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Abstract 

Faculty of Engineering, Science and Mathematics 

School of Chemistry 

Doctor of Philosophy 

 

Enhanced Structural Characterisation of Supported Catalysts 

 

By Stephen William Thomas Price 

 

Complex materials are emerging for use in heterogeneous catalysis and electrocatalysis 

with order on the atomic scale.  One of the central issues for continued growth in this 

area is the ability to precisely control the size and shape of the nanoparticles, especially 

for sub 10 nm particles.  Understanding the structure of these materials is of key 

importance in understanding their activity and developing this precise control, with 

which the exploitation of the key properties of nanoparticles becomes possible.   

The body of the work conducted in this thesis aimed to provide more accurate 

characterisation of the size and shape of carbon supported nanoparticle catalysts.  Both 

monometallic (Pt or Au) and bimetallic (PtPd) catalysts were studied.  In the first 

results chapter the strengths and weaknesses of various structural characterisation 

methods, TEM, XRD and EXAFS were explored.  Subsequent chapters focussed on 

improving the EXAFS analysis by (i) using molecular dynamics simulations as the 

inputs for structural fitting and (ii) by using a Cu UPD layer to cap the surface of the 

nanoparticles, thereby reducing the effects of termination of the metallic structure on 

the EXAFS.  The latter study also enabled the Cu UPD structure on nanoparticles to be 

compared to that obtained on single crystal surfaces. 
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CHAPTER ONE: INTRODUCTION 

Complex materials are emerging for use in heterogeneous catalysis and electrocatalysis 

with order down to the atomic scale.  One of the central issues for continued growth in 

this area is being able to precisely control the size and shape of the nanoparticles, 

down to below 1 nm.  Understanding the structure of these materials is of key 

importance in understanding their activity and developing this precise control, with 

which the exploitation of the key properties of nanoparticles becomes possible1,2.  The 

development of this understanding has been limited by the ability to characterise them 

on the nanoscale, as there are currently no broadly applicable quantitative methods for 

doing so3-5.  In this chapter, an introduction will be given to nanoparticles and their use 

as catalysts followed by a brief introduction into characterisation, and finally a brief 

outline of the thesis.  Literature reviews relevant to the results presented later in this 

thesis can be found at the start of each of the results chapters (Chapters Three to Six). 

1 Catalysis  

A catalyst is a compound that can decrease the activation energy of a reaction without 

being permanently changed itself.  The thermodynamics of the reaction are unchanged; 

the catalyst influences the rate of reaction by changing the nature of the transition 

state(s) or intermediate product(s).  A schematic of a reaction with a lowered 

activation energy is in Figure 1. 
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Figure 1:  Schematic of the potential energy of an exothermic reaction with (red) and 

without (blue) a catalyst. 

Types of catalysis include biocatalysis, such as reactions catalysed by enzymes, 

homogenous catalysis, where the catalyst is in the same phase as the reactants, such as 

the hydrolysis of esters, and heterogeneous catalysis, where the catalyst is in a 

different phase to the reactants.  Examples of heterogeneous catalysis include catalytic 

converters for engine exhausts and the cracking, isomerisation and reforming of 

hydrocarbons to form petrol. 

Electrocatalysis is the use of catalysts to increase the rate of an electrochemical 

reaction such as those at the anode and cathode in fuel cells or batteries6-11. 

2 Nanoparticles 

The term nanoparticle refers to particles in which all the dimensions are below 100 nm 

and they often show new or improved properties compared with larger particles of the 

same material12.  Nanoparticles exist in a wide variety of forms in nature, from volcanic 

activity to plant by-products and as products of human activities such as cooking, 

burning, and engine exhaust emissions.  The amount of directly manufactured 
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nanoparticles is small in comparison12.  As techniques in synthesising nanoparticles 

have advanced, a second generation of nanoparticles has come about, all with 

dimensions below 10 nm.  It is at these sizes where the really significant non-bulk-like 

properties of nanoparticles dominate12,13.   

There are two main reasons for these changes in properties and behaviour.  One is the 

relatively large proportion of surface atoms which may lead to an increased chemical 

reactivity or may give rise to stronger or more electrically active materials.  The second 

reason is the increased dominance of quantum effects which change optical, magnetic 

and electrical properties.  Some of the unusual properties not seen in the 

corresponding bulk materials include13: a) If the mean free path of the electron is larger 

than the crystal size, there is a decrease in electrical conductivity as a result of grain 

boundary (interface between two particles) scattering; b) Strength and malleability can 

improve in metal nanoparticles (and therefore performance) as a result of increasing 

grain boundaries, for particles of less than 100 nm; c) Matter transport by atomic 

diffusion through interfaces and membranes becomes an efficient mechanism at lower 

temperatures than with conventional matter. This effect can be used, for example, to 

considerably improve the kinetics of hydrogen diffusion in a hydrogen storage device, 

or lower the operation temperature of solid oxide fuel cells13.   

