 (b), instead of (a). Under qualified tip can result in low quality images and 

cause problems including “double-imaging” which occurs when tunneling through more 

than one tip point.  

The tip scans the sample in a raster manner and then by collecting the change of 

tunneling current, and a digital signal process (DSP) then processes these current data and 
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convert them into discrete image data to reveal the surface topology. Piezoelectric 

crystals are used to control the scanning in three dimensions. Based on Equation 1, the 

tunneling current changes exponentially when the varying of tip-sample distance. This 

allows a very precisely control of the tip-sample distance by the piezoelectric crystals.  

Based on the difference in feedback control, there are two modes in STM 

scanning: constant height mode and constant current mode. In constant current mode, the 

distance between the probe and sample is kept constant by the feedback circuits to keep 

the tunneling current constant around the current setpoint and thus the tip vibrates in z 

direction. In this mode, image is generated according to the tip height changing. On the 

contrary, in constant height mode, the height of the tip is kept the same while the 

tunneling current changes with the surface roughness. Collected tunneling current is 

corresponded with the tip position at every data point. A feedback loop is constructed to 

control the tip height based on the returning tunneling current error. And two parameter 

of the feedback control: integral gain and proportional gain can be adjusted to switch 

between two scanning modes. 

3.2 Electrichemical STM 

Initially, STM was operated in UHV [87]. Later, atomic resolution was obtain in 

air and even aqueous solutions [87]. Since late 1980s, STM has played an important role 

in studying electrochemical depositions. Itaya et al. [88] proposed a new electrochemical 

STM (EC-STM) system that potentialstat is used to control the potential of the working 

electrode and the probe independently with respect to reference electrode. This makes the 

in-situ experiment can be realized. One of the difficulties in running in-situ STM is to 

eliminate the influence of electrochemical activity of the tip. To achieve this, the tip must 
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be coated, to allow only the very end of the tip expose in the electrolyte. But still, 

controlling the tip current is one of the most important difficulties in in-situ experiments. 

Usually, tip potential a fixed to minimize the tip reaction, but under this condition, the 

bias potential between tip and sample would change when changing the cell potential and 

further cause the unstable of the image quality. It’s very important to keep the leakage 

current low with respect to the tunneling current. The leakage current is caused by the 

electrochemical reaction on the tip, since the tip serves as the second working electrode. 

 

Figure 3-3. Picture of in-situ STM converting head and tip-holder with reference 

electrode and counter electrode.  
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4 Subtractively Normalized Interfacial Fourier Transform 

Infrared Spectroscopy (SNIFTERS) 

Fourier transform infrared spectroscopy (FT-IR) is a technique to study the 

adsorption spectrum of the gas, liquid and solid surfaces. Spectrum is generated by 

shining certain frequencies of infrared beam to excite the dipole molecule to different 

vibrational state. Its high accuracy, speed and sensitivity make it essential in analyzing 

the characterization of interfaces at molecular level [89]. Most importantly, infrared 

technique provides the opportunity to study the surface reaction including adsorbate 

bonding geometry and the interaction between adsorbates in-situ [90]. Reflection-

adsorption infrared spectroscopy (RAIRS) is one example of these in-situ methods in 

characterizing the catalysts surface due to the high reflectivity of the metal single crystal 

surface [91]. However, this method is limited to UHV environment since the absorption 

of infrared radiation of the solvent is too strong, thus preventing its application in 

electrochemical systems. There are two approaches proposed to solve this problem. One 

is to use the Kretschmann configuration [92], in which the working electrode used to 

deposit thin film, serves as the infrared optical window, and therefore the penetration of 

incident wave is limited to a relatively low amount on the electrolyte [93,94]. The 

internal reflection exhibits high intensity absorption spectrum and the mass transport 

allows it to be used for electrochemical kinetics study purpose [95]. But the internal 

reflection method is limited by the stability of the working electrode which is usually 

about 20nm and also acts as the optical window having certain vulnerability.  

Another approach for in-situ FT-IR characterization of electrodes in 

electrochemical environment is external reflection methods. Different from the internal 

methods, working electrode is pushed tightly against the optical window with low 
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refractive index, usually Si or Ge hemisphere, to reduce the amount of electrolyte 

involved in external reflection experiments [96]. In this case, mass transport is limited by 

this configuration and does not allow the kinetics measurements. Furthermore, the 

amount of electrolyte between the electrode and the optical window is still high enough 

to cause the infrared radiation, which is a main source of the background noise and can 

even cover the information about the adsorbate. But it still advances the internal method 

in cases that thin film electrodes cannot be realized and most importantly, with proper 

modification, it can detect the formation and/or consumption of the reactant and 

intermediates [97-99].  

 

Figure 4-1. External reflection configuration [100]. 

Figure 4-1 shows the configuration of external reflection method [100]. From the 

figure, we can see that the incident beam first passes through the 01 interface, which is 

between air and the prism. Then from the prism to the thin electrolyte layer, there is 

interface 12. And after penetrating through the adsorbate layer, arrives at the electrode 
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surface and then reflected back. There is one thing to point out, that the thickness of thin 

electrolyte layer d2 is much thicker than the adsorbate layer d3. On the other hand, by 

reducing the thickness of the electrolyte layer one could improve the spectrum quality. 

However, mass transfer is more inhibited with less solution between the electrode and the 

prism. This conflict makes the eliminating the effect of the electrolyte layer essential in 

all external reflection methods.  

Potential modulation subtractively normalized interfacial Fourier transform 

infrared spectroscopy (SNIFTIRS) is another method of external reflection correction. 

All sample spectrums are modified w.r.t the reference spectrum. Usually, the sample 

spectrum is chosen at the potential E1 when there are adsorption species or intermediates 

on the electrode surface, while at the potential for collecting the reference spectrum, E2, 

the reaction is completed or there is no adsorbate on the surface. The corrected spectrum 

is then obtained by subtracting the reference spectrum from the sample to remove the 

background information and then normalized by dividing the reference spectrum. This 

process can be described by the following equation: 

  

 
 

 (  )  (  )

 (  )
.                                              (4-1) 

However, only by SNIFTIRS it is still not enough to remove the background adsorption. 

To further enhance the signal to noise ratio, attenuated total reflection (ATR) is 

introduced at the phase boundary between prism and electrolyte interface, which is 

represented by boundary 12 in Figure 4-1. ATR is a technique utilizes the evanescent 

wave resulting from the total internal reflection to penetrate and collect more information 

of the surface to be studied. Total internal reflection happens when wave propagates from 
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one phase with refractive index n1 to another phase with lower refractive index n2, and 

incident with an angle greater than the critical angle   . According to Snell’s law, 

          

  
.                                                (4-2) 

Evanescent wave is generated at the interface when total reflection happens, since the 

electromagnetic wave cannot be discontinues at the reflection interface according to 

quantum mechanics. Evanescent wave propagates normally w.r.t. to phase boundary and 

penetrates “into” the sample structure. Then the attenuated wave is reflected back to the 

IR prism with sample information. The intensity of evanescent wave decays 

exponentially away from the interface where it was generated. The penetration distance d 

is defined when the intensity decays to 1/e of the original intensity, and can be expressed 

as 

   {    [    ( )  (
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}⁄ ,                                   (4-3) 

where   is the infrared wavelength,   is the incident angle, which is a few degrees larger 

than the critical angle. From this equation, we can see that by varying the incident 

wavelength, or changing the prism material,   can be tuned. Usually,   ranges between 

0.5 to 5µm.  
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5 Experimental Procedure 

5.1 Single Crystal Treatment 

A Au(111) single crystal (Monocrystal Co.) with diameter of 10mm and thickness 

of 2mm is used as working electrode (WE). It’s mechanically polished with diamond 

suspension of 9 m, 3  m, 1  m and 0.25  m. Then it’s electrochemically polished with 

the electrolyte of 2:2:1 ethylene glycol, hydrochloric acid and ethanol. During 

electropolishing, the Au crystal is put into a customized cell to avoid the contact of 

crystal surfaces besides the polishing surface with the electrolyte. The current density 

during the polishing process is very important, since we are oxidizing the Au surface. 

Typically, 1.3~1.9A/cm
2
 current density is applied, with the distance between the cathode 

and the anode 3 mm. In order to control the polishing, the current is applied in pulse, with 

ton=2s and toff= 5s for 30s. If the surface presents a shining finish, then crystal is well 

polished, if not, repeat the polishing procedure. Before every experiment, the Au(111) 

crystal is annealed with hydrogen flame, and naturally cooled down in air. Figure 5-1 

shows a typical Au(111) surface after fresh annealing with terrace size more than 500nm. 

Besides Au(111), the Pt(111) and Pt(100) single crystals (Monocrystal Co.) with 

diameter of 10mm and height of 2mm are also used as WE. Similar mechanical polishing 

is applied, only Pt polishing is down to 0.05  m. Different from Au, Pt can be easily 

oxidized if cooled in air, so after annealed with propane flame for 15min to red-hot, Pt is 

transferred immediately to a quartz tube purged with 96:4 Ar:H2 to minimize the O2 

influence. Previous studies [101,102] showed that different cooling condition can lead to 

different structures and step edges of Pt, especially, smooth Pt would become rough if 

cooled in air. After cooling, Pt single crystal is protected with 18.2 MΩ ultrapure water 
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(Milipore Direct Q-UV with Barnstead A1007 pre-distillation unit) for further 

experiments. 

 

Figure 5-1. STM image showing freshly annealed Au(111) substrate. Image size: 

500 500 nm. 

Pd(111) and Pd(100) single crystals (Monocrystal Co.) are treated with similar 

manner as Pt. Pd is cooled in N2 instead of 4% H2, for the reason that Palladium can 

strongly absorb Hydrogen. Figure 5-2 shows the cooling system for Pd and Pt annealing. 

Cooling gas is purged from the inlet to the quartz tube and the outlet hose is covered with 

DI water to prevent the flow back of air and also to monitor the gas flux. 
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Figure 5-2. Flame annealing cooling system. 

For Ru(0001) single crystal (Monocrystal Co.), because of its sensitivity to 

oxygen, the PID controlled induction heating system is used to completely isolate oxygen 

contamination not only during cooling but for the whole annealing process. The induction 

heating temperature is monitored by the infrared sensor connected to the feedback loop 

between the PID controller and the induction heater. Ruthenium crystal is placed on a 

ceramic base and sealed in a sophisticated costume made quartz setup as shown in figure 

5-3. Cooling gas is introduced from the inlet and outlet at the bottom of the cell. Same is 

with the flame annealing cooling system, the ending of the outlet hose is covered with 

water. On the top of quartz tube, there is a small compartment to hold the protecting 

solution which will be dropped onto the single crystal after cooling. 
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Figure 5-3. Induction annealing system 

5.2 Surface Limited Redox Replacement Routine 

The desired monolayers (Pt or Ru in our case) on Au(111) (PtML/Au(111) - in 

further text) are deposited via SLRR of PbUPD/Au(111). The PbUPD/Au(111) are deposited 

from UPD solution (0.1 M HClO4 + 10
-3

 M Pb
2+

or 10
-3

 M Cu
2+

).  

Step 1: A sacrificial UPD monolayer is formed on Au(111) at certain potential to 

obtain a desired coverage of the the UPD layer in UPD solution. 

Step 2: The sample is rinsed in 18.2 M  ultra pure water for 10 seconds at open 

circuit potential (OCP). 

Step 3: Immersion of the crystal into the 0.1 M HClO4 + 10
-3

 M {PtCl6}
2-

 or 10
-3

 

M Ru
3+

 solution for 30 seconds to allow the replacement reaction to happen and forming 

the Pt or Ru monolayer on Au(111). 
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Step 4: Rinse the sample in 1:1 HNO3 solution to remove the possible residue of 

UPD layer for 10 seconds. 

Step 5: Rinse the sample in 18.2 M  ultra pure water for 30 seconds at OCP. 

5.3 In-situ STM 

A Nanoscope Multimode V Scanning Probe Microscope (Digital Instrument 

Corp.) is used for in-situ STM study. A 1 cm long 85:15 Pt-Ir wire is etched in 1:3 

saturated CaCl2 water solution at 30V AC, then at 8V AC, to get the STM probe. Then 

the tip is coated by Apiezon wax leaving only the very end of the tip is exposed to 

electrolyte to minimize the leakage current. 

 

Figure 5-4. Pt-Ir tip etching in 1:3 saturated CaCl2 water solution. 

The in-situ STM is run having costum design for electrochemical experiments 

(Figure 5-5). A thin Pt wire is used as the counter electrode (CE). Also, hydrogen flame 

annealing is needed to clean the wire to avoid any contaminations. A Pb wire is used as 

Pb/Pb
2+

 quasi reference electrode (RE). The RE is cleaned by diluted nitric acid before 

running experiment. After preparation and certain modification/deposition, the sample is 

assembled into a Teflon cell which is served as the in-situ STM cell. 
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Figure 5-5. in-situ STM setup. 

The whole experiment is done in a glove box, which is purged with ultrapure N2 

for one and half hour to achieve an oxygen free environment. The presence of oxygen can 

greatly inhibit the STM imaging. The spontaneously deposited Pt clusters are in the form 

of Pt-OH species, which can be easily oxidized by the oxygen in the solution. The current 

of oxygen reduction reaction is competing to the Faradiac current of the UPD process, so 

it’ll make the observation of the UPD very difficult.  

5.4 SNIFTIRS 

All SNIFTIRS measurement is done using a NICOLET 6700 FTIR apparatus 

equipped with a MCT-A detector which is cooled with liquid nitrogen. The MCT-A 

detector is mounted on the optical table in the operation box. A custom-made Teflon cell 

with a hemispherical ZnSe window was employed as the optical window. The optical 

path is constructed with parabolic (f=6”) and flat mirrors following the schematic shown 

in Figure 5-6 [103].  
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Figure 5-6. SNIFTIR setup schematic with ZnSe prism [103]. 

To obtain ATR, the refractive index of optical material has to be higher than one of the 

electrolyte which has direct effect on calculation of critical angle θc. θc is calculated from 

Equation 4-2, with refraction indices nH2O=1.37 and nZnSe=2.40. The incident angle θ is 

set 2º above the critical angle θc of the water/ZnSe interface (37º).  

To minimize the noise caused by H2O and CO2, compressed air generated from a 

Parker Balston Purge Gas Generator with inlet pressure at 60 psi and flow rate of 9 Lmin
-

1
, which was free of CO2 and H2O is purged to the operation box. Theelectrode potential 

was controlled by BAS CV-27potentiostat. A glass tube is used to hold the working 

electrode and to press against the ZnSe window. The reference electrode is SCE and the 

counter electrode is Pt wire. Firstly, CO saturated electrolyte (0.1M HClO4) is transferred 

into the Teflon cell, and the measured interferogram peak-to-peak value is around 0.5 at 

this stage. After placing the WE into the cell, there should be an immediate increase in 

the interferogram signal. -100mV vs. SCE potential is applied to adsorb CO onto the 

electrode surface.  
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5.5 Preparation of Pd/C Nanoparticle Catalyst Ink 

The ink is prepared in the way that 15 mg of Pd/C is mixed with 12 mL of 

ultrapure water, 3 mL of isopropanol, and 15 μL of 20% Nafion. For newly-prepared ink, 

it is required to ultrasonic blend the dispersion for 3-5 h to form a uniform ink. Then, 

before every experiment, this ink is ultrasonicated for about 10 min. When running 

experiment, 10μL of ink is pipetted onto glassy carbon electrode (GC, 3 mm diameter) 

and dry at room temperature. 

5.6 “Loose powder” Core-shell Scale-up Reactor Synthesis Procedure 

20 mg core material (32.3% Pd/C) is added to 60mL of 0.05M H2SO4, sonication 

is necessary to better disperse the suspension and then transferred into the flat cell reactor 

with diameter of 43mm. A 0.5mm thick graphite sheet is placed at the bottom of the cell 

as working electrode. A Pt wire is put into the electrode tube as counter electrode, while 

the reference electrode is SCE. Suspension is stirred at 100 rpm for 30 min while purging 

hydrogen. Then the core material is reduced by cycling between 200 and 250 mV vs. 