The area of specific interest here is the use of nanoparticles as catalysts.  Catalysis 

occurs on the surface of particles14, and the higher surface area to volume ratio of 

nanoparticles when compared with large particles often gives them a much higher 

catalytic activity per unit weight15.  Many metals for use in catalysis have been known 

of for some time, such as Pd and Pt16 (c. 1820), others, such as Au (1980’s), are more 

recent17.  Whilst bulk metallic Au is generally too inert to be used as a catalyst, it has 

been shown that nanoparticles of Au between 2 and 8 nm have useful catalytic 

properties18, for example in the oxygen reduction reaction (ORR).  Advanced synthetic 

techniques, such as thiol protected Au nanoparticle formation19,20, or physical vapour 

deposition11, allow for narrow size distributions of nanoparticles.  This allows for 

enhanced size and chemical structure selectivity, the desirable goal from this being 

selective or specific activity, for example for a particular reaction.  Given the limited 

availability of precious metals, in particular the Pt group metals, any reduction in the 

amount of catalyst used will be financially beneficial. 
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3 Particle Size Effect 

The term “particle size effect” refers to a change in catalytic activity or selectivity as a 

function of particle size.  This change can be a steadily increasing/decreasing trend, or 

a peaked function with an optimum size or size range.  The particle size effect is not 

currently predictable from first principles and therefore highlights the need for 

accurate size determination to give a clearer understanding of the correlation between 

size and catalytic activity/selectivity.  The change in activity may also be caused by a 

change in the crystallographic orientation of the catalyst surface10,21.  

Some general examples of particle size effects include significant changes in melting 

point with decreasing particle size22; contraction in inter-atomic bond lengths23; a 

change in reactivity, for example the kinetics for the oxygen reduction reaction in acidic 

medium exhibit a clear particle size effect8,24; elements that are inert as a bulk material 

can become catalytically active when nanoparticles17,25-28. 

The particle size effect in catalysis has been widely studied9,23,29-32.  Kinoshita33 

investigated the electrocatalytic oxygen reduction reaction on cuboctahedral Pt/C 

catalysts.  The study illustrates both a clear particle size effect and an increased mass 

activity with an optimum size between 3 and 5 nm.   

The study of the particle size effect on Au nanoparticles is particularly interesting.  Not 

only does Au become catalytically active on the nanoscale, but a change in particle size 

results in a change in reaction product, for example Hayashi et al.34 demonstrated Au 

nanoparticles have a critical size of 2 nm for vapour phase epoxidation of propylene.  

Above 2 nm propylene oxide is formed, below 2 nm propane is formed.  This is in 

contrast to the use of Pd or Pt catalysts for the same reaction where propane is the only 

product irrespective of the particle size of the catalyst.  The critical dependence of 

activity and/or selectivity of size underlines the importance of accurate size 

determination; an error as small as 0.5 nm during catalyst preparation would result in 

a completely different epoxidation product from the intended one being formed. 

Recently greatly increased activities for nanoislands on electrode surfaces6,7 have been 

reported, for example demonstrating increased hydrogen evolution with decreasing Pd 

coverage7, particularly for sub-monolayer coverage attributed to a nanoparticle-

support interaction.  The relationship between the interaction and support and 

therefore its effect on the activity is unclear, highlighting the need for accurate 

characterisation. 
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Figure 3:  Turnover frequency (TOF) for CO oxidation on Au/TiO2 as a function of average 

Au particle diameter28. 

Much work has been done by Haruta17,28 on the particle size effect for Au nanoparticles.  

Figure 3 plots the TOFs of CO oxidation for both Au and Pt nanoparticles as a function 

of size.  Au exhibits a sharp increase in activity for sizes below 5 nm diameter, in 

contrast to the decrease observed for Pt.   

Size determination becomes increasingly complex below 5 nm.  Gibbs free energy 

calculations by Ajayan and Marks35 demonstrated the presence of a quasi-molten phase 

well below the melting temperature with the particles fluctuating between different 

structures (Figure 4).  This quasi-molten phase won’t give rise to the degree of 

coherent X-ray diffraction required for analysis and therefore illustrates the need for 

the use of other techniques.   
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Figure 4:  Phase diagram for small Au particles taken from Ajayan and Marks35; liquid (L), 

quasimelt (QM), icosahedral multiply twinned particle (Ic), decahedral multiply twinned 

particle (Dh) and single crystal (SC).  Dotted lines represent extrapolated phase 

boundaries. 

Transmission electron microscopy (TEM) can routinely achieve sub-nanometre 

resolution but is limited by the area it can probe as well as the strict conditions 

required for measurements.  Extended X-ray Absorption Fine Structure (EXAFS) has 

been widely used for nanoparticle catalyst characterisation4,18,36-44.  It has been shown 

to be a useful tool in studying the particle size effect8,23 as it has increasing sensitivity 

towards coordination number determination (and therefore size determination45,46) 

with decreasing size.  Increasingly the comparison of two or more characterisation 

techniques is being used to determine nanoparticle size and structure15,44,47-49. 

4 Aims and Objectives 

This introduction highlights the importance of particle size in catalysis and the need to 

understand the relationship between structure and activity.  Improved 

characterisation of nanoparticle catalysts will aid in the understanding of the particle 

size effect through enhanced structural analysis.  This work primarily focuses on 

characterisation of nanoparticles using EXAFS, the primary aim being a clearer 

understanding of particle size determination and the methods by which they are 

determined. 
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Chapter Two describes the various synthetic, computational and analytical techniques 

used throughout this thesis. 

Chapter Three will focus on the current methods of particle size determination.  

Correlation between different characterisation techniques (TEM, XRD, and EXAFS) for 

several series of nanoparticle catalysts will highlight the strengths and limitations of 

each technique, and the similarities and differences in particle size determined will be 

rationalised.  This will allow for quantitative comparison of results derived by different 

techniques when time or circumstances only permit a single method of 

characterisation.   

Chapter Four seeks to address some of the current assumptions inherent in EXAFS 

analysis by applying molecular dynamics (MD) to the problem of size determination.  

Cross-correlation of the results with TEM and XRD will be used as a means of 

evaluating the effectiveness of the MD methodology.    

Chapter Five extends the MD approach to the analysis of more complicated bimetallic 

systems, and again uses cross-correlation with XRD and TEM data to evaluate the 

approach and gain a better understanding of the nanoparticle structure. 

Chapter Six investigates the surface modification of Au nanoparticles by 

underpotential deposition (UPD) of Cu using in situ EXAFS characterisation.  The 

nanoparticle structure will be studied before and after capping of the surface with Cu 

to investigate the contribution to the EXAFS signal from the nanoparticle surface to 

gain an insight into the surface structure of the nanoparticle. 
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CHAPTER TWO:  EXPERIMENTAL METHODS 

AND TECHNIQUES 

This chapter describes the theoretical and practical aspects of the experimental 

methods that were used throughout this project.  This includes descriptions of the 

physical characterisation (X-ray Absorption Spectroscopy, Transmission Electron 

Microscopy and X-ray diffraction) as well as the electrochemical studies (Cyclic 

Voltammetry and Underpotential Deposition) and computer modelling. 

1 Reagents and Materials 

The materials and reagents used during this work, along with their respective 

suppliers, are detailed in Table 1 below. 

Table 1:  List of materials and reagents used along with suppliers 

Material/Reagent Supplier 

Hydrogen Tetrachloroaurate (95%) Alfa Aesar 

Tetraoctylammonium Bromide (98%) Sigma Aldrich 

Toluene (reagent grade) Fisher Scientific 

Dodecanethiol (98%) Sigma Aldrich 

Sodium Borohydride (general purpose 

grade) 

Acros Organics 

Ethanol (HPLC grade) Rathburn 

Hexane (95%) Fisher Scientific 

Water (18 MΩ cm) Purified using a Pur1te system 

XC-72R carbon black Cabot Corporation 

Nafion® (10.85 wt% solids in water) Johnson Matthey 

Sulphuric Acid (Lab reagent grade) Fisher Scientific 

Trisodium Citrate Alfa Aesar 

Copper Sulphate Pentahydrate (95%) Sigma Aldrich 

Boron Nitride (1µ 99%) Sigma Aldrich 
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2 X-ray Absorption Spectroscopy (XAS) 

The technique known as XAS has been known since the 1920’s, when Fricke reported 

XAS oscillations in an X-ray absorption spectra1 followed by Kronig2 developing the 

first theory of EXAFS.  It was not until bright tuneable sources of X-rays at synchrotrons 

were built in the 1970’s that its development really took off, with the modern theory 

being developed by Sayers et al. 3 that allowed for the extraction of local structural 

information.  This work was built upon by Lee et al.4 and Stern et al.5.  This initial 

theory of EXAFS was based on a plane wave assumption (simplified from a spherical 

wave), which assumed that single scattering effects dominated.  That is, the 

photoelectron emitted is only scattered once before returning to the central atom.  The 

plane wave approximation allowed for a greater simplification for deriving structural 

parameters, but fails below k (wavenumber) values of 3 Å-1.  As a result of this, and 

thanks to faster computing, modern models are based upon spherical wave theory, and 

can include multiple scattering effects.  This is where the photoelectron scatters off 

more than one atom before returning to the central atom, and allows for more reliable 

determination of structural information beyond the first shell where a multiple 

scattering paths have an equivalent path length to a single scattering path4,6.     

XAS measurements are independent of sample complexity and environment, with the 

signal coming from all of the atoms of a single element.  Data can be collected on 

mixtures of gases, liquids or solids, and under a variety of conditions.  The term XAS 

covers both X-ray Absorption Near Edge Structure (XANES) and Extended X-ray 

Absorption Fine Structure (EXAFS).  XANES provides information on the electronic 

structure of the sample, and EXAFS provides near-neighbour structural information of 

the sample. 

 

 

 

 

 

 

 



Chapter Two:  Experimental Methods and Techniques 
 

13 
 

2.1 Theory of XAS 

2.1.1 General principles 

When X-rays pass through a sample, there is a reduction in the incident intensity (I0).  

The number of X-rays transmitted (It) through a sample decreases exponentially by the 

thickness of the sample (x) and the absorption coefficient of the sample (µ), shown in 

Equation 1. 

      
    

     Equation 1 

An X-ray absorption edge occurs when all the energy of an X-ray is absorbed by an 

atom, and used to excite an electron into a higher unoccupied orbital, or into the 

continuum.  The excited electrons are known as photoelectrons, and the empty 

electron orbital is called a hole; when a core electron is excited, the resultant hole is 

known as a core hole. 

As the incident photon energy is increased, absorption will decrease until the binding 

energy of a core electron is reached.  Excitation of a core electron will result in a sharp 

rise in absorption, known as the absorption edge.  The excited electron has energy (Ek) 

defined by Equation 2. 

               

    Equation 2 

Where hν is the energy of the incident X-rays and Ebinding is the binding energy. 

Beyond the absorption edge, increasing the energy results in a decrease in absorption 

until the next binding energy is reached.  The intensity of the absorption edge is 

determined by the absorption coefficient µ, which is proportional to the probability of 

absorbing a photon according to Fermi’s golden rule6 (Equation 3) 

  ∑|〈  |      |  〉|
 
 (        )

 

 

  Equation 3 

where φi and φf describe the initial and final states, p is the momentum operator, and 

A(r) the vector potential of the incident electromagnetic field.  This is known as the 

photoelectric effect.    The absorption edges are named and ordered in terms of 

decreasing energy from K, LI, LII, LIII etc., based on the principal quantum number from 
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which the electron was ejected.  The K shell (n=1) corresponds to an excitation from 

the 1s orbital, the L shell (n=2) can contain the 2s, 2p1/2 and 2p3/2 corresponding to the 

LI, LII and LIII edges respectively (Figure 1). 