SCE at 5mV/s for 2h, and then reducing the scan rate to 1mV within the same potential 

range for 30min. During the reduction, the reactor is stirred at 100rpm for ~5 seconds 

every 30min. The 10mL of deaerated 0.35M CuSO4 +0.05M H2SO4 is added into the 

reactor through the separator funnel after reduction is done (Figure 5-7). Cu UPD CV is 

run to determine the Cu UPD potential. Usually, the CV range is from -100 to 500mV. 

Then potential is hold at UPD potential for 2h while stirring at 100rpm for ~5s every 

30min to ensure the deposition is uniform. 5mL of 0.0052M K2PtCl4 + 0.05M H2SO4 is 

mixed with freshly made 5mL of 0.021M to 0.21M citric acid + 0.05M H2SO4, and then 

deareated with N2 for 20min during the Cu UPD process. Then the Pt precursor solution 
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is dropped with the separatory funnel to control the dropping at desired speed into the cell, 

to allow the galvanic displacement reaction to happen. After dropping, the reactor is 

stirred or kept still for 1h. To collect the catalyst, solution is filtered off through Millipore 

membrane filter, and then rinsed with ultrapure (18.2MΩ) water. Finally the catalyst is 

dried at 70ºC in vacuum chamber overnight. During the synthesis process, N2 is purged 

above the electrolyte surface to provide an O2-free environment. 

 

Figure 5-7. “Loose powder” catalyst synthesis setup.  
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6 Results and Discussion 

6.1 Pb UPD on Pt Submonolayer Modified Au(111) 

In our work, we studied the Pb UPD on Au(111) modified by Pt submonolayer 

(PtSMLAu(111) in further text) using cyclic voltammetry and in situ scanning tunneling 

microscopy methods. This system/substrate has a great relevance for the field of 

electrocatalysis where Pt monolayers have been explored as catalysts for fuel cell 

application. The study of Pb UPD on PtSMLAu(111) provides a stepping stone for further 

exploration of the catalyst design via SLRR towards formation of bi-metallic catalyst 

monolayers or Pt monolayers with larger coverage using repetitive SLRR. 

The two-dimensional Pt submonolayer were deposited by spontaneous Pt 

deposition on freshly annealed Au(111) surface [104]. The in situ STM data were 

quantified using statistical image processing algorithm, enabling the quantitative estimate 

of the surface coverage and nanocluster shape and areal density as a function of applied 

underpotential. The morphology changes of PtSML/Au(111)during Pb UPD are discussed 

and correlated with CV results. 

In Figure 6-1, the CV for Pb UPD on PtSML/Au(111) (red) and Pt(111) surface 

(blue) are presented. The main UPD peak on Pt(111) occurs approximately at    

     V. It is proceeded by two smaller and broader peaks occurring at higher 

underpotential related to Pt-OH reduction and probable Pb-OH adsorption as a prelude to 

the Pb UPD process [105]. The smaller deposition peaks occurring at lower 

underpotential than the main UPD peak are associated with gradual densification of the 

Pb UPD layer and formation of different phases. The      structure has been identified 

as the densest one forming at 0.300 V underpotential [105]. 
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Figure 6-1. The cyclic voltammetry of Pb UPD on PtSML/Au(111) and Pt(111) surfaces. 

Solution: 10
-2

M Pb
2+

 + 0.1M HClO
4
, sweep rate: 0.02 V s

-1
. The 

underpotentials at which each STM image is recorded in Figure 6-2, is 

indicated in the graph. 
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Figure 6-2. The 225 nm×225 nm in situ STM images of Pb UPD on PtSML/Au(111) 

surface. The underpotential of the surface is indicated in the lower left 

corner of each image. Solution: 10
-2

M Pb
2+

 + 0.1M HClO4 

The PtSML/Au(111) surface used in our study is characterized with population of 

2D Pt nanoclusters having the mean size of               nm
2
 and Pt coverage of 

the Au(111) terrace of      , (Figure 6-2a,3a and 4). The areal density of the Pt 

nanoclusters on Au(111) is               cm
-2

 which means that the average 

distance between the centers of neighboring nanoclusters is           nm (√   
  ), 

Figure 6-4a. Our analysis of the area/perimeter ratio for deposited Pt nanoclusters shows 

that great majority of them have compact shape. The CV for Pb UPD on PtSML/Au(111) 

surface, Figure 6-1, indicates that the main UPD peak occurs at         V. This is 
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very close to the value of underpotential where the main Pb UPD peak is observed on 

Au(111). The broad cathodic peak at         V and smaller one at         V 

preceding the main peak occur around the same potentials as their counterparts in Pb 

UPD on Au(111) system. However, all cathodic peaks in CV for Pb UPD on 

PtSML/Au(111) surface are slightly shifted towards higher underpotentials than the ones 

observed for Au(111) surface. In general, the main voltammetry features of Pb UPD on 

PtSML/Au(111) are similar to Pb UPD on Au(111). This result is somewhat expected 

knowing that only 12% of the Au(111) surface is covered with 2D Pt nanoclusters. 

However, it is surprising that no cathodic peak is observed in CV data in the 

underpotential range where the main Pb UPD peak occurs on Pt(111). 

 

Figure 6-3. (A) The coverage of 1
st
 and 2

nd
 layer extracted from STM image in Figure 6-

2a-k as a function of underpotential. (B) The schematics of 1
st
 and 2

nd
 layer 

in relation to the morphology of PtSML/Au(111) surface. The data in (A) 

extracted from STM images in Figure 6-2 using DIP software. 
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Figure 6-4. (A) The areal density of the clusters, n, in the 1
st
 and 2

nd
 layer as a function 

of underpotential, (B) the mean size of the nanocluster population, S, in the 

1
st
 and 2

nd
 layer as a function of the surface underpotential. All data 

extracted from STM images in Figure 6-2 using DIP software. 

The in situ STM images following the Pb UPD on PtSML/Au(111) surface are 

presented in Figure 6-2. The results obtained from processing these STM images are 

shown in Figure 6-3 and 4. The schematics explaining the relationship between the 

results in the graphs and morphology of the surface (1
st
 layer vs. 2

nd
 layer) is presented in 

Figure 6-3b. 

The starting PtSML/Au(111) surface is held at 0.800 V underpotential. In 

agreement with our CV data, our STM measurements indicate that no Pb is present on top 

of Pt nanoclusters, and on top on Au(111) surface. The average height of Pt nanoclusters 

is 0.33nm, which is slightly higher than for a monolayer high Pt nanoclusters. This might 

be indication that adsorbed OH layer is present on top of the Pt nanoclusters at this 

underpotential. The small size and high curvature of 2D Pt nanoclusters promote their 

reactivity and it is reasonable to expect presence of the stable Pt-OH layer on top of Pt 

nanoclusters even at potentials more negative than the Pt-OH reduction potential for bulk 

Pt(111) [106]. Besides, for Pt nanoclusters, there is epitaxial strain coming from the 
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Au(111) substrate, although compensated by the negative strain, the net strain is still 

expected to be tensile. The positive strain shifts the d-band center up and more closer to 

the Fermi level, thus the reactivity of these Pt nanoclusters towards OH species is more 

strong than the Pt(111) single crystal. Reducing the underpotential further to 0.600 V no 

morphological change is observed on PtSML/Au(111), Figure 6-2b. There is no indication 

that Pt nanoclusters’ height or size has changed appreciably. (Figure 6-3 and 4). 

Considering that CV data show that the main Pb UPD peak on Pt(111) occurs at 0.750V, 

Figure 6-1, it is a bit unexpected that there is no decoration of Pt nanoclusters with Pb 

adatoms observed at this STM image/potential. However, the lack of Pb layer on top of 

Pt nanoclusters is in agreement with our CV data that show lack of any cathodic peak in 

this potential range. We attribute this apparent passivity of Pt nanoclusters to the presence 

of Pt-OH layer, but we cannot rule out the ligand effect of Au substrate in modifying the 

electrosorption properties of Pt nanodeposit [107]. 

Further reduction of underpotential to 0.500V does not cause any visible changes 

in morphology of PtSML/Au(111) surface, Figure 6-2c,d. The analysis of the STM images 

does not imply that there is any appreciable change of the nanoclusters’ areal density, 

coverage or size in the 1
st
 layer. The decrease in underpotential further to 0.450 V and 

0.400 V does not produce any obvious changes on the electrode surface, Figure 6-2e,f. 

However, from the analysis of the STM images using digital image processing algorithm, 

the onset of morphological changes is evident, Figure 6-3 and 4. 

The fluctuation/changes is the 1
st
 layer coverage starts with slight decrease 

(0.450V) followed by an increase (0.400V) in nanoclusters areal density. These changes 

are mirrored with an increase (0.450V) and then decrease (0.400V) of the mean size of 
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nanoclusters population in the 1
st
 layer. In this potential range, the CV data show a broad 

cathodic peak centered at 0.440V underpotential. In electrochemical sense, the cathodic 

peak/current indicates the reduction process, and in our case, this could be associated 

with reduction of the Pt-OH phase to clean Pt nanoclusters surface, or the reduction of 

Pb
2+

 ions to Pb adatoms. According to the CV data for Pb UPD on Au(111), decoration 

of Au surface defects by Pb adatoms starts from any          V, and we should 

expect the same to occur at defects sites present on the portion of the Au surface with is 

free from Pt nanoclusters. However, the charge associated with the cathodic peak 

centered at 0.440 V for PtSML/Au(111) surface is larger than the corresponding peak for 

clean Au(111). This means that additional reduction process takes place in parallel to the 

onset of Pb UPD process. In addition, the height of Pt nanoclusters at these potentials has 

decreased to the expected value for Pt monolayer (0.270nm). Therefore, we conclude that 

cathodic peak at 0.440V and corresponding changes observed in STM images (Figure 6-

3a and 7) are related to simultaneous reduction of Pt-OH phase and decoration of the 

defects on Au surface by Pb UPD adatoms. 

The decrease of underpotential below 0.400 V produces significant changes in 

morphology of PtSML/Au(111) surface. At 0.350 V, the increase in number of 2D 

nanoclusters is clearly visible; Figure 6-2g. This is quantified by 30% increase in the 

areal density of the nanoclusters in 1
st
 layer (from 0.16 10

13
 cm

-2
 to 0.21 10

13
 cm

-2
) and 

simultaneous decrease in cluster size are indicative of the nucleation event with means 

that this potential represent the onset of Pb UPD on free Au(111) terrace. At 0.300 V and 

0.250 V the growth of Pb UPD phase on Au surface continues which is quantified with 

further 20% and 40% increase of the 1
st
 layer coverage and 5 and 500 times increase of 
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the mean size of the nanoclusters population in the 1
st
 layer (Figure 6-2h, i, 6a and 7a). 

The dramatic decrease in areal density of nanoclusters in the 1
st
 layer suggests that 

growth stage takes place, i.e. the Pb UPD nanoclusters grow and merge into full 

monolayer on Au(111) terraces. This is obvious in Figure 6-2i. 

At 0.300V, the nucleation of the 2
nd

 layer is observed. The nanoclusters areal 

density in the 2
nd

 layer is about 7 times larger than the initial density of Pt nanoclusters 

on Au(111). This indicates that several Pb nuclei form per one Pt nanocluster. The inset 

in Figure 6-2h shows 6 Pb UPD nuclei formed on top of the pre-existing 20nm
2
 large Pt 

nanocluster. The mean size of the observed Pb nanoclusters nucleating in the 2
nd

 layer is 

 2 nm
2
. Based on the analysis of STM images in this potential range and CV data for Pb 

UPD on PtSML/Au(111) we conclude that cathodic peak centered at 0.260V 

underpotential is associated mainly with nucleation and growth of Pb UPD monolayer on 

Pt-free Au surface with simultaneous nucleation of Pb UPD monolayer on top of the Pt 

nanoclusters and their lateral decoration with Pb UPD adatoms in the 1
st
 layer. 

The decrease of underpotential to 0.200V and 0.150V results in morphological 

changes on PtSML/Au(111) which are related to completion of the Pb UPD  process in 

both layers; on Pt-free Au surface (1
st
 layer) and on top of pre-existing Pt nanoclusters 

(2
nd

 layer). The main UPD peak in CV data for PtSML/Au(111) surface is associated with 

this stage, Figure 6-1. The coverage of the 1
st
 layer increases to 100% while the 

nanocluster density drops to 1, indicating morphology of  a full Pb UPD layer filling the 

space on Au terraces in-between the pre-existing Pt nanoclusters, Figure 6-3a and 4a. At 

the same time, the areal density of the nanoclusters in the 2
nd

 layer drops about 10 times 

(from 0.8 10
13

 cm
-2

 to 0.08 10
13

 cm
-2

) which is the value about 40% lower than the 
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initial areal density of Pt nanoclusters on the starting PtSML/Au(111) surface (0.14 10
13

 

cm
-2

). The mean size of the nanoclusters in the 2
nd

 layer increases significantly 

(              nm
2
) and represents about 2 times larger mean size than what has 

been observed for initial population of Pt nanoclusters on PtSML/Au(111) surface 

(              nm
2
). The coverage of the Pb in the 2

nd
 layer is 18%, which is  50% 

larger than what is observed for the initial coverage of the Pt submonolayer. The smaller 

number but larger size and coverage of Pb nanoclusters in the 2
nd

 layer suggest that Pb 

UPD on top of the pre-existing Pt nanoclusters does not replicate the exact morphology 

of the initial PtSML/Au(111), but a similar one. The following discussion will elaborate a 

few important points to explain the observed morphological difference between starting 

PtSML/Au(111) and Pb UPD monolayer covered PtSML/Au(111) surface. 

The increase of comparative area/coverage of Pb UPD layer on top of underlying 

Pt submonolayer is expected due to a size difference between Pt and Pb atoms (0.27 nm 

vs. 0.36 nm). The relaxed Pb nanocluster comprising the 2
nd

 layer with the same number 

of atoms as the underlying Pt nanoclusters in the 1
st
 layer should have about 70% larger 

area. However, the full Pb UPD monolayer on Pt(111) has      lattice with 0.66 

packing density [105]. If the same structure is assumed for Pb nanocluster on top of pre-

existing Pt nanocluster, the total area/coverage of the Pb in 2
nd

 layer (         V) 

should be   46% larger (70%   0.66). Our measurements for the total Pb UPD coverage 

in the 2
nd

 layer show 50% larger than pre-existing Pt submonolayer. Evidently, the 

measured difference is very close to what we have calculated, (50% vs. 46%). Such good 

agreement suggests that the structure of the Pb UPD clusters formed on top of pre-
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existing Pt nanoclusters is most likely the same or close to the one observed for the full 

Pb UPD monolayer on Pt(111). 

 

Figure 6-5. Schematics of the Pb UPD on PtSML/Au(111). The encircled entities (S1) and 

(S2) represent different scenarios during UPD process. (S1) nucleation of 

more than one Pb UPD nanoclusters, and (S2) merging of two Pb 

nanoclusters into a bigger one on top of the two Pt nanoclusters. 

The mean size of the Pb UPD nanocluster population measured at          V 

(2
nd

 layer) is   30nm
2
 which is 100% bigger than the mean size of the Pt nanocluster 

population in the starting PtSML/Au(111), (16nm
2
). The number of Pb nanoclusters in the 

2
nd

 layer is 40% smaller than the number of Pt nanoclusters in the starting PtSML/Au(111). 

Obviously, this morphological difference between Pb UPD layer on top of the staring Pt 

submonolayer cannot be explained by using only arguments about physical size 
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difference between Pt and Pb atoms and packing density of the Pb UPD on Pt(111). It 

seems that the arrangement of the Pb UPD nanoclusters in the 2
nd

 layer is different than 

what we expected from the spatial position and distribution of underlying Pt nanoclusters, 

Figure 6-2a vs 2k. At          V where the STM image with complete Pb UPD on 

PtSML/Au(111) is recorded the formation of stable Pb nanoclusters on top of the 

PbUPD/Au(111) is unlikely process and it cannot be considered as explanation for 

morphological difference between PbUPD /PtSML/Au(111) and PtSML/Au(111) surfaces. 