 

Figure 1:  Schematic of the photoelectric effect, excitation of a 1s electron giving rise to a 

K edge. 

 

The outgoing photoelectron can be thought of as a spherical wave, with a vector k 

related to the energy of the photon (Equation 4) where E0 is the energy of the point of 

inflection of the absorption edge, normally the maximum of the first derivative, and me 

is the mass of an electron. 

  √(
     

h )  h      

    Equation 4 

The outgoing photoelectron scatters off surrounding atoms, resulting in interference 

that creates modulations of the final state of the photoelectron wave (Figure 2).    
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Figure 2:  Schematic of constructive and destructive interference of an outgoing 

photoelectron.  The circles represent the maxima of the photoelectron waves. 

At energies where there is positive interference the absorption increases, and at 

energies where there is negative interference the absorption decreases.  This 

absorption can be defined in terms of the wave vector k, and is given as: 

     
             

     
 

     Equation 5 

Where µ0(k) is the background absorption, µtot(k) is the total absorption and χ(k) is the 

EXAFS that is extracted.  A typical XAS spectrum is shown in Figure 3.  
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Figure 3:  XAS spectrum of a Pt foil at the Pt LIII edge showing XANES and EXAFS regions. 

The XANES region includes the pre-edge region where the incident X-rays are not 

energetic enough to excite an electron, and continues to around 200 eV beyond the 

edge.  The shape of the absorption edge is related to the local density of states available 

for the photoelectron excitation; as such binding geometry and oxidation state of the 

absorbing atom affect the XANES region.  For atoms of higher oxidation states, the edge 

energy is increased by a few electronvolts as the remaining electrons are in lower 

energy states (and hence harder to excite).  Multiple scattering and multiple photon 

absorption complicate the analysis of the XANES region. 

The EXAFS region of the spectrum is the oscillating part above the edge to over 

1000 eV.  The EXAFS region is used to determine local bonding environments, 

containing information on types and numbers of surrounding atoms, interatomic 

distances and the degree of disorder.  In this region, single scattering normally 

dominates. 

Each atom at the same radial distance from the absorber contributes to the same part 

of the EXAFS signal, with these atoms known as a shell.  The number of atoms in each 

shell is known as the coordination number.  Single scattering paths are from one shell 
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of atoms, with the degeneracy being the coordination number.  Multiple scattering path 

degeneracy is the number of equivalent paths with that scattering length/phase. 

2.1.2 The EXAFS Equation 

The EXAFS equation allows for the quantitative determination of the structural content 

of the EXAFS signal, and can be written as the sum of all the photoelectron scattering 

paths.7 

     ∑     

 

 

    Equation 6 

Each scattering path can be written as: 

      
     

       
   

   
    [          ]  

    
   

 
    
     

  Equation 7 

with 

           

     Equation 8 

and 

   
             

 
 

    Equation 9 

The terms Feff, φi(k) and  λ(k) are, respectively, the effective scattering amplitude, the 

phase shift, and the mean free path of the photoelectron, and are computed by a 

program such as FEFF 6.06.  Ri is the photoelectron’s half path length, that is the 

distance between absorbing and scattering atom.  R0i is the theoretical path length that 

is modified by ΔRi.  Equation 9 is used to convert the photoelectron energy above the 

absorption edge into wavenumber k.  The remaining variables can be determined by 

modelling the EXAFS spectrum, and are described below.  The subscript i denotes that 

the value can change for each scattering path. 

NiS02:  N denotes the scattering amplitude for single scattering, and the effective 

amplitude for multiple scattering.  S0
2 is the amplitude reduction factor, and accounts 

for the slight relaxation of the remaining electrons around the core hole left by the 
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photoelectron.  It differs between elements, although can be transferred between 

different species of the same element (and edge)8 and is generally between 0.7 and 1.0.  

1/Ri2:  contribution from a shell decreases with distance from the absorber. 

sin[2kRi + φi(k)]: reflects the dependence of the scattered photoelectron on both 

distance and phase shift φi(k). 

     
   

: Debye-Waller term.  Not all of the coordinating atoms in a shell are at fixed 

positions of Ri from the absorber; σ2 accounts for the disorder in interatomic distance, 

and is the mean-square relative displacement (MSRD) of the bond length Ri.  It contains 

both thermal (dynamic) and structural (static) contributions.  A distribution of 

distances within a single coordination shell increases σ2. 

 
    
    : accounts for inelastic scattering losses relating to the distance the photoelectron 

travels after excitation; is responsible for the short (~10 Å) range analysed by EXAFS. 

ΔRi: represents a change in interatomic distance relative to theoretical path length R 

ΔEi: relates to a change in photoelectron energy; is used to align theoretical and 

experimental spectra. 

2.2 Experimental aspects of XAS 

2.2.1 Synchrotrons 

X-ray absorption measurements are almost always made at synchrotron radiation 

facilities.  The measurements used in this study were performed at two beamlines at 

the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, USA.  

A schematic overview of a synchrotron facility is in Figure 4 below.  Bunches of 

electrons are accelerated by a linear accelerator and then fed into the inner booster 

ring that further accelerates them to near the speed of light and injects them into the 

outer storage ring.  A series of bending magnets around the ring keep the electrons 

travelling in a closed loop.  The conservation of angular momentum of the electrons 

results in the emission of synchrotron radiation (X-rays) at tangents.  These X-rays are 

highly intense, collimated and cover a wide range of energies9.  A series of optics is then 

used to tune the X-rays to the desired energy and profile. 
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Figure 4:  Annotated schematic of the NSLS experimental floor10. 

2.2.2 X11A 

Station X11A has a double crystal monochromator using a Huber goniometer 

containing Si(111) crystals, detuned to 75% to minimise higher harmonics and can 

measure an energy range of 4.5-26 keV.  The NSLS operates with a ring energy of 2.58 

GeV and a maximum current of 350 mA. 

The station scientist on X11A was Kumi Pandya (Brookhaven National Laboratories), 

and the experiments were conducted by Anna Wise, Gael Chouchelamane and myself 

(University of Southampton). 

2.2.3 X23A2 

Station X23A2 has a upward reflecting, fixed exit Golovchenko-Cowan design11 

monochromator containing Si(311) crystals stabilised by piezo-electric feedback with a 

single bounce harmonic rejection mirror to reduce higher harmonics and can measure 

an energy range of 4.9-30 keV.   

The station scientist on X23A2 was Bruce Ravel (Brookhaven National Laboratories), 

and the experiments were conducted by Jon Speed, Andrea Russell, Peter Richardson 

and myself (University of Southampton). 
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2.2.4 XAS Transmission Experiments 

Transmission measurements are the simplest acquisition mode for XAS collection, and 

works by measuring the difference in X-ray intensity between two chambers as the 

energy is changed.  A basic schematic is shown in Figure 5.  Transmission XAS 

measurements involve measuring the X-ray absorption coefficient (µ) as a function of 

X-ray energy.   

 

Figure 5:  Schematic of transmission mode XAS experiment. I0, It and Iref are the incident, 

transmission, and reference ionisation chambers respectively. 

The number of incident X-rays are measured before (I0) and after (It) the sample, and 

the X-ray absorption coefficient (µ) is determined by rearranging Equation 1: 

      (
  
  
) 

     Equation 10 

The gases within the ion chambers are mixed to absorb a proportion of the X-ray 

intensity based on the energy of the absorption edge, typically 10% absorption in I0 

and 70% absorption in It or Iref.   

Transmission experiments are used when the sample is concentrated.  For more dilute 

samples, the signal to noise ratio will be poor, and so fluorescence measurements are 

needed (described below).  Too concentrated a sample will result in all the X-rays 

being absorbed and therefore the thickness of the sample is important.  For samples 

with more than one element present, the absorption characteristics of the other 

elements need to be considered.  An ideal absorption edge of the element being studied 

should have µx between 0.25 and 1.0, with the total sample absorption being less than 

2.5.  The appropriate mass of sample needed can be calculated using Equation 11. 

     
                 

    
 

   Equation 11 

where µρ is the mass absorption coefficient of the element being studied.  X-ray 

absorption coefficient values have been taken from McMasters tables12.   
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Sample homogeneity is very important for transmission measurements, as any small 

holes in the sample would result in increased noise in the data.  As such, all samples for 

transmission measurements were prepared as pellets mixed with boron nitride (BN is 

gas permeable and has a low X-ray absorption coefficient at Pt and Au LIII edges).  The 

pellets were prepared by mixing a set amount of catalyst (calculated using Equation 

11) with BN to form a homogenous mixture that was then compacted using a purpose 

built press. 

2.2.5 XAS Fluorescence Experiments 

For samples too dilute to be measured in transmission mode, a fluorescence detector is 

needed.  X-ray fluorescence occurs when an electron from a higher energy orbital 

relaxes to fill the core hole left by the ejected photoelectron9.  This process can emit 

either an Auger electron or an X-ray photon with energy equal to the difference 

between the two orbitals; the emitted X-ray photon is detected in fluorescence mode.  

The detector is usually set at 90° to the incident beam, with the sample positioned at 45° 

(Figure 6).  The fluorescence X-rays are emitted isotropically from the sample whilst 

the Compton scattering is at a minimum at 90°.  Solid state detectors are most 

commonly used, and for the data used in this work, a 4-element silicon drift detector 

was used on beamline X23A2.  The detector utilises a strip of semi-conducting material 

behind a beryllium window to detect the X-rays, and the software allows for selection 

of a single X-ray energy to be recorded. 

 

Figure 6:  Schematic of fluorescence mode XAS experiment. I0, It and Iref are the incident, 

transmission, and reference ionisation chambers respectively, F is the fluorescence 

detector. 

2.2.6 Cryostat 

To collect EXAFS spectra in both a reducing hydrogen environment and at low 

temperature, a specially designed cryostat shroud was used (Figure 7).  The shroud is 

made of steel with Kapton windows for entry and exit of X-ray beam, and with gas inlet 
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and outlet valves.  The cell has a larger window on the reverse that can be used for 

fluorescence measurements if required. The pressed sample pellet was attached to the 

cold finger of the displex unit inside the cryostat shroud.  To collect spectra under 

hydrogen, the cell was purged with pure hydrogen for 30 minutes with the exhaust gas 

being diluted with nitrogen to <2.5% before closing the gas valves.  To collect low 

temperature EXAFS, the vacuum of the displex unit was activated after hydrogen 

purging and the temperature controller set to the required temperature. 

  

Figure 7:  Cryostat shroud for hydrogen reduction and low temperature measurements.  

(Gas inlets are on reverse of shroud). 