However, the merging of two or more Pb nanoclusters into a bigger one sitting on top of 

two or more smaller Pt nanoclusters is possible scenario that can explain our results. To 

elaborate further, we point out that morphology of the initial PtSML/Au(111) is 

characterized with Pt nanocluster population having very small nearest neighbor center to 

center spacing,           nm. The most of the Pt nanoclusters are compact in size 

and it is reasonable to assume their shape as disk-like with the equivalent diameter as 

representative linear dimension (          √
 

 
             nm). According to 

previous arguments if follows that each Pb UPD cluster on top of the Pt one has   23% 

larger diameter (               ). It is reasonable to expect that within the Pt 

nanocluster population many of them have smaller center to center nearest neighbor 

distance than value calculated from the initial Pt nanoclusters areal density. Therefore, 

the local variation in the areal density and nearest neighbor distance within the Pt 

nanocluster population can lead to scenario where the corresponding Pb UPD clusters 

forming on top of Pt are merged due to their bigger size. Form geometrical point of view 

this scenario is possible whenever the center to center distance between neighboring Pt 

nanoclusters is less than 1.23 times the sume of the neighboring Pt nanoclusters’ 



67 

 

diameters (         ∑      
 
 ). If this condition is fulfilled, then instead of formation 

of 2 or more Pb UPD nanoclusters on top of the corresponding number of Pt nanoclusters, 

we have formation of one larger Pb UPD nanocluster which will not replicate the exact 

morphology of the underlying Pt deposit. 

6.2 Pb UPD on Ru Submonolayer Modified Au(111) 

The comparison of CV of Pb UPD on RuSML/Au(111), Ru(0001) and Au(111) is 

presented in Figure 6-6. For the CV on RuSML/Au(111), there are two pairs of reversible 

peaks A1, C1 and A2, C2, where the current density of A1 and C1 are almost four times 

lower than that of A2 and C2, which is very similar to the CV of Pb UPD on Au(111). The 

onset of C1 starts approximately at        V, which is slightly higher than that of Pb 

UPD on Au(111). We attribute this to the main cathodic peak of Pb UPD on Ru(0001) at 

around       V, which causes the deposition process happens earlier than on pure 

Au(111). The main cathodic peak C2 occurs at       V, which is very close to the 

main deposition peak on Au(111). This is reasonable considering the coverage of Ru is 

only 13%. There is no obvious reduction current above        V, corresponding to 

the CV of Pb UPD on Au(111) and Ru(0001). 

Figure 6-7 shows the in-situ STM images of the Pb UPD on RuSML/Au(111) 

surface. The statistic image processing results including nucleation density, coverage and 

mean cluster size from processing the images with digital image processing software are 

shown in Figure 6-8. 
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Figure 6-6. Cyclic voltammetries of Pb UPD on a) RuSML/Au(111) (black line) and 

Au(111) (red dotted line) and b) Ru(0001). Solution: 0.1M HClO4 + 0.01M 

Pb
2+

. Scan rate: a) 20mV/s, b) 10mV/s. 
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Figure 6-7. in-situ STM images of Pb UPD on RuSML/Au(111). Tunneling current: 

700pA. Image size: 150×150 nm. 

 

OCP 625mV 700mV 675mV 650mV 

600mV 575mV 550mV 525mV 500mV 

475mV 450mV 425mV 400mV 375mV 

350mV 325mV 300mV 275mV 250mV 

225mV 200mV 175mV 150mV 125mV 

100mV 50mV 
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Figure 6-8. Statistical data extracted from STM images using DIP: a) nucleation density, 

b) coverage, c) mean cluster size with error bar, d) Schematic of 1
st
 layer and 

2
nd

 layer deposition. 

Before starting imaging, the sample was reduced at -0.1V vs. SCE in 0.1M HClO4 

to avoid the possible oxidation of the Ru clusters right after the deposition of Ru on 

Au(111) via Cu SLRR, then transferred to the STM cell. The potential was first held at 

0.7V underpotential. There was no obvious change observed on the STM image after 

applying this potential (Figure 6-7 OCP and 700mV), meaning there was almost no 

electrochemical reaction going on at this potential, as also indicated by the CV, i.e. the 

current density is close to zero. Within the potential range from 0.7V to 0.35V, there was 

no obvious change observed the STM. But from the statistic data, we can see that the 
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mean cluster size slightly went up while the nucleation density stayed almost the same, 

correspondingly, there was a small increase of the coverage comparing 0.35V to 0.7V. 

We can say that the Pb UPD first decorates around the pre-existing Ru clusters, instead of 

nucleation on the empty space between Ru clusters. The Ru number of clusters didn’t 

change, nor on the Ru clusters themselves since there was no formation of the 2
nd

 layer at 

this potential range. Staring from 0.325V,there was an obvious increase in coverage, and 

agrees very well with the onset of the C1 peak in the CV, meaning that significant amount 

of Pb
2+

 started to be reduced on the surface. Also, the siz e of the cluster increased while 

the nucleation density decreased sharply, showing that the decoration was still around the 

pre-existing clusters and then started to coalescence with adjacent clusters resulting in 

decrease in nucleation density. The size increase of clusters and coalescence can be 

clearly observed on STM images (Figure 6-7).  

Since the onset of cluster size increases and coverage both started at    

     V, and at the same time, the cluster density decreases. Together, it means that the 

observable decoration of Pb UPD starts around the pre-existing Ru clusters, as well as 

surface defects. As shown in Figure 6-9, from 0.300V underpotential, the nanoclusters 

size grows up to twice as the original size till 0.250V. Simultaneously, the Pb UPD also 

covers the surface defects. Since no obvious increase of the cluster density is observed 

from Figure 6-8a, at the potential range between 0.700V to 0.300V, we can further 

conclude that, different from Pb UPD on PtSML/Au(111), Pb UPD on RuSML/Au(111) 

does not start by forming nuclei on Ru-free Au surface but by decorating pre-existing Ru 

nanoclusters. 
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Figure 6-9. Zoomed STM images from         V to         V, showing the 

Ru nanoclusters growing decreasing the potential. Below are the 

corresponding illustrations of the nanoclusters, with the red representing Ru 

atoms and blue representing Pb atoms. 

At         V, the 2
nd

 layer started to show up, i.e. there are Pb UPD on the 

Ru/Pb-Ru clusters. This deposition can be related to the cathodic peak at 0.3V in the Pb 

UPD on Ru(0001) CV. The initial cluster size of the 2
nd

 layer deposition is only 

2.91±1.90nm
2
, which is much smaller comparing to the original Ru clusters 

(6.65±5.82nm
2
). Besides, the nucleation density was only 9.33×10

10
/cm

2
, almost 20times 

less than that of Ru clusters (1.85×10
12

/cm
2
), which means that the Pb UPD on Ru only 

happens on 5% of the Ru clusters. Correspondingly, the coverage was also small when 

2
nd

 layer started to show up. Right at the main deposition peak C2 of the CV (      V), 

the coverage of the 1
st
 layer almost reached 100%, and the nucleation density decreased 
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to 0. The mean cluster size was close to the size of the whole image. This indicates that 

the first layer was nearly fully completed at this potential. Further decreasing the 

potential, there was no observable change in the 1
st
 layer, but the 2

nd
 layer kept growing 

in both cluster size and nucleation density. At        V, the 2
nd

 layer clusters were 

even bigger than the original Ru clusters, but since the nucleation density was still low, 

the overall coverage was comparable to Ru clusters (14.36%). Comparing the initial 

(      V) and final (       V) STM images, we can see that the morphology 

changed very much. The size distribution was relative uniform at the initial image, but in 

the final stage, in between of the large clusters, there were small clusters distributed. The 

deposition charge after 0.2V from the CV is 101.75      , which is 43.6% of the total 

deposition charge (233.35      ). The final coverage of 2
nd

 layer was only 16% which 

was not enough to consume the charge, so we assume that cathodic current below 0.2V 

underpotential should be related to the Pb deposition of the 2
nd

 layer on top of the Ru 

nanoclusters and the densification of the 1
st
 layer. This scenario is similar to the Pb UPD 

on Au(111). 

6.3 Nucleation of Pt Monolayers Deposited via Surface Limited Redox 

Replacement Reaction 

6.3.1 Introduction 

The ultimate configuration of ultra-thin catalyst overlayers in terms of their 

specific activity is two-dimensional (2D) monolayer (ML) morphology where every 

catalyst atom is on the surface. Most heterogeneous catalysts contain noble metals such 

as Pt. Due to their high surface energy and low surface diffusivity they are difficult to 

deposit as 2D ML at room temperature [18]. One way to alleviate this problem has been 
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demonstrated recently using new electrodeposition protocol [28]. It uses an 

underpotentially deposited (UPD) monolayer serving as a sacrificial material for 

deposition of a more noble metal (catalyst) [28,108]. The deposition of catalyst ML 

occurs as an irreversible surface limited redox replacement (SLRR) reaction, i.e.galvanic 

displacement of the UPD ML. The deposited catalyst ML has morphology characterized 

by 2D nanoclusters with very tight size distribution [28,78]. The coverage catalyst 

nanoclusters is controlled by stoichiometry of the redox replacement reaction, structure 

and coverage of the UPD ML [78]. Despite of many applications of this deposition 

protocol for synthesis of mono- and bi-metallic catalysts ML for fuel cell applications 

[31,109,110,111,112] a few work has been done exploring conditions controlling their 

morphology, i.e. the size of catalyst nanoclusters [28,60,112,].  

Behavior of 2D catalyst ML differs from the bulk due to diverse structural and 

quantum effects dominating their properties [11-15,61]. In the case of weak ligand 

(substrate electronic effects) such as in the case of gold, the energy of the d-band center 

of a continuous catalyst ML is mainly affected by the level of coherent strain [13]. The 

coherent strain is dependent on epitaxial relation between the catalyst and substrate [113]. 

However, in the case of 2D nanoclusters, the surface stress acting on the nanocluster 

perimeter induces a compressive state of stress within the nanoclusters [60,114,115,116]. 

This phenomenon, so called “2Dfinite size effect”, causes each nanocluster to experience 

a size-dependent active strain quite different from the one set by epitaxy [60]. For Pt 

catalyst nanoclusters obtained by SLRR of Cu UPD ML, recent study shows that the size-

dependent strain has significant effect on their catalytic activity [60]. Pt monolayer on 

Au(111) consisting of smaller nanoclusters were found less active for hydrogen oxidation 
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reaction.  Density functional theory (DFT) calculations concur with this observation. 

They suggest that size-dependent strain in Pt nanoclusters has important effect on the 

energy of d-band center and, therefore, on activity of Pt nanoclusters [13,60]. Obviously, 

the size of nanoclusters in catalyst ML represents the additional knob to fine-tune its 

overall activity. Turning this knob in desired direction requires better understanding of 

the phenomena controlling the catalyst ML morphology and nanocluster size. A step 

toward this goal is to study nucleation of catalyst ML obtained via SLRR reaction and 

elucidate dominant processes involved.  

The presented work explores Pt nucleation on Au(111) deposited via SLRR of Cu 

UPD ML. Series of Pt deposition experiments were performed where starting coverage of 

the Cu UPD ML on Au(111) (CuUPD/Au(111) in further text) varied from 0 to 1 (0 ≤ 

     ≤ 1). Exsitu Scanning Tunneling Microscopy (STM) and statistical image processing 

are used to study morphology of obtained Pt MLs on Au(111). The main descriptors of Pt 

ML morphology are the Pt nucleation density and the average size (area) of Pt 

nanoclusters. Results are discussed within the framework of analytical model developed 

to describe qualitatively our data. The relevance of this work for design of Pt ML 

catalysts is illustrated by studying the CO electrosorption on Pt MLs with different 

nucleation densities and average size of Pt nanoclusters.  

6.3.2 Cluster Deposition 

The Au(111) single crystal disk, 10 mm in diameter and 2 mm in thickness 

(Monocrystals Company) is prepared using several steps including mechanical polishing, 

electropolishing and hydrogen flame annealing [117]. Special attention is paid to avoid 
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thermal reconstruction of Au(111) and consequent appearance of Au clusters on the 

surface upon immersion into electrolyte.  

 

Figure 6-10. (A) Representative STM images of the Au(111) surface morphology. Image 

size 2.7  2.7  m. (B) CV for Cu UPD on Au(111), solution: 10
-3

 M Cu
2+

 + 

0.1 M HClO4, sweep rate 10 mV/s. Inset: 77 nm STM image of Cu UPD 

layer at 0.03 V underpotential. 

Typical morphology of starting Au(111) surface before UPD experiments is shown in 

Figure 6-10A. All solutions used in our experiments are made from ultra-high purity 

chemicals (99.999%, Alfa Easer, Merck) and 18.2 Multrapure water (Millipore Direct Q-

UV with Barnstead A1007 pre-distillation unit). All potentials in the text related the UPD 

experiments are quoted with respect to SCE. The Pt monolayers on Au(111) (PML/Au(111) 

- in further text) are deposited via SLRR of CuUPD/Au(111) [78]. The CuUPD/Au(111) are 

deposited from 10
-3

 M Cu
2+

 + 0.1 M HClO4 solution (Cu(ClO4)2 salt). The representative 

cyclic voltammetry (CV) for our UPD system is shown in Figure 6-10B. The coverage of 

CuUPD/Au(111) in each deposition experiment is obtained from charge stripping 

measurements using following procedure: First, the initial Au(111) surface quality is 

verified by CV having the sweep limits between 0.03 V and  0.4 V. For all experiments, 

the shape of CV concurred within 95 % of the one presented in Figure 6-10B. After that, 
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the potential is held at 0.03 V underpotential for 30 seconds to form a full CuUPD/Au(111), 

(position 1 in Figure 6-10B). Then, the potential is stepped back to 0.4 V underpotential 

in order to record a stripping charge of the full CuUPD/Au(111), exp

maxQ (position 2 in Figure 

6-10B).  After this, the potential is stepped to an arbitrary value of underpotential 

between 0.03 V and 0.3 V and held for 30 seconds to form an incomplete CuUPD/Au(111) 

with coverage,     , (position 3 in Figure 6-10B). In following step, the potential is 

stepped back again to 0.4 V underpotetnial (position 4 in Figure 6-10B) and held to 

record the stripping charge of an incomplete CuUPD/Au(111), exp

q . Then, the potential is 

stepped back to the same value of underpotential where an incomplete CuUPD/Au(111) 

was formed in preceding step. It was held for 30 seconds in order to form the 

CuUPD/Au(111) with now ‘known’ initial coverage     . This coverage represents the 

fraction of the maximum one possible for CuUPD/Au(111)  and it is estimated as the ratio 

between the stripping charge of an incomplete CuUPD/Au(111) formed at an arbitrary 

underpotential, exp

q , and the charge of the full CuUPD/Au(111) formed at 0.03 V 

underpotential, exp

maxQ ; 

    
exp

max

exp

Q

q
Cuo

  .     (6-1) 

The SLRR solution was 10
-3

 M {PtCl6}
2-

 + 0.1 M HClO4 (K2(PtCl6) salt). Both, 

UPD and SLRR reaction solution were de-aerated with ultra-pure argon for 2 hours 

before the deposition experiments. The Au crystal is rotated at 1000 rpm in order to 

prevent any transport limitations during formation of CuUPD/Au(111) and PtML/Au(111).  
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Previous studies of this UPD system and SLRR reaction under identical 

experimental conditions have determined the value of stoichiometry coefficients and 

parameters of the SLRR reaction kinetics [78]. They are summarized in Table 1, Eq.(6-2):  

CuUPD
0 +

1

4
{PtCl6}

2- +
1

2
Cl-1 = {CuCl2}

- +
1

4
Pt0 .  (6-2) 

In each experiment, the procedure for Pt deposition involves several steps.  First, 

the CuUPD/Au(111) is formed at certain underpotential with desired coverage as described 

previously. Then, the crystal is removed from the solution and rinsed in 18.2 M H2O for 

10 seconds at open circuit potential (OCP). The next step was the SLRR of 

CuUPD/Au(111) by {PtCl6}
2-

 ions at OCP (10 seconds). The final step involves crystal 

rinse in 1:1 HNO3 (10 sec., OCP) and rinse in 18.2 M H2O (60 sec., OCP). Upon 

completion of this sequence, the crystal surface has undergone characterized by STM, 

and/or transferred to electrochemical cell for IR studies. 