2.2.7 In situ Electrochemical Cell 

An in situ electrochemical cell (designed by Anna Wise, Figure 8) was used to collect 

XANES and EXAFS data during the underpotential deposition of Cu on Au.  The working 

electrode (WE) was held in place by a Au wire contact, and a Pt wire served as the 

counter electrode (CE).  A mercury mercurous sulphate (MMS), Hg/Hg2SO4, reference 

electrode (RE) was used to define the potential.  To operate the cell, the electrolyte was 

first purged with nitrogen for 15 minutes to remove all oxygen.  A peristaltic pump was 

used to flush the electrolyte through the cell.  All three electrodes were connected to a 

µAutolab type III potentiostat running off General Purpose Electrochemistry Software 

4.9 (GPES).  Full details of the electrochemistry follow later in this chapter. 

Sample pellet It Cryostat shroud I0

Cryostat cold-finger Displex unit

X-ray path
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Figure 8:  In situ electrochemistry/XAS cell.  Inset is opened cell with electrode in place. 

2.3 Data Analysis 

Data was processed and analysed using the Horae software package(ATHENA, ATOMS, 

ARTEMIS)6,13-15.  The basic processing procedure is outlined below. 

After importing the raw data file into ATHENA, a linear pre-edge and a quadratic post-

edge function are fitted to the data.  These functions are subtracted from the data and 

the spectrum normalised to give an edge step of 1 (Figure 9).   
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Figure 9:  Raw EXAFS data a) before and b) after background subtraction and 

normalisation. 

a)                                                                               b) 
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The energy scale was calibrated to a reference foil, with the first derivative maximum 

being used to mark the absorption edge (Figure 10).  The background was subtracted 

using the AUTOBK algorithm16 present in ATHENA, automatically fitting a spline 

function to pass through the nodes of the EXAFS oscillations without following the 

oscillations of the data. 
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Figure 10:  Determination of first derivative maximum to rescale EXAFS data. 

Where more than one scan was taken, the second file could be imported, with all of the 

processing parameters copied from the first file, aligned along the energy axis and then 

merged to average the scan(s) and improve the signal to noise ratio.  Once processed 

the data can then be analysed in ARTEMIS using the FEFF 6.0 code to fit the 

experimental data to theory.  The energy scale is converted (using Equation 9) from 

electronvolts (eV) to wavenumber (Å-1).  The resulting χ(k) plot can be varyingly 

weighted, and Fourier transformed to give a plot similar to a radial distribution 

function (Figure 11). 
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Figure 11: a) k2 weighted χ(k) data and b) corresponding Fourier transform. 

The values of coordination number (Ni), neighbouring shell distance (Ri), MSRD (σ2) 

and energy shift (E0) are calculated from the fit, and refined using a Levenberg-

Marquardt non-linear least squares minimization, with a reduced χ2 fitting metric to 

compare the difference of quality of fit (Equation 12) and an R factor (Rf) to evaluate 

goodness of fit (Equation 13). 
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 Equation 12 

where Nidp is the number of independent data points, Ndata the number of points in the 

data, є the measurement uncertainty, χd the experimental EXAFS, and χt the theoretical 

EXAFS. 
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   Equation 13 

The reduced χ2 is not normally reported, whilst an Rf of less than 0.03 can be 

considered a good fit.  For noisier data, slightly higher is acceptable. 

3 Transmission Electron Microscopy (TEM) and Energy 

Dispersive X-ray Analysis (EDX) 

TEM was used to determine the particle size distribution (PSD) within each sample and 

also to determine 2-dimensional shape.  EDX was used to examine the proportion of 

different elements within the sample. 

a)                                                                              b) 
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3.1 TEM 

3.1.1 Principles of TEM 

TEM uses electrons instead of light to image a sample.  The wavelength associated with 

high energy electrons is smaller than inter-atomic distances, and this can give rise to 

diffraction effects, resulting in an image that does not necessarily represent the shape 

of the particle as optical microscopy would (effectively limiting the resolution17).  

Higher energy electrons are capable of achieving greater spatial resolution up to 0.1 

nm, but are more likely to damage the sample, thus not all catalysts can be routinely 

imaged at atomic resolution18.  Depending on sample thickness, a fraction of electrons 

pass through the sample without losing energy.  As the attenuation of the beam 

depends on density and thickness, transmitted electrons form a 2D projection of the 

sample (i.e. size and shape) – typical transmission images are bright field (BF). 

TEM can also operate in high angle annular dark field (HAADF) mode where back-

scattered electrons are detected.  The intensity of the back scattered electrons is 

proportional to the atomic mass of the scatterer. 

3.1.2 Scanning Transmission Electron Microscopy 

Scanning transmission electron microscopy (STEM) operates by rastering a narrow 

electron beam across the surface of the sample, and can operate in both BF and HAADF 

modes.  STEM can have resolution comparable to TEM with the advantage that selected 

areas of the sample can be investigated separately (whereas TEM cannot).   

3.1.3 Aberration Corrected STEM 

Standard TEM lenses are spherical.  Aberration corrected TEM uses non-spherical 

lenses.  This corrects for the spherical aberration caused by normal electron 

microscope lenses19 and allows for enhanced spatial resolution to below 0.1 nm.   

3.1.4 TEM Data Analysis 

A histogram representing the number of particles of a certain size is generated from a 

selection of images of the sample to gain a more representative view of the PSD, from 

which the average particle size and standard deviation are calculated.  An example of a 

TEM image and PSD is given in Figure 12. 
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Figure 12:  a) TEM micrograph used to calculate particle size distribution and b) typical 

particle size distribution.  The particles included in the size analysis are marked in red. 

3.2 EDX 

3.2.1 Principles of EDX 

EDX operates similar to the XAS fluorescence detector, in that it uses a solid state 

detector such as a germanium strip to detect X-rays emitted from the sample when it is 

bombarded by electrons.  The X-rays emitted by the sample are isotropic, however the 

closer the detector can be to 90° the less Compton scattering will be present.  EDX can 

be used to determine the identity of different materials present within a sample. 