All electrochemical experiments, including the exsitu STM studies, are performed 

in nitrogen-purged glove box. The STM images are recorded using Nanoscope V 

controller with multimode scanner unit (Veeco Instruments). After each deposition 

experiment, up to 50 STM images are recorded at different terrace sites of the Au(111) 

and analyzed using our custom made digital image processing algorithm [118]. This 

analysis provided information about Pt nucleation density (number of Pt nanoclusters per 

image (area)), average size of Pt nanoclusters in ML (total area of Pt ML divided by the 

number of Pt nanoclusters), Pt coverage and the Pt clusters’ height. The image 

segmentation is used for differentiation and identification of each Pt nanocluster on the 

image/surface. For this purpose, a threshold value has been determined to segment each 
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image into a binary image using an autonomous global thresholding method [119]. The 

error bar for image analysis results represents the standard deviation of the data obtained 

from analysis of all images used for the particular experimental point (deposition 

experiment). 

The cell for insitu IR spectro-electrochemical measurements, described previously 

[120], consisted of a ZnSe hemisphere serving as the ATR window and cell bottom, and a 

Teflon body. A Nikolet 6700 spectrometer and a BAS CV27 potentiostat are used to 

conduct our experiments. The collection of the spectra is computer controlled at given 

potential of the working electrode set prior to data acquisition. The 128 scans with 4 cm
-1

 

resolution are co-added in a single step. Spectra are given as - R/R using the spectrum at 

the highest potential as the reference one where no CO adsorption is expected. The 

positive-going bands therefore represent a gain of a particular species at the sample 

potential relative to that at the reference. 

6.3.3 Results and Discussion 

6.3.3.1 Pt Nucleation Density and Average Cluster Size 

The statistical STM image analysis from nine different PtML/Au(111) obtained via 

SLRR of CuUPD/Au(111) with different coverage revealed that > 97% of nanoclusters in 

PtML/Au(111) are monoatomic in height. More than 90 % of nanoclusters in each 

PtML/Au(111) were found compact and round having shape resembling a 2D disc-like 

nanostructures. For each PtML/Au(111), the STM image analysis yielded the Pt nucleation 

density and average size of Pt nanoclusters as two representative parameters of the 

PtML/Au(111) morphology. They are presented in Figure 6-11A and B as a function of 

starting CuUPD/Au(111) coverage in SLRR reaction,     . The Pt nucleation density 
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measured in our experiments, exp

Ptn , shows significant dependence on      The relation 

between exp

Ptn and      is not a monotone function. It resembles a bell-shape dependence 

having the highest nucleation density of Pt for coverage of CuUPD/Au(111) equal to 0.63 

(      ≈ 0.63). The important point to notice is that even for      0, there is a finite 

amount of Pt nanoclusters on Au(111) surface. These Pt nanoclusters are formed as result 

of spontaneous Pt deposition process independent on Pt deposition via SLRR of 

CuUPD/Au(111) [78,104]. The values of exp

Ptn  obtained in SLRR reaction with     = 1 

and     = 0 have very close values. They are also the minimum ones observed among all 

experiments (≈1.5×10
12

 cm
-2

). As one can see, the difference between minimum and 

maximum values of exp

Ptn is significant, almost 35%. The analysis of STM data 

with           indicates that decreasing trend in nucleation density is not related to 

merging of Pt nanoclusters (growth stage). In all experiments, the predominant shape of 

Pt nanoclusters remains round and 2D disc-like and the coverage of Pt does not exceed a 

2D coalescence threshold [121], (   < 0.66). Therefore, we conclude that the observed 

exp

Ptn vs.      dependence is the fundamental consequence of Pt nucleation process. Each 

observed/counted Pt cluster contributing to the results in Figure 6-11 originates from a 

stable Pt nucleus enlarged by attachment of Pt adatoms during growth stage.  
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Figure 6-11. (A) Nucleation Density, and (B) An average Pt nanocluster size, for 

PtML/Au(111) deposited using different initial coverage of CuUPD/Au(111) 

in SLRR reaction. Bold line is Eq.(6-8) fit to the data with N=4, dashed 

line is the fit with N=2. 

The dependence of average Pt nanocluster size in PtML/Au(111) is shown in 

Figure 6-11B. The average Pt nanocluster size, denoted as PtS , is expressed in units of 

area (nm
2
). It shows significant variation with increasing     . As mentioned previously, 

due to spontaneous Pt deposition process there is a population of Pt nanoclusters 

observed for      0, PtS = 31 nm
2
. The increasing coverage of     results in decrease of 

the average Pt nanocluster size until the minimum is reached for      0.63 ( PtS 13 

nm
2
). Further increase in     yields almost a liner increase in PtS  until the maximum 

value of 35 nm
2
 is reached for      = 1. The difference between the minimum and 

maximum point in Figure 6-11B is more than 250%. This indicates a very large effect 

of      on PtML/Au(111) morphology. The PtS vs.      data have the minimum at the 

same coverage of CuUPD/Au(111) as the maximum in exp

Ptn  vs.      data. It appears that 
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the shape of PtS vs.      data resembles a horizontal mirror image of the exp

Ptn vs. 

     dependence.To some extent, this is expected knowing that the average nanocluster 

size in PtML/Au(111) is, by definition, inversely proportional to exp

Ptn  (
exp

PtPtPt nS  ). 

Considering that Pt linearly increases with      [78], the experiment yielding the highest 

exp

Ptn is expected to have the PtML/Au(111) morphology with the smallest average size 

nanoclusters. 

6.3.3.2 Analytical Model 

Following the considerations from nucleation kinetics theory [122,123], for room 

temperature growth of Pt, the steady state nucleation density is described as a function of 

deposition flux, 

0

3/1 nFnPt  .     (6-3) 

Here, F is the deposition flux [cm
-2

s
-1

], and 3/12)](1[ aDS

Pt  is a constant absorbing the 

Pt surface diffusivity ( S

PtD  ) and the lattice parameter of the substrate, a (Table 6-2). The 

term n0 represents the areal density of Pt clusters produced by Pt spontaneous deposition 

process ( exp

0 Ptnn   for     = 0). We assume that it is independent on the Pt deposition via 

SLRR reaction. The Pt deposition flux is defined in terms of the SLRR reaction kinetics. 

It is equal to the SLRR reaction rate per unit area, [cm
-2

s
-1

] and defined it in terms of 

temporal coverage of CuUPD/Au(111) during SLRR reaction[81], 

N

CuSLRR

UPD

Cu
CuUPD

Cu K
p

m

dt

d

p

m
F )()( 


 .  (6-4). 
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Here, UPD

Cu represents the surface concentration of the full CuUPD/Au(111)  [molcm
-2

], 

(Figure 6-10B-inset and Table 6-2, [78]). The numerical factor m/p is the ratio between 

stoichiometry coefficients in SLRR reaction, Table 6-1. It accommodates the fact that 

more than one Cu UPD atom can be dissolved during deposition of one Pt adatom [78,81]. 

The KSLRR is the SLRR reaction rate constant [s
-1

], and N is the order of SLRR reaction in 

terms of the CuUPD/Au(111) coverage, Table 6-1  [81].  

Combining Eq.(6-3) and (6-4) we get the expression for Pt nucleation density as a 

function      ;  

0

3/

0 )( nn N

CuPt   .    (6-5) 

The    is the new numerical constant defined as

3/1

20 













aD

K

p

m
S

Pt

SLRR

UPD

Cu . The Eq.(6-5) 

represents the continuously increasing function of   . However, the experimental data 

show more complex exp

Ptn vs.     dependence. In order to proceed further with definition 

of the model we have to point out some specifics of the metal deposition via SLRR of 

UPD ML.  
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Table 6-1. The reaction kinetics parameters 

UPD System Redox Reaction 
Reaction Solution, 

=1000 rpm 

Rate Constant, 

KSLRR, [s
-1

] 

Reaction Order, 
N

Cu )( ,0  

Stoichiometry 

Coefficients 
Reference 

m p m/p 

CuUPD/Au(111) 
0

..

0

s

m

solv

p

solvUPD Pt
p

m
CuPt

p

m
Cu    

10
-3

 M {PtCl6}
2-

 +0.1 M H2SO4 4.080.07 2
a
 2 4 0.5 [2,29] 

10
-3

 M {PtCl6}
2-

 +0.1 M HClO4 3.610.03 2
b
, 4

a
 1 4 0.25 [29] 

10
-5

 M {PtCl6}
2-

 +0.1 M HClO4 0.0890.0008 2
b
, 4

a
 1 4 0.25 [29] 

a Reaction order is taken based on the value of stoichiometry coefficients. 
b Reaction order determined from the fits of the reaction kinetics model to the open circuit transients obtained during SLRR reaction. 

 

 

Table 6-2.. Parameters used in the model 

Parameter Source 

0 

[cm
-2

] 

(2.6 ± 0.3)×10
12

 fit 

S

PtD  

 [cm
2
s

-1
] 

(2.4 ± 0.3)×10
12

 fit, calc. 

UPD

Cut  

[molcm-
2
] 

0.19×10
-8

 [10] 

a 

[cm] 
0.408×10

-7
 [10] 

n0 

[cm
-2

] 
1.51×10

12
 experiment 

.
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Figure 6-12. Schematics showing qualitatively two different scenarios during Pt adatom 

diffusion and nucleation at Au(111) surface with Cu UPD layer. See text 

for more details. 

The nucleation density description in terms of the deposition flux does not provide 

complete phenomenological picture of the nucleation event during metal deposition via 

SLRR. The probability that two or more Pt adatoms will encounter one another on the Au 

surface and form the stable nucleus is also a function of the conditions at the Au surface. 

These conditions can promote or prevent nucleation event. In a simplified picture, we 

describe two limiting scenarios, Figure 6-12. In the first one, the Pt adatom lends on the 

Au(111) surface free from Cu UPD layer. It can freely diffuse until it encounters another 

Pt adatom to form a stable nucleus. In this scenario, every Pt adatom landing on a free Au 

surface is likely to contribute to the nucleation process. This picture goes along with the 

description of the nucleation density considered by Eq.(6-5). However, in the second 

scenario, the Pt adatom lands on top of the Cu UPD layer. We expect that density of 

defects such as kinks, vacancies or steps in dissolving Cu UPD layer is much higher than 
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on Au surface. Because of that, it is likely that this Pt adatom will diffuse around and 

incorporate into a Cu UPD layer at energetically favorable defect site, Figure 6-12. In this 

case, the probability for Pt adatom to encounter others already incorporated Pt atoms 

within the Cu UPD layer to form a stable nucleus is very low. Thus, we expect that Pt 

adatom in this scenario contributes mostly to the growth stage upon dissolution of its 

neighboring Cu adatoms. To formulate this discussion in mathematical sense, we state 

that probability for Pt nucleation, P(nPt),  is proportional to the area of Au surface free 

from Cu UPD layer; 

)1(~)( CuPtnP   .     (6-6) 

We stress that the above equation represents the areal probability for Pt nucleation, 

which arises from the specific geometrical conditions on the Au surface during SLRR 

reaction. The term   is a numerical constant equal to )(1 PtnP  at the 1Cu  limit 

))1((1  CuPtnP  . At this condition, some small and finite probability of nucleation 

cannot be excluded and, by definition, the value of   is expected to be close to 1 but 

always <1. Therefore, the nucleation density obtained as a result of Pt deposition via 

SLRR of CuUPD/Au(111), now denoted as SLRR

Ptn , is equal to the nucleation density term, 

Eq.(5), multiplied by the areal probability for nucleation defined by Eq.(6-6); 

   0

3

0 1 nn
N

CuCu

SLRR

Pt   .                                     (6-7) 

For room temperature growth, the nucleation time, tnuc, is very short [124]. As 

compared to the half time of the SLRR reaction, tSLRR, the relation tnuc<<tSLRR always 

holds [81]. This means that the coverage of the CuUPD/Au(111) relevant for nucleation 
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process is the one at very beginning of SLRR reaction. Hence, in the above equation, we 

can assume that        . Using the SLRR reaction kinetics parameters from Table 6-1, 

Eq.(6-7) takes the form which is used to fit the data in Figure 2A. 

0

3/

,,0 )()1( nn N

CuoCuo

SLRR

Pt   .    (6-8). 

The only adjustable parameter in our model is the surface diffusivity of Pt 

wrapped up in the value of    and the constant  . All other parameters are defined in 

Table 6-1 and Table 6-2 or they are measured experimentally (n0).  As one can see, the 

model achieves a very good qualitative description of the experimental data for N=4, 

Figure 6-11A. This value of the reaction order transpires form the stoichiometry of the 

SLRR [125]. The proper determination of the reaction order is somewhat challenging 

task. In previous study of this system, the reaction order N=2 was determined by fitting 

of OCP transients with reaction kinetics equation [81]. The N=2 implemented in our 

model does provide a good fit for the data in in the range 0.63 ≤     ≤ 1. For lower 

values of      , our model diverges from experimental data, Figure 6-11A. At this point, 

we take N = 4 as the correct assumption for the reaction order and use it in our further 

discussions. 

 The obtained value of   from the model fit to the experimental data is very close 

to 1, Table 6-2. As we discussed previously, this indicates that nucleation probablility for 

Pt atoms landing on top of the Cu UPD layer is very low, 009.0))1(( CuPtnP  . The 

value of S

PtD =(3.5±0.3)×10
-8 

cm
2
s

-1
, obtained from fit (N=4) represents the surface 

diffusivity of Pt adatoms on Au(111) during SLRR of CuUPD/Au(111). To some extent, 

this value is difficult to compare with existing literature data. They are available for Au 
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on Au and Pt on Pt diffusion in 0.5 M H2SO4 [126] (between 10
-13

 and 10
-17

cm
2
s

-1
). The 

obtained value of S

PtD is significantly higher than the ones reported for either metal. In 

fundamental sense, this means that the activation energy involved in the diffusion hop of 

Pt on Au surface in the presence of Cu UPD adatoms is significantly lower than the one 

for clean metal surface. The presence of Cu UPD adatoms on the surface could facilitate 

formation of more mobile Pt-Cu dimmers as an intermediate step in formation of Pt 

nuclei. They could act as promoters for Pt diffusion process. In addition to that, the 

presence of chloride ions adsorbed on top of Cu UPD or Au surface upon liberation from 

Pt complex could additionally promote surface diffusion of Pt as well. 

 

Figure 6-13. Model predictions for SLRR

Ptn vs.       dependence on SLRR reaction kinetics 

parameters and reaction solution design. 
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The analytical model described here presents itself as a tool to analyze the effect 

of different experimental conditions on Pt nucleation density and PtML/Au(111) 

morphology. In Figure 6-13, the plot of Eq.(6-8) (bold line) using parameters from the 

Table 1, and Table 2, with N=4 is presented as starting point in our discussion. In the first 

case, we discuss the effect of KSLRR. Earlier study showed that bulk concentration of Pt 

ions in reaction solution has significant effect on the KSLRR value, Table 6-1 [81]. A 100× 

dilution of {PtCl6}
2-

 concentration, (from 10
-3

 M to 10
-5

 M {PtCl6}
2-

) results in 40× 

decrease in KSLRR, (KSLRR=0.089, Table 1). Considering that  ~ (KSLRR)
1/3

, ≈ 4× lower 

nucleation rate is expected. The calculated functional relation between SLRR

Ptn and      for 

10
-5

 M {PtCl6}
2- 

is shown in Figure 6-13 as dashed line. The mathematical form of the 

relation does not change. Yet, a lower value of   makes the difference between 

minimum and maximum point in nucleation density only 9 %. Obviously, higher 

concentration of {PtCl6}
2- 

would produce also a large effect but in opposite direction. 

Based on this discussion, one should notice that the control of the average nanocluster 

size in PtML/Au(111) is a very strong function {PtCl6}
2- 

concentration in electrolyte and 

the coverage of the     in SLRR reaction.  

The choice of supporting electrolyte in SLRR reaction involving CuUPD/Au(111) 

has decisive effect on the oxidation state of Cu. In the case of 0.1 M HClO4, the absence 

of complexing ability for Cu  renders the Cl
-
 liberated from {PtCl6}

2- 
 as the only ligand 

at the interface. This situation leads to formation of {CuCl2}
-
 complex with Cu being +1 

oxidation state and m/p = 0.25, Table 6-1 [78]. However, if reaction solution has an 

abundance of sulfate ions, (for example: 0.1 M H2SO4) the Cu oxidation state in SLRR 

reaction is +2 [28,78]. This means that m/p ratio is 0.5. The reaction rate constant in this 
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electrolyte is slightly higher too, (KSLRR = 4.08 s
-1

, Table 6-1[81]). Both effects make the 

value of    ≈ 30% larger. The additional fact is that reaction order in terms of 

     changes to N=2 [81,125]. This affects qualitative shape of the curve and the position 

of the maximum shifts to     ≈ 0.4. Therefore, for the same concentration of Pt ions in 

solution (10
-3

 M) but with 0.1 M H2SO4 supporting electrolyte, a roughly 30% higher  

SLRR

Ptn  values are expected in 0 <      < 1 range with qualitatively different SLRR

Ptn

and     dependence, (Figure 6-13,dash-dot line). Following the same logic, further 

enhancement in nucleation density should be expected if the {PtCl6}
2- 

ion is replaced 

with {PtCl4}
2-

 making the m/p =1. In this case, the  value ≈ 60% larger. In addition, one 

Pt ion reacts with one Cu UPD adatom and the reaction order takes N=1 [125]. Both 

changes, in reaction stoichiometry and in reaction order, make a major impact on the Pt 

nucleation density, (Figure 6-13, dash-dot-dot line). The maximum value in SLRR

Ptn vs. 

     dependence increases almost 75% and further shifts toward lower      (     = 0.23). 

The overall conclusion is that larger m/p ratio produces higher nucleation density and 

PtML/Au(111) with smaller nanoclusters. The opposite is true when reaction order is 

considered. The higher the SLRR reaction order, the lower Pt nucleation density is, i.e.  

PtML/Au(111) morphology with larger nanoclusters is expected. 

6.3.3.3 IR Results  

An adsorbed CO molecule forms   and   bonds with a Pt surface. The latter one 

represents predominant contribution to the adsorption process [24,35,63]. The   bond is 

formed through back donation of d-electrons from Pt into the  *-antibonding molecular 

orbital of CO. Changes in the d-band center energy of the Pt ML due to the 2D finite size 

effect influence the strength of Pt-CO and C=O bonds simultaneously [63]. The shift in 
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the energy of d-band center of Pt can be measured indirectly by observing the change in 

stretching frequency of the C=O bond of an adsorbed CO molecule [35]. More d-  * 

back donation means stronger Pt-CO bond but, at the same time, a weaker C=O bond. 

Shift in starching band of CO in particular bonding configuration on Pt towards lower 

wave number means an increased strength of the Pt-CO bond [35].  In Figure 6-14, the 

SNIFTIRS data are shown for CO ML adsorbed at -0.1 V vs. SCE on two different 

PtML/Au(111). They are deposited via SLRR of CuUPD/Au(111) with coverage of       = 

0.64 and      = 1. According to our results in Figure 6-11B, they have distinct 

morphology in terms of their average Pt nanocluster size ( PtS =13 nm
2
 and PtS =35 nm

2
). 

The SNIFTIRS data for each PtML/Au(111) show starching bands for linear and bridge 

Pt-CO bonding configurations. The starching bands centered at 1884 cm
-1

 are associated 

with threefold bonded CO molecule, COT.  The ones centered at 2048 and 2042 cm
-1 

are 

associated with linearly bonded CO molecule, COL. The SNIFTIRS data indicate that 

stretching frequency for COT has no dependence on PtML/Au(111) morphology. However, 

in the case of COL, the PtML/Au(111) with larger average size of Pt nanoclusters ( PtS =35 

nm
2
) has stretching band centered at 6 cm

-1
 lower wave number, (2042 cm

-1
). Indirectly 

this means a stronger Pt-CO bond on PtML/Au(111) with larger nanoclusters. This result 

can be understood following our previous discussion emphasizing the size dependent 

strain in Pt nanoclusters as an important parameter describing their catalytic activity 

[13,60]. Larger Pt nanoclusters have less size dependent compressive strain component, 

and thus, their active strain is closer to the epitaxial strain,     . In the case of 

PtML/Au(111),      is positive 4% [60]. This means that larger Pt nanoclusters have the 

energy of the d-band center sifted more towards the Fermi level as compared to the 
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smaller nanoclusters [13]. Therefore, PtML/Au(111) with larger nanoclusters appears as 

more reactive and stronger Pt-COL bond is expected. The difference in starching bands 

for COL for these two samples shows that morphology of the PtML/Au(111) is an 

important parameter for understanding its electrosorption behavior. The SNIFTIRS data 

suggest that choice of the      in SLRR reaction affects the obtained PtML/Au(111) 

activity. This data also emphasize the need for studying the SLRR

Ptn vs.      relation and 

parameters defining reaction kinetics in order to design experimental conditions for 

PtML/Au(111) with desired catalytic properties. 

 

Figure 6-14. SNIFTIRS data for CO monolayer adsorption on PtML/Au(111) with PtS

=13 nm
2
 and PtS =35 nm

2
. Spectra collected at 0.1 V, reference potential at 

0.8 V, CO admission potential at -0.1 V. All potentials quoted with respect 

to SCE. 
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6.4 Morphology Control of Pt Monolayers Deposition on Pd(hkl) and Pd 

Nanoparticles via Surface Limited Red-ox Replacement of Cu UPD Monolayer 

6.4.1 Introduction 

The main objective of this project was to determine the physical role and effect of 

citrate ions on SLRR kinetics for synthesis of PtML/Pd(hkl) single crystal and PtML/Pd-

core nanoparticles (shell-core) catalyst configurations. The extended objective was to 

quantify citrate effect on the SLRR reaction kinetics and to develop a comprehensive 

analytical model that can be used as a mathematical vehicle in studying the synthesis of 

the Pt-Pd shell-core nanoparticles catalysts obtained by SLRR reaction of Cu UPD 

monolayer. The additional objective of this work was to determine the effect of citrate on 

electro-sorption properties of PtML/Pd(hkl) single crystal and PtML/Pd-core nanoparticles 

(shell-core) catalysts. The further objective is to apply these findings to the optimum 

reactor design capable of realistic scale up of catalyst production capacities to an 

industrial level of solution volume.  

6.4.2 Results and Discussions 

6.4.2.1 Single Crystal Surfaces 

6.4.2.1.1 Linear Sweep Voltammetry Results 

The linear sweep voltammetry measurements were performed in order to 

investigate the effect of {Cit}
3-

 on stripping potential of CuUPD/Pd(hkl) and on deposition 

kinetics of Pt on Pd(hkl) from {PtCl4}
2-

 containing solution. Measurements were 

performed on Pd(111) and Pd(100) substrates. These data revealed that reversible 

potential for Pt
2+

/Pt as well as the stripping potential of Cu UPD monolayer on Pd(hkl) 

have not been affected by presence of citrate in solution. The representative data are 
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shown in Figure 6-15, for CuUPD/Pd(111) stripping and Pt deposition on Pd(111). The 

almost identical onset of Pt deposition in solution with and without {Cit}
3-

 indicates that 

there is no complexation of Pt ions with citrates, Figure 6-15. The same conclusion has 

been reached after extensive literature search, where no such reports could be found. The 

stripping of Cu UPD monolayer was expected to be affected by presence of {Cit}
3- 

in 

solution due to the known tendency for Cu to complex with {Cit}
3-

 [127]. However, the 

measurements showed only mild shift in stripping peak potential for Cu UPD on each Pd 

surface ((111) and (100)). The dominant anion in the solution during UPD stripping 

experiments was citrate ([{Cit}
3-

]>[{SO4}
2-

]), however unlike Cu bulk electrode, the Cu 

UPD monolayer has showed the same stability and the potential of the main UPD 

stripping peak as in solution without {Cit}
3-

.These results indicate that citrates do not 

affect the driving force for SLRR of Cu UPD monolayer and thus they do not have 

appreciable effect on the thermodynamics of the SLRR reaction and thermodynamics of 

Pt nucleation.  

 

Figure 6-15. (left) The LSV for Pt deposition on Pd(111) from solution containing citrate 

ions and citrate free solution. (right) Cu UPD stripping form Pd(111) form 

solution containing citrate ions and citrate free solution. 
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The important observation was made during LSV measurements for Pt deposition 

on Pd(hkl) surfaces. With presence of {Cit}
3- 

solution, the inhibition of Pt deposition in 

the potential range between 0.05 to 0.3 V vs. SCE was observed for both Pd surfaces. The 

inhibition was manifested by potential independent current regime (j=const.) which is the 

signature of transport limited deposition kinetics. In the case of Pd(111), the Pt deposition 

was inhibited after formation of the initial Pt deposit on Pd(111), Figure 6-15-dotted line. 

In the case of Pd(100), the inhibition is observed in the same potential range by delayed 

onset of the current increase, i.e., the inhibition of Pt deposition on bare Pd(100). 

6.4.2.1.2 Impedance Results 

The impedance measurements were performed to confirm/investigate the 

possibility of citrate adsorption on the Pt(hkl), Pd(hkl) and CuUPD/Pd(hkl) during the 

SLRR reaction. The measurements were performed in low electrolyte concentration 

solutions and high electrolyte concentration solution ({SO4}
2-

). The former case yielded 

more useful information regarding citrate adsorption phenomenon. The impedance data 

revealed that citrate do adsorb on each of the mentioned surfaces. This phenomenon was 

detected by presence of lower capacitance values in the solution with citrate ions and by 

presence of wider characteristic capacitance well on CDL vs. E curves, Figure 6-16 [128]. 

Most likely, citrate adsorbed phase represents a low-density disordered phase/layer 

strongly interacting with the metal surface, which could have thickness beyond the 

dimensions of a single molecule. In the same potential range where the Pt deposition 

inhibition was observed, the lower value of double layer capacitance were measured on 

each of the surfaces indicating strong correlation between the citrate adsorption and Pt 

deposition inhibition phenomenon. The lowest values of double layer capacity for 
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CuUPD/Pd(100) and CuUPD/Pd(111) surfaces were observed at potentials of 0.1-0.15 V and 

0.01V vs. SCE. The representative CDL vs. E curves for these two surfaces are shown in 

Figure 6-16. 

0.00 0.05 0.10 0.15 0.20
10

20

30

40

50

60

70

80

90

100

 10
-5
 M H

2
SO

4

 10
-5
 M H

2
SO

4
 + 0.021 M Citric acid

 

 

C
D

L
 /
 

F

E / V vs. SCE

Cu
UPD

/Pd(100)

1 Hz

capacitance well

0.00 0.05 0.10 0.15 0.20
10

20

30

40

50

60

70

80  10
-5
 M H

2
SO

4

 10
-5
 M H

2
SO

4
 + 0.021 M Citric acid

 

 

C
D

L
 /
 

F

E / V vs. SCE

Cu
UPD

/Pd(111)

capacitance well

 

Figure 6-16. CDL vs. E curves deduced from electrochemical impedance measurements 

for CuUPD/Pd(100) (left) and CuUPD/Pd(111) (right). Solutions details and 

regions of capacitance wells indicated in the graph. 

6.4.2.1.3 STM Results 

The scanning tunneling microscopy (STM) was employed to assess the qualitative 

difference between the morphology of Pt monolayers obtained by SLRR of Cu UPD with 

and without presence of {Cit}
3-

 in the reaction solution. The STM results revealed that Pt 

monolayer produced during SLRR of Cu UPD monolayer from citrate containing 

solution is 100% consisting of 2D Pt clusters merged in the complete layer. In the case of 

SLRR of Cu UPD monolayer without citrate presence in solution, the morphology of the 

Pt deposit was found to be not uniform, with significant portion of 3D Pt clusters, and not 

complete coverage of Pd(hkl) surface. The representative STM images of Pt deposits on 

Pd(111) are shown in Figure 6-17. From these and previous results indicating citrate 

adsorption on the Pt(hkl), Pd(hkl) and CuUPD/Pd(hkl) surfaces transpires the descriptive 
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model of the citrate role. The adsorbed citrate layer serves as a suppressor of the Pt 

deposition process. This suppression, manifested through the potential independent 

current region in LSV data (transport control), is also reflected in the action of citrate to 

block further 3D growth of Pt on top of formed Pt(111) nuclei, resulting in more uniform 

outlook of the deposit. In addition, the adsorbed citrate phase enhances the energetic 

uniformity of Pd(hkl) and CuUPD/Pd(hkl) surfaces for nucleation process resulting in 

more uniform distribution of the Pt nuclei, and very uniform 2D Pt deposit.  

 

Figure 6-17. STM image of Pt deposit on Pd(111) obtained during SLRR of Cu UPD 

monolayer from citrate-free (left) and citrate containing solution (right). 

The scale of the images are 100 100 nm (left) and 120 120 nm (right). 

The additional effort was made to study the structure of adsorbed citrate layer on 

Pt and Pd surfaces. The potential range for insitu STM imaging was chosen where 

maximum adsorption of citrate is expected, inferred from the previous impedance studies.  

These results (Figure 6-18) did not revealed qualitatively new information. The adsorbed 

citrate layer was found to be disordered, and appearing as a small-scale roughness on the 
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Pd terraces.No quantitative description was made about citrate adsorbed phase form STM 

data.  

 

Figure 6-18. STM image of citrate adsorption on Pd(111) surface. Imaging potential:100 

mV vs SCE. Solution: 0.05M H2SO4. 

6.4.2.1.4 Reaction Kinetics Results 

The initial modeling and analysis of reaction kinetics data was based on the 

theoretical approach developed earlier by Gokcen et al [81]. The reaction kinetics was 

established based on the model fits to the OCP data. For both Pd surface terminations, the 

stoichiometry of red-ox reaction was assumed to be the one where every Cu UPD atom is 

replaced by one Pd atom. This yields the surface limited red-ox reaction defined as: 

  ClCuhklPdPtPtClhklPdCuUPD 4)(/}{)(/ 22

4
.  (6-9) 

The OCP analysis and modeling for both Pd surface terminations have shown a 

distinct difference between OCP transients for citrate-free and citrate containing reaction 

solutions. The reaction kinetics modeling of the OCP data has shown quite large 
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dependence of the reaction rate constants and reaction order on the presence of citrates in 

the solution. The representative data are shown in Figure 6-19. In the case of citrate free 

solutions, the red-ox process defined in Eq.(6-9) was found to obey first order reaction 

kinetics, Eq.(6-10) as,  

  )))"exp(1ln("())"exp()"exp(][013.0 2/3

0 tktktkgtkfVEE  
,

 (6-10) 

while in the case of citrate containing solution, the OCP data followed model with 

reaction order being equal to zero, i.e. the transport limited reaction kinetics (TLRR), 

Eq.(6-11) as,  
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The reaction rate constant was found to be an order of magnitude smaller in the case of 

citrate containing solution. There was no appreciable difference found in the values of 

rate constants obtained between CuUPD/Pd(100) and CuUPD/Pd(111) surfaces in the same 

solutions.  

In the above models, f, g, and E0 are fitting parameters describing the 

thermodynamics of the Cu UPD stripping process [81], and k” (1
st
 order) and k0 (0 order) 

represent reaction rate constants. In the case of zero order reaction kinetics or TLRR, k0 

is defined and it could be estimated in terms of concentration of Pt ions in the solution, 

diffusion layer thickness, Pt ion diffusivity and surface concentration of Cu UPD adatoms 

in a full UPD monolayer [81]; 
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The important results coming from this analysis is that the potential range of 

citrate adsorption on CuUPD/Pd(hkl) surface falls in a perfect agreement with the potential 

range where the OCP data are modeled by TLRR kinetics, Figure 6-19. Knowing that in 

the same potential range the inhibition of Pt deposition on Pd(hkl) is observed, these facts 

altogether indicate that the transport limitations for Pt ion arrival on the CuUPD/Pd(hkl) 

surface is the dominant phenomenon defining the reaction kinetics. 
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Figure 6-19. The OCP data SLRR defined by Eq.(6-11) in the solution containing 0.05 

M H2SO4+0.35 M CuSO4 + 0.00255 M K2PtCl4 for CuUPD/Pd(111). (left) 

solution containing 0.21 M Cit
3-

, k0=9 10
-4

 s
-1

. (right) no Cit
3-

 in the 

solution. 

Table 6-3. Reaction rate constant of the replacement reaction on Pd(111) and Pd(100) 

surfaces, with Cu UPD as sacrificial layer. 