3.2.2 EDX Data Analysis 

The darker areas in an EDX image are the carbon support, the bright white areas the 

metal catalyst, an example of a typical image being given in Figure 13.  The image is 

acquired by narrowing down the electron beam and focussing on a small area of the 

sample and scanning across.  The number of counts for a specific element can be 

plotted against the distance the EDX spot has been scanned to give an elemental profile 

of the sample. 
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Figure 13:  a) Typical TEM HAADF image, and b)  EDX response from red box labelled 1 in 

TEM image.  Cu contribution to signal is from grid. 

3.2.3 Experimental of TEM and EDX 

Powder samples for TEM-EDX were crushed between two glass slides and samples 

positioned onto a lacey carbon coated Cu “finder” grid with the aid of a 

micromanipulator.  The samples were examined for particle size analysis in a Tecnai 

F20 transmission electron microscope.  The microscope was operating with a voltage 

of 200 kV and C2 apertures of 30 & 50 m.  Bright field, high-resolution electron 

microscopy, EDX and HAADF modes were used.  TEM EDX work was carried out at the 

Johnson Matthey Technology Centre by Greg Goodlet and Don Ozkaya.   

Aberration corrected images were obtained using a Jeol JEM-2100 LaB6 scanning 

transmission electron microscope.  Bright field, high-resolution electron microscopy 

and HAADF modes were used.  AC-STEM work was carried out at the Nanoscale Physics 

Research Laboratory, University of Birmingham by Don Ozkaya and myself. 

4 X-ray Diffraction (XRD) 

XRD is a non-destructive technique commonly used in catalyst characterisation.  It 

relies on long range order to provide information on crystallite size and any phase(s) 

present20. 

4.1 Theory of XRD 

X-rays have wavelengths in the Å range, similar to interatomic distances, and can 

penetrate solids due to their high energy, making them suitable to probe internal 

structure.  X-ray diffraction (XRD) is used to identify long range order, bulk phases, 

monitor kinetics of bulk transformations, estimate particle sizes and can be applied in 

situ17,21.  XRD is the scattering of X-ray photons by atoms in a periodic lattice giving rise 

a)                                                                              b) 
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to interference effects.  Figure 14 shows how the lattice spacings can be derived from 

X-ray diffraction using the Bragg equation (Equation 14). 

 

Figure 14: Schematic illustration of Braggs law 

     sin  

 Equation 14 

Where λ is the wavelength of the X-rays, d is the distance between two lattice planes, θ 

is the angle between the incoming X-rays the reflecting lattice plane, n is an integer 

called the order of the reflection. 

A powder sample for XRD consists of a large number of very small crystals with 

random orientations.  Over all the crystals in the sample, for a given set of hkl planes, a 

few of the crystals (with spacing dhkl) will be aligned in the correct direction with the 

incoming beam to allow Bragg reflection at angle 2θhkl to the incoming beam (creating a 

diffracted cone of radiation).  The intensity is obtained from summing over all unit cells 

of the crystal (then integrated)17,20.   

4.2 Experimental Aspects of XRD 

The XRD analysis used a Bruker AXS D8 Advance diffractometer in parallel beam mode 

with a 60 mm Gobel mirror, and a Ni filtered Cu Kα X-ray source.  XRD patterns were 

collected over a scan range of 10° to 170° 2Θ with a 0.022° step size at a scan rate of 

0.264° 2Θ per minute.  The diffracted beam was collected using a Vantec Position 



Chapter Two:  Experimental Methods and Techniques 
 

30 
 

Sensitive Detector.  All XRD data reported here was collected by Tim Hyde of Johnson 

Matthey Technology Centre. 

4.3 Data Analysis 

Crystallite size was determined by both the Rietveld Method (Topas V3), and Formfit 

V5.5, and was supplied by Tim Hyde of Johnson Matthey Technology Centre. 

5 Nanoparticle Synthesis 

5.1 Theoretical aspects 

Au nanoparticles can be synthesised using a variety of amines or thiols to control the 

particle size.  A schematic of this is shown in Figure 15.   
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Figure 15:  Synthesis of thiol monolayer protected Au nanoparticles. 

Thiols have a strong affinity to the Au surface, and so make a good protecting layer on 

the surface22. The exact mechanism is still unclear, though it has been suggested that 

the Au core atoms each donate a single electron to delocalised orbitals and the 

protecting thiol groups accept the electrons into a localised orbital23,24.  The initial two 

phase mixing is to transfer the chloroaurate anion (AuCl4-) from the aqueous to the 

organic layer by means of the tetraoctylammonium bromide (TOAB) acting as a phase 

transfer reagent.  The anion is then reduced by sodium borohydride (NaBH4, acting as a 

source of electrons) in the presence of dodecanethiol.  This is shown in Equation 15 

and Equation 16 below25: 

AuCl4-(aq) + [N Br(C8H17)4] +C6H5Me   [N (C8H17)4] + [AuCl4-]∙(C6H5Me) + Br-  Equation 15 

 

 



Chapter Two:  Experimental Methods and Techniques 
 

31 
 

mAuCl4
- (C6H5Me) + nC12H25SH (C6H5Me) + 3 me- 

          4mCl-(aq) + (Au) m (C12H25SH) n (C6H5Me)           Equation 16 

Au chloride can also be reduced by citrate in aqueous solutions to form colloidal 

nanoparticles26.  The citrate is oxidised to dicarboxy acetone, and the Au (III) is 

reduced by the borohydride to Au (I). The Au (I) chloride then disproportionates to 

form metallic Au and Au (III) chloride, facilitated by the dicarboxy acetone molecules 

bringing the Au (I) species in close proximity (Figure 16). 