 Surface  k0 / s
-1

 

CuUPD/Pd(111) 92      (fitting) 

CuUPD/Pd(100) 222      (fitting) 

The additional results  is that the reaction rate constants in solution with citrate 

presence differs very little for (100) and (111) surface terminations, Table 6-3, The small 
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difference can be explained easily using arguments of different surface concentration of 

Cu UPD monolayer on Pd(100) and Pd(111) surface,           vs.         . From 

geometrical point of view, the packing density and surface concentration of Cu UPD 

monolayer on (100) surface is ~2 times smaller, and thus, the two times larger reaction 

rate constant is expected from the definition of k0 presented by Eq.(6-12). This analysis 

additionally supports the model describing the role of adsorbed citrate as an additional 

transport barrier for Pt ions towards reacting surface rather than being considered as 

spectator specie in the red-ox process. 

6.4.2.1.5 Model Construction and Approximations 

The main assumption of the analytical model can be explained as following; In 

the presence of adsorbed citrate layer, the Pt ions has to diffuse a longer path than one 

presented by the geometric dimension of diffusion layer thickness,    , in order to 

encounter the suitable Cu UPD atom and engage in the red-ox process. This additional 

length for diffusion which is related to the presence of citrate,     , is modeled as directly 

proportional to the coverage of the adsorbed citrate phase on CuUPD/Pd(hkl) surface, via: 

citcit   .     (6-13) 

Here,   is the proportionality constant and cit is the coverage of the CuUPD/Pd(hkl) 

surface by adsorbed citrate phase. From Eq.(6-12) the new modified reaction rate 

constant reflecting the TLRR conditions in presence of adsorbed citrate phase is 

expressed as; 

citDL
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It is convenient to express the coverage of the citrate phase in terms of Langmuir 

adsorption formalism;  =B[{Cit}
3-

]/(1+B[{Cit}
3-

], here B is the equilibrium constant of 

the adsorption. This way, we relates the coverage of the adsorbed citrate phase with its 

concentration in the solution [129]. The resulting expression for the TLRR reaction rate 

constant reads then: 
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.   (6-15) 

The above expression is the analytical model for reaction rate constant for TLRR 

kinetics in presence of citrate in reaction solution. It is described in terms of the 

concentration of Pt ions and citrate ions in the solution. The term B represents the 

equilibrium adsorption constant for citrate. For the modeling of the experimental data, the 

  and B are the only adjustable parameters. The [{PtCl4}
2-

] and [{Cit}
3-

] are set by 

experimental conditions while other constants can be calculated from literature 

data[81,130], Table 6-4.  

Table 6-4. Parameters for 
citk ,0

calculation. 
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During our analysis and modeling of experimental data the obtained value of B 

and  are such that DLcit    condition is always satisfied. This means that the model 

can be further simplified to the form: 
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In situations where the addition of the Pt-citrate containing electrolyte in to 

reaction volume is conducted without significant bulk mixing, it is assumed that Pt ions 

reach CuUPD/Pd(hkl) surface while the {PtCl4}
2-

] and [{Cit}
3-

] are equal to the one 

considered for the whole reaction volume, or so called NOMINAL concentration. Then in 

the above equation, {{PtCl4}
2-

]=[{PtCl4}
2-

]N and [{Cit}
3-

] =[{Cit}
3-

]N, and the notation of 

the Eq.(6-16) has the form: 
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This form of the model is used to fit experimental data and extract the values of   and B 

constants for a given reaction volume, geometry and platinum and citrate concentrations.  

In the situations where rate of addition of the Pt containing electrolyte is studied, 

the analytical model derived in Eq.(6-15) and (6-16) can be further sophisticated to 

accommodate the dependence of the reaction rate constant on the Pt ion and/or Citrate ion 

solution addition rate. In practice, we want to see the reaction rate dependence on the 

{PtCl4}
2-

 and {Cit}
3-

 adding time, tA. In general, this problem is complex, and in order to 
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derive the analytical solution, we have used simplifications based on semi-empirical 

observations and mass balance of material in the reaction volume. 

We start consideration where the reaction time tR is always longer or equal than 

the addition time of the reactants, tA We also assume that the mixing of the solution is 

very good, and thus, as the {PtCl4}
2-

 and {Cit}
3-

 are introduced, the reaction starts 

immediately without any induction period ({PtCl4}
2-

 and {Cit}
3-

 reach CuUPD/Pd(hkl) 

immediately). This also means that the concentration of the Pt and citrate in the reaction 

volume is gradually increasing towards its nominal value as the reaction progresses. The 

flow of the {PtCl4}
2-

 and {Cit}
3-

 can be expressed as the total amount of the {PtCl4}
2-

 and 

{Cit}
3-

 added [mol] divided by the addition time [s], F=MPt/Cit/tA [mol/s]. The 

concentration over the time during reactant addition is  

 ( )  
   

 
,                                                      (6-18) 

where V is the reaction volume [L], and this condition applies for t<tA. Once we have 

added all {PtCl4}
2-

 and {Cit}
3- 

their concentration reaches its’ nominal value and stays 

constant throughout the rest of the reaction, C=CN (ttA). We can define now the average 

concentration of the reactants <C>, which is the function of the concentration of the 

reactants in particular moment during the reaction: 
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We split reaction time on the intervals from 0 - tA and from tA - tR where different 

regimes of concentration dependence vs. time apply. The average concentration over time 

of the reactants is then: 
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Replacing the corresponding expression for F, and knowing that CN=MPt/Cit/V we get the 

final form of the average concentration during the time of the reaction as: 
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This expression has the dependence of the adding time tA and reaction time tR. The 

reaction time is typically taken to be the time for which the potential transient reaches the 

value at which there is no more any CuUPD/Pd(hkl) on the surface. In our measurements 

we determined that this is when OCP reach the value of the potential above 0.35 V vs. 

SCE. However, from the reaction kinetics point of view, for zero order reaction, the 

reaction time, tR, can be taken as 2t½. This means that zero order reaction kinetics with 

initial concentration of reactant taken to be the initial coverage of the CuUPD (   =1), we 

write that t½=1/2k0 and tR=1/k0 [81,125].  Then the time average concentration of the 

reactant is then expressed as: 
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For the studies of reaction kinetics dependence on the adding time where 

{PtCl4}
2-

 and {Cit}
3-

 are added together, we replace the [{PtCl4}
2-

]N  and [{Cit}
3-

]N  in 

Eq.(6-17) with corresponding expression defined by Eq.(6-22). The final expression for 

reaction rate constant is then given as:  

 















































ANUPD

Cu

PtCl

N

NUPD

Cu

PtCl

cit

tPtCl
D

CitB
PtCl

D

k

]}[{
2

1

}{

1
1]}[{

2

4

}{

3

2

4

}{

,0
2

4

2
4

.  (6-23) 

In the case where the citrate is introduced before Pt in separate adding, then we 

substitute only [{PtCl4}
2-

] in Eq.(6-17) with corresponding expression defined by Eq.(6-

22). Then the dependence of the reaction rate constant on Pt only adding time is defined 

as: 
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6.4.2.2 Nanoparticles (NP) Substrate Geometry 

6.4.2.2.1 Kinetics Measurements 

The measurements of the reaction kinetics during SLRR of CuUPD/Pd-NP were 

performed on two types of substrate geometries. The first one, or supported CuUPD/Pd-NP 

on rotating disk electrode, was used to get fundamental confirmation of the mathematical 

model and extraction of the B and   parameters defining the transport limiting conditions 

induced by adsorbed citrate presence expressed through the     . In addition, the 
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simplification in the modeling is achieved after analysis of the data showing 

thatcit>>DLis valid assumption and k0f(), or k0f(DL). The second type of substrate 

i.e. loose powder configuration, was used for analysis and measurements on the model-

reaction vessel which was scaled down version of the existing set up at UTC power 

production lab, Figure 6-20. These measurements were used to extract realistic values of 

B and  parameters, which are used in modeling of the real reactor data. In addition, the 

reaction rate constant dependence on adding time and the effect of separate adding of 

{PtCl4}
2-

 and {Cit}
3- 

were studied using the same setup and sample geometry. 

 

Figure 6-20. The reaction vessel used to study reaction kinetics of “lose powder” sample 

configuration. 

6.4.2.2.1.1 Supported CuUPD/Pd-NP - Rotating Disk Experiments 

The generalized TLRR reaction rate constant described by equation (6-15) implies 

its direct proportionality to the concentration of Pt ions in the solution. This means that 

for fixed concentration of the citrate ions in the solution and rotation rate, a linear 

dependence of k0 should be observed. This linear dependence has the slope defined as: 
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It is evident that the slope of k0 vs. [{PtCl4}
2-

]N is a function of the citrate concentration 

in the solution, [{Cit}
3-

]N. To test both model assumptions more than 40 measurements 

were performed. They were done in 8 sets of experiments each set representing 

measurement for different concentrations of citrate, [{Cit}
3-

]N: 1      M, 7      M, 

2.1      M, 2.1      M, 5      M, 0.1 M, 0.15 M, and 0.21 M.   Each set of 

experiments represented measurements of reaction rate constant for five different 

concentrations of Pt ions, [{PtCl4}
2-

]N: 5      M, 2.5      M, 5      M, 2.5 

     M, 7.5      M, for a particular citrate concentration in the solution.  The example 

of one set of OCP measurements during red-ox reaction is shown in Figure 6-21. The part 

of the OCP data analyzed for TLRR kinetics by Eq.(6-11) is shown by square box. The 

corresponding rate constants extracted from the Eq.(6-11) fits to exp. OCP data are 

plotted against the  [{PtCl4}
2-

]N. The linear dependence of k0 on the  [{PtCl4}
2-

]N 

predicted by the model is evident. The slope of k0 vs. [{PtCl4}
2-

]N  for this set of data is 

shown as well. The same type of the measurements was repeated for other seven 

concentrations of citrate so that the final dependence of the slope vs. citrate concentration 

can be evaluated with respect to the model prediction defined by Eq.(6-25). 

The summary of the all measurements for the slopes of k0 vs. [{PtCl4}
2-

]N  

dependence for different citrate concentrations is shown in Figure 6-22. The model fit 

(Eq.(6-25)) for the range of citrate concentration, [{Cit}
3-

]N>0.0021 M, to the 

experimental data is shown by the solid line. The extracted values of parameters  and B 

form the fit are shown in Table 6-5. 
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Figure 6-21. (left) The OCP transients during SLRR of CuUPD/Pd-NP supported on 

carbon/glassy carbon rotating disk electrode. The rotation rate is 100 rpm. 

(right) The k0 vs. Pt ion concentration dependence obtained by analyzing 

data on the left is shown.  

As one can see, the analytical model for k0 vs. [{Cit}
3-

]N is a good representation 

of the experimentally observed trend for [{Cit}
3-

]N>0.0021 M range. For the case of 

[{Cit}
3-

]N0.0021 M the model does not explain the trend in reaction  rates (circled data). 

The reason for this is that for [{Cit}
3-

]N 0.0021 M, the citrates do not form adsorbed 

condensed phase on CuUPD/Pd-NP surface. In this citrate concentration range, the red-ox 

reaction kinetics obeys 1
st
 order type, and the citrate effect is not reflected on the Pt/Pd-

NP catalyst synthesis. For this reason, this range of citrate concentration was not of 

interest of studies.  
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Table 6-5. Eq.(6-25) parameters. 
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Figure 6-22 The extracted slopes from the k0 vs. [{PtCl4}
2-

]N experimental data for 

different concentrations of citrate in the solution. The blue line is model Eq.(6-25) fit to 

the data. The parameters of the model are shown in Table 6-5. 

The values of the   and B extracted from the model fit to the experimental data 

allow to estimate the additional diffusion length related to the citrate adsorption, cit. 

Using Eq.(6-13) the estimated value of cit ranges from 4 cm ([{Cit}
3-

]N = 0.021 M) to 

13.4 cm ([{Cit}
3-

]N =0.21 M). This proves that for the range of the [{Cit}
3-

]N where 

TLRR kinetics is observed it is reasonable to assume that cit>>DL . Therefore, the 

simplified expression for reaction rate constant where cit+DLcit, can be used, Eq.(6-

16). 

However, the presented arguments and calculations for simplified reaction rate 

constant expression need to be verified in experiments where the variation of the 

diffusion layer thickness, DL, is investigated and its effects on the reaction rate constant 

is evaluated. For this reason, in the solution with known {PtCl4}
2-

 and {Cit}
3-

 

concentrations, the experiments measuring OCP during red-ox process were performed 

having different diffusion layer thickness controlled by rotation speed of the GC 

Lcm1-/mol
2

4}{
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electrode. The results are shown in Figure 6-23. The OCP transients from the red-ox 

process in the solution containing [{Cit}
3-

]N=0.21 M and [{PtCl4}
2-

]N=5      M for six 

different rotation speed were investigated. The extracted TLRR reaction rate constants 

are plotted as a function of the 
-0.5

. The DL is directly proportional to the 
-0.5

, Table 6-

3. If there would be significant improvement of the reaction kinetics defined by Eq.(6-15), 

the decrease of the diffusion layer thickness will lead to the k0 vs. 
-0.5 

dependence 

having a decreasing trend.   
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Figure 6-23. (left) The OCP transients during SLRR of supported CuUPD/Pd-NP in 

presence of [{Cit}
3-

]N=0.21 M and [{PtCl4}
2-

]N=5     M. (right) The 

extracted values of k0 obtained by fitting TLRR model kinetics (Eq.(6-15)). 

However, our data in Figure 6-23 show that k0const, i.e. rotation rate 

independent trend. This suggests, as discussed previously, that decrease of the diffusion 

layer thickness is not contributing to improved kinetics of TLRR during catalyst synthesis. 

The adsorbed citrate layer represents a dominant barrier for transport of Pt ions and 

cit+DLcit, applies whenever the [{Cit}
3-

]N>0.0021 M. Based on this data and previous 

arguments related to the extracted values of  and B, we assume well justified to use a 

simplified reaction rate constant definition defined by Eq.(6-17). 
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6.4.2.2.1.2 Loose Powder Experiments 

The experiments performed for this sample configurations and reactor set up 

(Figure 6-20) aimed to extract the realistic parameters of the TLRR reaction kinetics 

model that will be used to predict reaction rate constants for the experimental conditions 

met at the industrial scale reactor vessel. The first set of experiments were performed to 

test the analytical model dependence on citrate concentration. In this experiments, 

the[{PtCl4}
2-

]N was fixed, 3.2     M, while the [{Cit}
3-

]N was varied. The {PtCl4}
2-

 

and {Cit}
3-

 were added together and the adding time, tA was 10 minutes, drop by drop. 

The OCP data from the red-ox process are shown in Figure 6-24. They are fitted by 

Eq.(6-11) in the potential range where TLRR reaction kinetics is expected, indicated with 

square box. The extracted values of k0AT (AT=adding together), were plotted against the 

nominal citrate concentrations and they are shown in Figure 6-24 as well.  

The reaction rate constant model defined by Eq.(6-17) is used to fit the reaction 

rate constant dependence on citrate concentration. The extracted parameters of the model 

  and B are shown in Table 6-6. The value of the B -equilibrium adsorption constant is 

much larger than the one extracted in RD experiments with supported NP samples on GC 

electrode (Table 6-6). This discrepancy suggests that free CuUPD/Pd-NP on lose carbon 

without nafion film have much larger coverage of the citrate phase. Perhaps, the nafion 

layer and configuration of the supported catalyst are such that the formation of adsorbed 

citrate phase on CuUPD/Pd-NP on GC electrode is somewhat hindered.  
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Figure 6-24. (left) The OCP transients during SLRR of CuUPD/Pd-NP lose powder 

electrode, [{PtCl4}
2-

]N=3.2      M in solution. Citrate and Pt ions are 

added together. (right) The extracted values of k0AT. 

Table 6-6. Eq.(6-17) parameters for {PtCl4}
2-

 and {Cit}
3-

 added together case 

The adding time, tA, in the discussed experiments was comparable to the reaction time, tR.  

Because of that, the extraction of the model parameters was also done using the model 

where the tA is implemented. This additional effort served to address the fact that during 

reaction time, tR,  citrate and Pt ion concentration were changing from 0 to its’ nominal 

value, Eq.(6-23). The model fit is shown in the Figure 6-24, and the extracted parameters 

of the model are shown in Table 6-7. 
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Table 6-7. Eq.(6-23) parameters for {PtCl4}
2-

 and {Cit}
3-

 added together case. 

 

 

 

 

 

As evident form Figure 10, both models, (Eq.(6-17) and Eq.(6-23)), give a very good 

description of the observed experimental trend. They are almost indistinguishable. The 

very important fact is that both models yield identical values of the equilibrium 

adsorption constant for citrate, which is a remarkable result. The discrepancy between the 

models is in the obtained value of the proportionality constant . The obtained  values 

differ almost 30%, Table 6-6 and Table 6-7. Obviously, for the prediction of the reaction 

rate constants for the industrial reactor data, both values have to be considered. The one 

yielding the better prediction will be chosen as the appropriate one.  

The second set of experiments aimed to explore the kinetics of TLRR for 

CuUPD/Pd-NP-lose powder when {PtCl4}
2-

 and {Cit}
3-

 are added separately. In this case, 

it is expected that citrate-adsorbed layer is formed before the Pt ions are introduced. This 

data could also serve to extract more credible values of parameter  which, can be used 

to model industrial reactor reaction rate constants. The OCP results are shown in Figure 

6-25 together with the values of the reaction rate constants (k0AS, AS=added separately) 

extracted from the Eq.(6-11) fits to the OCP data. 
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Figure 6-25. (left) The OCP transients during SLRR of CuUPD/Pd-NP lose powder 

electrode, [{PtCl4}
2-

]N=3.2 10
-4

 M in solution. Citrate and Pt ions are 

added separately. (right) The extracted values of k0AS. 

The extracted values of model parameters from the fit of Eq.(6-17) to 

experimental k0 vs. [{Cit}
3-

]N is shown in Table 6-8. The most important observation in 

these experiments is that separate adding of Pt and Citrate ions yields faster reaction 

kinetics. The value of parameter  is identical to the one extracted in the “{PtCl4}
2-

 and 

{Cit}
3- 

added together-experiments” which were analyzed using the same model, Eq.(6-

17). The equilibrium adsorption constant B is ~40% smaller than what is determined in 

the “{PtCl4}
2-

 and {Cit}
3- 

added together-experiments”. The separate adding of {PtCl4}
2-

 

and {Cit}
3- 

obviously affects the value of cit, making it smaller which produces 

comparably faster reaction kinetics 

 

 

 

  o  Exp 
---  Eq.(6-23) 
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Table 6-8. Eq.(6-17) parameters for {PtCl4}
2-

 and {Cit}
3-

 added separately case 
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The third set of experiments explored adding time dependence on the reaction rate 

constant.  For the fixed conditions of the experiment, the OCP transients were recorded 

for the red-ox process where the time of adding for {PtCl4}
2-

 and {Cit}
3-

 was changed 

from 5s to 960s.  The results are shown in Figure 6-26 (left). The extracted values of the 

reaction rate constants obtained by fitting the TLRR kinetics model, Eq.(6-11), to 

experimental OCP transients are also shown in Figure 6-26 (right).  

0 1000 2000 3000 4000 5000 6000 7000 8000

0.1

0.2

0.3

0.4

0.5

0.6

E
 v

s
 S

C
E

 (
V

)

time (s)

 2min

 10min

 16min

 90s

 5s

0 200 400 600 800 1000

1.0x10
-3

2.0x10
-3

3.0x10
-3

4.0x10
-3

5.0x10
-3

6.0x10
-3

7.0x10
-3

 Exp

 Eq.(14)

k
0

Adding time t
A
 / seconds

 

Figure 6-26. (left) The OCP transients of lose powder electrode, [{PtCl4}
2-

]N=1.5 10
-4

 

M and [{Cit}
3-

]N=0.025 M. Citrate and Pt ions are added together with 

different adding time for each OCP transient recorder. (right) The extracted 

values of k0AS. 
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The reaction rate constant dependence on the adding time was analyzed using 

model defined by Eq.(6-23). The fit of the Eq.(6-23) is presented in Figure 6-26 with 

blue-line. The obtained parameters of the model are shown in Table 6-9. 

Table 6-9. Eq.(6-23) parameters for {PtCl4}
2-

 and {Cit}
3-

 added separately case. 
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The time-dependent model defined by Eq.(6-23) succeeds to describe the 

experimentally observed trend of k0 vs. tA. The analysis of the results from “time 

dependent adding” set of results, Table 6-9, yields the negative citrate adsorption constant 

which has not physical meaning. Obviously, the application of this model to this set of 

experimental data yields only partial success. The conclusion is that values of B cannot 

be extracted from the Eq.(6-23) fit to the experimental data. In the case of the 

proportionality constant , the model that accounts time of the adding dependence, Eq.(6-

23), tends to estimate lower values of the (Table 6-9) then in the case of the standard 

model defined by Eq.(6-17), Table 6-6.  

The additional experiments were performed to evaluate the effect of bulk mixing 

during the red-ox process using CuUPD/Pd-NP lose powder sample geometry.The mixing 

was performed by magnetic stirrer bar, and for this reason there was no option to 

mathematically quantify the effect of mixing on reaction kinetics. However, the 

conclusion form this experiment is that bulk mixing does enhance and improve TLRR 
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reaction kinetics. Considering our RD experiments, the mixing in terms of reduction of 

the diffusion layer thickness does not provide improvements in the transport. However, 

mixing in terms of unification of the bulk values of the concentration does help the 

reaction kinetics, and this effect could be considered as analog to the effect of adding 

time tA. 

6.5 Morphology and Catalytic Properties of Monolayer Modified Surfaces 

The physical and chemical behavior of ultra-thin metal overlayers differs from the 

bulk due to diverse structural and quantum effects dominating their properties [11-13]. In 

the case of weak ligand (substrate) effects, the position of the d-band center of ultra-thin 

metal overlayers is mainly affected by the level of coherent strain in the overlayer [13]. In 

the case of positive strain (tensile strain), the energy of the d-band center shifts towards 

the Fermi level, and this results in increased reactivity of the metal overlayer. In the case 

of negative strain (compressive strain), the energy shift of the d-band center is away from 

the Fermi level and decreased reactivity is expected [14-16]. The ultimate configuration 

of ultra-thin catalyst overlayers in terms of their specific activity is the 2D monolayer or 

submonolayer configuration where coherent strain is directly dependent on the epitaxial 

relation between the monolayer and the substrate[113]. In addition, for the monolayer 

configuration the ligand effect is dominant and the substrate becomes essential for 

achieving desired properties of monolayer catalysts [131,132].  

Recently, the S. R. Brankovic et al. has reported that size-dependent strain in 2D 

nanoclusters has a significant effect on their catalytic activity [60]. Pt submonolayers on 

Au(111) having small Pt nanoclusters were found to be less active for the hydrogen 

oxidation reaction (HOR) than submonolayers with large nanoclusters. This trend 
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correlated well with the average strain in Pt nanoclusters indicating that smaller and less 

active nanoclusters also have less tensile strain. The synthesis of Pt-Ru/Au(111), 

Pt/Au(111), Ru/Au(111) and Pt/Pd(hkl) will be achieved using electrochemical/chemical 

methods such as SLRR [60]. STM and SNIFTIRS are used as characterization techniques 

as well as conventional electrochemical methods to study the surface morphology and 

catalytic properties. 

6.5.1 Pt-Ru/Au(111) “hybrid” Surface 

From the results of Pb UPD on Ru modified Au(111), at ΔE=0.275 V, Pb UPD 

starts by lateral decoration of the pre-existing Ru nanoclusters. So we can synthesis a 2D 

core-shell structure of Ru-Pt nanoclusters using the following step. First deposit 2D 

monolayer of Ru on Au(111) via SLRR of Cu UPD (Eq.(6-26)). Then decorate the Ru 

nanoclusters by Pb UPD at ΔE=0.28 V so that the Pb UPD is only deposited on the Ru 

nanocluster edges (Eq.(6-27)). Finally, replace the Ru nanoclusters’ surrounding Pb UPD 

shell by Pt via SLRR to allow the formation of the “hybridcluster of Pt-Ru” (Eq.(6-28 or 

29), Figure 6-27). This procedure can be expressed as: 

         (   )                 (   )       ,                        (6-26) 

        (   )      

        
→                 (   ),                           (6-27) 

            (   )  {     }
              (   )            ,      (6-28) 

           (   )  {     }
              (   )           .     (6-29) 
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Figure 6-27. Schematic of using SLRR of PbUPD/RuSMLAu(111) to obtain the 2D core-

shell structure of Pt-RuSML/Au(111). 

In the Pt-Ru “hybrid” cluster, the Ru clusters experience a tensile strain due the 

the much bigger lattice constant of Au than Ru, although the size effect should 

compensate the positive strain (〈   〉          is expected), but the epitaxial strain 

still dominates.After hybrid with Pt shell is formed, since the thickness of Pt shell is of a 

few atoms thick, so 〈   〉          is expected. 

 

Figure 6-28. (left) STM image of PtRu/Au(111) hybrid structure. Pt SLRR solution: 

0.1M HClO4 + 1 10
-3

 M {PtCl6}
2-

. (right) cluster distribution, with mean 

cluster size of 14.17 nm
2
. 

Figure 6-28 is the STM image of the Pt-Ru/Au(111) hybrid structure form in 

{PtCl6}
2-

 solution. The reaction stoichiometry follows Eq. (6-26,27,28). It is expected 
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that the cluster size of these hybrid clusters are comparable to the Pb UPD on 

RuSML/Au(111) surface (20.31nm
2
), meaning that the third step (Eq.(6-28)) in the 

synthesis process follows the SLRR reaction kinetics. 

The CO oxidation data is shown in Figure 6-29. Both structures show a very early 

onset of CO oxidation. The one deposited from {PtCl6}
2-

 ions starts around 0.1V vs SCE. 

The oxidation of CO start even early, for the one deposited from {PtCl4}
2-

 ions, almost on 

the adsorbing potential of CO (-0.1V vs. SCE).These potentials are much earlier than 

both Pt(111) and Ru(111) surfaces (Figure 1-4 [44]). 

 

Figure 6-29. CV of CO oxidation on Pt-Ru/Au(111) hybrid surfaces. CO is pre-adsorbed 

on the surface at -0.1V vs SCE. Black curve: synthesized using {PtCl6}
2-

 

solution. Blue curve, synthesized using {PtCl4}
2-

 solution. 
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The main oxidation peak at 0.32V and 0.38V vs SCE for the two surfaces has the current 

density comparable to the single crystal Pt(111) surface. We attribute this to the 

bifunctional mechanism (see section 1.5). The reason why it shows an even early 

oxidation than the PtRu alloy in ref [44] is because that the Ru core undergoes a +7% 

strain from the substrate, although there is a compressive strain due to the size effect, the 

net strain is still positive, so the activity of these Ru cores are very high in terms of 

adsorbing OH. On the other hand, for the Pt shell, which is very thin, the dominating 

strain should be negative as a result of size effect, so its bonding to CO is very week 

comparing to Pt(111) surface. The CO molecule which bond to the Pt shell very weak, 

can be easily oxidized by the OH species bonded to the Ru core, resulting a very high 

tolerance of CO poisoning, i.e. a very early onset of CO oxidation.  

 

Figure 6-30. SNIFTIR of CO adlayer on Pt-Ru/Au(111) hybrid surfaces. Pt SLRR 

solution: 0.1M HClO4 + 1 10
-3

M {PtCl6}
2-

. Reference spectrum was 

taken at 0.9V vs SCE. 

Figure 6-30 is the SNIFTIRS of CO adlayer on the hybrid surface. CO is bond 

with the metal surface through linear bond and threefold bond. The stretching frequency 

2047 

COL COT 



123 

 

of CO linear bond at 100mV vs SCE is 2047, and it increases when increasing the applied 

potential. This phenomenon is called stark effect (see section 1.5). 

6.5.2 Pt/Au(111)Surface 

To compare our Pt-Ru/Au(111) hybrid nanoclusters with other submonolayer 

modified Au(111) surfaces, Pt/Au(111) via Cu SLRR is also studied following same 

procedure. Also, in this case, the Pt/Au(111) surfaces are prepared with both {PtCl6}
2-

 

solution and {PtCl6}
2-

 solution. The two stoichiometries can be expressed as: 

     
  

 

 
{     }

   
 

 
    {     }

  
 

 
    and                      (6-30) 

     
  

 

 
{     }

   {     }
  

 

 
   .                                 (6-31) 

We can see that the due to different depositing solution, different coverage of Pt 

nanoclusters is expected. Besides, as we learned from section 6.3, the nucleation density 

can be affected by reaction stoichiometry, reaction rate constant and reaction order. The 

simulated curve of nucleation density is presented in Figure 6-13. Eq.(6-30) is 

represented by the red curve, and Eq.(6-31) is represented by the blue curve. Although 

the Pt monolayer is deposited through full coverage of Cu UPD, the coverage in the real 

situation is always less than 1, so the nucleation density of Eq.(6-30) is lower than that of 

Eq. (6-30). And this is proved by the STM images (Figure 6-31). The cluster size of Pt 

deposited from {PtCl6}
2-

 is 10.92nm
2
 and is larger than the one deposited from {PtCl4}

2-
 

(7.63nm
2
). 
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Figure 6-31. STM image of Pt/Au(111) structure.(left) Pt SLRR solution: 0.1M HClO4 + 

10
-3

M {PtCl6}
2-

. Mean cluster size: 10.92nm
2
. (right) Pt SLRR solution: 

0.1M HClO4 + 10
-3

M {PtCl4}
2-

. Mean cluster size: 7.63nm
2
. 

The CV of monolayer CO oxidation on the Pt/Au(111) surfaces are shown in 

Figure 6-32. The CO oxidation curve on hybrid structure ({PtCl6}
2-

) is also shown for 

comparison (see the Figure 6-32). The onset of Pt/Au(111) from {PtCl6}
2-

 solution starts 

at around 0.57V vs. SCE, and is higher than the Pt nanoclusters deposited from {PtCl4}
2
 

solution (onset at around 0.49V). This trend of earlier CO oxidation onset for 

nanoclusters deposited from {PtCl4}
2-

 is similar with the hybrid clusters, which means 

that the CO binding on the former surface should be stronger due to the size effect, and it 

is too strong that inhibits the oxidation reaction. 
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Figure 6-32. CV of CO oxidation on Pt/Au(111) surfaces. CO is pre-adsorbed on the 

surface at -0.1V vs SCE. Black curve: synthesized using {PtCl6}
2-

 solution. 

Red curve, synthesized using {PtCl4}
2-

 solution. Blue-dotted curve, Pt-

Ru/Au(111) hybrid structure. 

The SNIFTIRS of CO monolayer adsorbed on the Pt/Au(111) surface is shown in 

Figure 6-33. Comparing the spectra at 0.1V for both surfaces, the linear CO bond 

frequency for Pt/Au(111) deposited from {PtCl6}
2-

 solution surface (2045 cm
-1

) is 

stronger than the one from {PtCl4}
2-

 solution (2058 cm
-1

), since the higher frequency of 

C=O bond represents a stronger C=O bond and thus a weaker metal-C bond. This result 

agrees with the STM images which reveals that the cluster size of the Pt/Au(111) 

deposited from {PtCl6}
2-

 solution surface is bigger than the one deposited from {PtCl4}
2-

 

solution. It also confirms the prediction of the analytical model from section 6.3. 
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Figure 6-33. SNIFTIR of CO adlayer on Pt/Au(111) surfaces. Reference spectrum was 

taken at 0.9V vs SCE.(left) Pt SLRR solution: 0.1M HClO4 + 10
-3

M 

{PtCl6}
2-

. (right) Pt SLRR solution: 0.1M HClO4 + 10
-3

M {PtCl4}
2-

. 

6.5.3 Ru/Au(111) Surface 

To better understand the hybrid cluster properties, Ru/Au(111) Surface is 

deposited via SLRR by Cu UPD. The reaction follows the stoichiometry as described 

below: 

     
  

 

 
          {     }

  
 

 
   .                         (6-32) 

The surface morphology revealed by STM is shown in Figure 6-34. The mean size of Ru 

nanoclusters is 6.64nm
2
.  

From Figure 6-35, we can see that there is one oxidation peak on the Ru/Au(111) 

surface at 0.38V vs. SCE, which is close to the main oxidation peak on the Pt-Ru hybrid 

surface. The other important information we can conclude from this graph is that the 

current density on the Ru/Au(111) surface is much smaller than the hybrid surface, which 

is expected, since the CO adsorption on Ru is very weak. 

2045 2058 
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Figure 6-34. STM of Ru/Au(111) surface via SLRR of Cu UPD. Mean cluster size: 6.64 

nm
2
. 

 

Figure 6-35. CV of CO oxidation on Ru/Au(111) hybrid surfaces. CO is pre-adsorbed on 

the surface at -0.1V vs SCE. Black curve: Ru/Au surface Red-dotted curve, 

Pt-Ru/Au(111) hybrid surface. 
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Figure 6-36 shows the SNIFTIRS of monolayer CO oxidation on Ru/Au(111). 

The stretching frequency of CO is very weak comparing to the Ru(0001) single crystal 

surface []. We expected that similar to Pt/Au(111) surface, the metal-CO bond is stronger 

than that of single crystal, due to the tensile strain from the substrate. This opposite trend 

comparing to Pt modified Au(111) may be contributed to the reason that the Ru 

nanoclusters are easily oxidized at this potential resulting from the high activity towards 

OH species, and thus the CO adsorption is very weak. 

 

Figure 6-36. SNIFTIR of CO adlayer on Ru/Au(111) surfaces. Reference spectrum was 

taken at 0.9V vs SCE. 

6.5.4 PtxRu1-x/Au(111) “Alloy” Surface 

PtxRu1-x/Au(111) “Alloy” Surface is obtained by forming Pt-Ru cluster from 

mixed solution of 10
-3

M {PtCl6}
2-

 and 10
-3

M Ru
3+

 ions via Cu UPD. The ratio of 

deposited Pt and Ru cannot be deducted by our present experimental tools, yet we expect 

Ru rich alloy according to the stoichiometry. 
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The STM image is shown in Figure 6-37. Two size distributions of cluster size are 

observed, but no distinction of the nanoclusters whether they are Pt, Ru or PtxRu1-x can be 

made from the image. 

 

Figure 6-37. STM of PtxRu1-x/Au(111) “Alloy” Surface. Two size distributions are 

observed on the surface. 

 

Figure 6-38. CV of CO oxidation on PtxRu1-x/Au(111) alloy surface. (left) compared 

with Pt-Ru hybrid surface (black curve: alloy surface, red-dotted curve, 

hybrid surface). (right) compared with Pt/Au(111) and Ru/Au(111) 

surface, (black curve: alloy surface, red-dotted curve: Pt/Au(111) surface, 

blue-dotted curve: Ru/Au(111)). 
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The CO oxidation data of this alloy surface shows two separated peaks, one at 

0.38V, the onset of the other at around 0.62V vs. SCE. These two peaks resemble the 

sum of Pt/Au(111) and Ru/Au(111) oxidation peaks (Figure 6-38 (right)). So it is 

reasonable to conclude that the alloy structure shows two separated phases of Ru and Pt, 

i.e. not interacting with each other. Therefore no enhancement of CO oxidation or 

bifunctional phenomenon is observed as comparing to the hybrid structure. Also, the 

oxidation current density is similar to Pt/Au(111) and Ru/Au(111), which is a further 

proof of the separated phases.  

SNIFTIRS is shown is Figure 6-39. The CO bond on this alloy surface (2042 cm
-1

 

at 0.1V) is stronger than both Ru and Pt modified Au(111) and also the Pt-Ru hybrid 

clusters, meaning lower activity towards CO oxidation. 

 

Figure 6-39. SNIFTIR of CO adlayer on PtxRu1-x/Au(111) alloy surfaces. Reference 

spectrum was taken at 0.9V vs SCE. 
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6.5.5 Comparison of SNIFTIRS data of Monolayer CO Oxidation on the Modified 

Au(111) Surfaces 

To explore more details regarding the CO bond with the modified metal surfaces, 

the spectrum taken at 0.1V vs. SCE was selected from spectra data of each surface, as 

shown in Figure 6-40.  

First, the vibration frequency of CO on Pt/Au(111) surfaces is lower than that on 

Pt(111) surface. As we discussed previously, the dominating tensile strain induced from 

the Au(111) substrate over the compressive strain from size effect is the reason for a 

shifted higher d-band center and thus stronger metal-C bond. For the hybrid surface, the 

CO vibration frequency is lower than both Pt/Au(111) and Ru/Au(111), and thus 

indicates stronger M-CO bond. But the alloy surface presents an even lower frequency 

than the hybrid surface, which means an even stronger M-CO bond. According to the CO 

oxidation data, PtRu alloy nanoclusters do not show a high activity. We attribute this to 

the fact that the CO bond on the alloy surface is too strong. 



132 

 

 

Figure 6-40. Spectra collected at 100 mV vs. SCE of each modified surfaces, referent 

spectra taken at 900mV vs SCE. 

6.5.6 Pt Monolayer Modified Pd(100) Surface 

Besides the Au(111) surface, we also used Pd(100) as the substrate to study the 

modified surface behavior. Pt/Pd(100) is synthesized via SLRR of Cu UPD monolayer in 

sulfuric acid. The SLRR reaction follows: 

     
  {     }

      
                 .                     (6-33) 

The stoichiometry m/p = 1, so a high coverage over the Pd(100) is expected (Figure 6-40). 

The Pt nanoclusters almost cover the entire Pd(100) surface with a uniform distribution.  
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Figure 6-41. STM of Pt/Pd(100) surface (left) and the cluster size distribution of this 

surface, with the mean cluster size ~3nm
2
. 

The epitaxial strain coming from the substrate is -0.85%, which is compressive and 

therefore the d-band center of the Pt monolayer is shifted down with respect to the Fermi 

level. In addition, the small size of the nanoclusters (~3nm
2
) also produce a compressive 

strain which further shift the d-band center down.However, it is known that for Pd and Pt, 

there is a strong d-orbital mixing (strong ligand effect), which means that the behavior of 

Pt/Pd(100) should be in between Pd and Pt. To examine this better, we did the SNIFTIRS 

study of the modified surface in comparison with the single crystal surfaces of Pd(100) 

and Pt(100). The results are shown in Figure 6-42. To get a better view of the IR data, a 

comparison is made with the spectra taken at 100mV vs. SCE of each surface (Figure 6-

43). 
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Figure 6-42. SNIFTIR of CO adlayer on Pd(100)(upper left), Pt(100) (upper right), and 

Pt/Pd(100) (lower left) surfaces. Reference spectrum was taken at 0.9V vs 

SCE. 
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Figure 6-43. SNIFTIR of CO adlayer on Pt/Pd(100) (green), Pt(100) (red), and 

Pd(100)(black) surfaces. Spectra collected at 100 mV vs. SCE of each 

modified surfaces, referent spectra taken at 900mV vs SCE. 

From the spectra at 100mV, a higher vibration frequency is observed for 

Pt/Pd(100) than both Pt(100) and Pd(100). This indicates that the strong compressive 

strain from the substrate-monolayer mismatch and the finite size effect due to the small 

cluster, shifts the d-band center away from the Fermi level and thus the Pt/Pd(111)-CO 

bond is weaker. This phenomenon dominates over the orbital mixing, otherwise, a CO 

stretching frequency in between the Pd(100) and Pt(100) should be observed. 
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7 Conclusion 

We first studied the Pb UPD on Pt modified Au(111) surface. It reveals several 

important results which are of broader significance for fundamental understanding of the 

UPD process on modified-bimetallic surface. The decoration of Pb UPD on the modified 

surfaces starts with the defects sites free from Pt clusters. Further UPD process continues 

by formation of Pb UPD nuclei on Au terrace which is similar to Pb UPD on 

Au(111).This is an important result and suggests the apparent Pt nanoclusters passivity, 

which we attribute to the presence of Pt-OH layer at these underpotentials. The selective 

Pb UPD on Au terraces prior to deposition on the Pt nanoclusters provides a natural 

opportunity that can be exploited when designing the experimental conditions for 

deposition of full heteroepitaxial Pt monolayer on Au(111) using repetitive SLRR of Pb 

UPD layer by Pt ions. The same is true of on considers design of true bi-metallic catalyst 

monolayers using repetitive SLRR steps each having different depositing metal ions. 

The further UPD process continues by parallel completion of the UPD layer on 

top of Au and nucleation of Pb on top of Pt nanoclusters. More than one Pb nuclei form 

on top of Pt nanoclusters. The ultimate stage of Pb UPD process is the completion of the 

Pb UPD on top of Pt nanoclusters and densification of the UPD layer on Au terraces. The 

morphology of the full Pb UPD layer on PtSML/Au(111) does not replicate the exact 

morphology of the starting surface. The appearance of the fewer number but larger Pb 

nanoclusters is observed as compared to the stating population of Pt nanoclusters in 

PtSML/Au(111). This is consequence of the merging of Pb UPD nanoclusters in the 2
nd

 

layer due to their larger size as compared to corresponding Pt nanoclusters.  
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The initial stage of Pb UPD on Ru modified Au(111) is similar with the previous 

system. The Pb ions start to adsorb on the Ru free defect sites of Au, but not on top of the 

pre-existing Ru nanoclusters. This is similar with Pb UPD on clean Au(111) surface. As 

lowering the potential, the Pb UPD starts to decorate the periphery of the Ru clusters 

causing the cluster size to increase slightly. This phenomenon is of crucial difference 

from the Pb UPD on Pt modified Au(111) surface, where the Pb UPD grows on the Pt 

free Au terraces instead of attaching to the Pt nanoclusters’ periphery. This allows us to 

synthesis the 2D core-shell bimetallic catalyst by repeating the SLRR process. The next 

stage of UPD process in this system is again similar to the Pt modified surface. The 

coalescence of Pb-Ru nanoclusters begins due to the increasing cluster size and also the 

Pb UPD starts to nucleate on top of the Ru nanoclusters. The final stage is again related 

to the densification of the Pb UPD layer on the Au terraces.This work reveals important 

facts about single crystal surfaces modified by submonolayer of foreign noble metal in 

terms of their electrosorption properties. The UPD on modified single crystal surface is 

not just linear combination of UPD process on each elemental constituent but represents a 

new system that deserves more attention in further studies of UPD phenomenon. 

We also presented the first work studying the nucleation of Pt deposited via 

SLRR of Cu UPD ML. Results show that Pt nucleation depends directly on the coverage 

of CuUPD/Au(111). The observed dependence has the maximum at      = 0.63. At the 

same coverage, the PtML/Au(111) with minimum average nanocluster size is observed. 

The analysis of deposited PtML/Au(111) and analytical model developed to interpret our 

data suggest that SLRR reaction stoichiometry, rate constant and reaction order are the 

key parameters affecting the PtML/Au(111) nucleation density and the average 



138 

 

nanocluster size. The general conclusion derived from this work should be that SLRR 

reactions having faster kinetics yield higher Pt nucleation density and PtML/Au(111) with 

smaller clusters for a given starting coverage of Cu UPD ML. The conditions promoting 

a larger m/p ratio and lower reaction order in terms of the      do promote higher Pt 

nucleation density and formation of PtML/Au(111) with smaller nanoclusters. Design of 

the optimum experimental conditions leading to desired PtML/Au(111) morphology is a 

function of their intended use in particular reaction. In the case where the high activity of 

the PtML/Au(111) is desired [60], the conditions promoting low nucleation density and 

formation of PtML/Au(111) with larger nanocluster should be used. These include the 

reaction solution with no complexing ability towards Cu and low Pt
4+

 ion concentration. 

However, if poisoning of the catalyst by intermediates hinders the particular reaction 

kinetics, the synthesis of PtML/Au(111) with modest activity might be beneficial to retain 

good reaction yield and desired reaction pathway [112]. In this case, the conditions 

promoting high nucleation density and small average size of Pt nanoclusters should be 

chosen. This means reaction solution design with high Pt
2+

 ion concentration, and 

supporting electrolyte containing sulfate ions. We believe that this work has a broader 

significance for catalysis community as an effort in bridging the gap between desired 

properties of catalyst ML and required conditions for its synthesis. 

The Pt deposition on Pd(hkl) and Pd nanoparticals by SLRR via Cu UPD can be 

further applied/analyzed in studies and synthesis application of catalyst monolayer – 

core-NP configurations. For the first time a comprehensive mathematical treatment of the 

kinetics data form the real-production scale vessel was done, using analytical models 

developed during this project. The developed models are capable with accurate prediction 
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of the correct order of magnitude reaction rate constants from known concentrations of 

the citrate and platinum ions in the solution and two model parameters,   and B. Both 

model parameters have a real physical meaning which could be directly visualized in 

calculations of the additional diffusion path for Pt ions due to the presence of adsorbed 

citrate layer on CuUPD/Pd-NP surface. The developed analytical models should be further 

applied in design and development of more sophisticated apparatus for catalyst synthesis. 

The effect of citrate on reaction kinetics has been investigated, and determined to have a 

suppressive role on Pt deposition kinetics which is manifested through the zero order 

reaction kinetics during red-ox process. The citrate adsorbed phase has been identified to 

have mainly transport hindering role for upcoming Pt ions. However, some additive-

related effect on Pt growth cannot be rolled out.  The IR data suggest that Pt monolayers 

produced from citrate containing electrolyte have weaker reactivity than bulk Pt and Pd 

and this information should be useful in further application of citrates as reactant and 

additive which can be used to fine tune Pt monolayer reactivity on different substrates.  

To conclude the morphology and catalytic property study of monolayer modified 

surfaces, the Pt-Ru/Au(111) “hybrid” structure shows a very early onset of CO oxidation, 

and comparatively larger oxidation currents than Pt and Ru and PtxRu1-x monolayers on 

Au(111). The CO bond on Pt-Ru/Au(111) “hybrid” surface is stronger than the 

Pt/Au(111) and Ru/Au(111) surfaces. It is weaker than on PtxRu1-x/Au(111) alloy 

surface.The hybrid structure shows complex wide shoulder-peak appearance during CO 

oxidation. The main oxidation peak is in between CO oxidation peaks on Ru/Au(111) and 

Pt/Au(111). Shoulder appears at about same potential as the CO oxidation peak on 

Ru/Au(111) surface. This indicates that Pt and Ru behave as two separate 
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phases/domains in Pt-Ru hybrid nanocluster. The synergy of Pt and Ru in this novel 

configuration (2D core-shell) is demonstrated with early onset of CO oxidation and very 

high activity. The IR data show a stronger linear CO bond on Pt/Au(111) surface than on 

Pt(111) due to the tensile strain coming from the lattice mismatch of Pt and Au, although 

it is compensated by the size effect, the overall  strain is still positive. The same is true 

for Ru/Au(111) as compared to Ru(0001).For Pt/Pd(100), the CO bond is weaker than on 

both Pd(100) and Pt(100), which is result of the combined finite size inducted strain and 

compressive epitaxial strain. 
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8 Future Work 

For the 2D core-shell Pt-Ru hybrid nanoclusters, to get full understanding of 

monolayer CO oxidation reaction mechanism and explain the early CO oxidation onset 

on this surface, more study besides the LSV and IR data which only reveal the M-CO 

bonding strength need to be done. For example, DFT calculation is a powerful tool to 

explore the binding energies of CO and other adsorption species like OH on both Ru core 

and Pt shell, and to correlate these with the CO oxidation data. 

Due to the very high tolerance of CO for the Pt-Ru hybrid nanoclusters, it can be 

a promising candidate for fuel cell anode reactions including methanol oxidation reaction 

and ethanol oxidation reaction, where CO acts as an intermediate and poison to the 

catalyst surface. Further studies of the methanol/ethanol oxidation using SNIFTIRS, and 

other methods should be conducted to fully explore this novel catalyst configuration. 

To the successfully apply this 2D Pt-Ru hybrid nanoclusters into fuel cell 

reactions, its stability need to be studied. The high CO oxidation activity can be attributed 

to this core-shell structure, and at the same time, no enhancement of CO oxidation was 

observed on the alloy clusters. It is very important that this 2D core-shell structure is 

stable through the catalytic reaction, and future effort should be investigated in studying 

this phenomenon. 
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