Figure 16:  Illustration of binding of aurous species with dicarboxy acetone26. 

5.2 Synthesis of Dodecanethiol Stabilised Au Nanoparticles by 

Borohydride reduction 

The thiol encapsulated nanoparticles were prepared by the method of Brust et al. 25.  

An aqueous solution of hydrogen tetrachloroaurate (0.178 g, 15 ml, 30 mmol dm-3) was 

mixed with a solution of tetraoctylammonium bromide (1.094 g) in toluene (40 ml, 50 

mmol dm-3).  The two-phase mixture was vigorously stirred and transferred to a 

separating funnel until all the tetrachloroaurate was transferred into the organic layer.  

The aqueous solution was initially yellow, but quickly faded as the toluene phase 

became deep orange/brown in colour.  Dodecanethiol (85 mg, ~0.1ml) was added in to 

the organic phase. A freshly prepared aqueous solution of sodium borohydride (0.19 g, 

12.5 ml, 0.4 mol dm-3) was slowly added with vigorous stirring.  

The mixture was magnetically stirred for 3 hours.  The organic phase was then 

separated, reduced to ~10 ml under vacuum, forming a dark red/brown waxy liquid, 

and mixed with 200 ml ethanol. The mixture was kept overnight at 255 K to remove 

excess thiol and precipitate the nanoparticles.  The dark brown precipitate was filtered 

off and washed with ethanol to remove any remaining thiol, then dissolved in 10 ml 

toluene and again precipitated with 200 ml ethanol before being kept at 255 K for 4 
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hours.  The resultant black waxy solid was filtered, dissolved in ~10 ml hexane and the 

solvent removed under vacuum. 

The nanoparticles were supported on carbon black (Vulcan XC – 72 R).  The Au colloid 

dispersion and a suspension of Vulcan carbon XC – 72 R were combined in ethanol. The 

mixture was sonicated for 30 minutes, and refluxed at 353 K under vigorous stirring 

for 10 h. The powders were separated by filtration and then thoroughly washed with 

purified water, before being dried at 383 K for 2 h. 

5.3 Synthesis of Citrate Stabilised Au Nanoparticles 

Aqueous solutions of HAuCl4 (0.15g, 750 ml) and trisodium citrate (0.11g, 750 ml) 

were prepared, and mixed together.  Sodium borohydride (0.170 g) was dissolved in 

water (45 ml) and kept in ice.  The borohydride solution was added drop wise over a 

period of 20 minutes under vigorous stirring.   

The nanoparticles were supported on carbon black (Vulcan XC – 72 R).  The carbon 

(0.3g) was added to the reduced aqueous gold/citrate solution and left to stir for 48 hrs.  

The mixture was filtered and washed with water.  The black powder obtained was left 

to dry at room temperature overnight. 

5.4 Preparation of Painted Electrodes 

The required amount of catalyst (approx. 60 mg) was finely ground and then dispersed 

in a small amount of deionised water (0.75 ml).  Nafion® (10.85 wt% solids in water) 

was added to the solution to give an ink with 30 wt% Nafion® solids when dry, 

according to Equation 17.   

             
                                              

                              
 

Equation 17 

The mixture was sonicated for 20 minutes followed by mixing with a Fisher PowerGen 

125 homogeniser.  The resulting mixture was painted onto carbon paper (TGHP 090) 

which was then painted, dried, weighed, the process being repeated until the desired 

loading was obtained.  The electrodes were pressed at 450 K and 1 bar for 3 minutes.  

Small circular electrodes (1.32 cm2) were then cut to fit into the electrochemical cells 

and hydrated in deionised water. 
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6 Molecular Dynamics 

6.1 Theoretical Aspects 

The Gupta27 and Sutton-Chen28 potentials are semi-empirical potentials based on the 

second moment approximation to tight binding theory, containing a repulsive pair-

wise and an attractive many body term.  The tight-binding method (TB) assumes very 

short range interactions (first shell interactions, around the range of the lattice 

constant), and so each lattice site is treated independently.  The second moment 

approximation extends this cut-off up to the fifth shell, improving the quality of 

results27.   

The Gupta potential has the form;   
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     Equation 18   

where A is the repulsive pair-wise energy, p is the range exponent for the pair potential, 

B is the many-body attractive energy, qij is the range exponent for many-body potential, 

and r0  is the equilibrium bond length; rij is the distance between atoms i and j.  The 

parameters are taken from Cleri & Rosato27, with the modification of the A parameter 

being doubled due to a different representations of potential in the molecular dynamics 

program.  

The Sutton-Chen potential has the form; 
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Equation 19 

where є is a parameter with the units of energy, a is a parameter with the dimensions 

of length, c is a positive dimensionless parameter, and m and n are positive integers.  

The parameters are taken from Sutton & Chen28. 

The potentials were tested on a bulk system containing 256 face-centred-cubic packed 

atoms in a cube using periodic boundary conditions (PBC).  PBC are used to simulate 

large systems (in this case bulk metal) by modelling a small part of the system distant 

from all edges/surfaces.  In effect, the atoms that appear to be on the “surface” of the 
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simulation cell act as if they are within an infinite matrix of atoms and so surface effects 

are negligible.   

6.2 Experimental Aspects 

Classical molecular dynamics (MD) simulations have been performed using the 

DL_POLY 2.029 software package.  The simulations were carried out within the micro-

canonical (NVE) ensemble, with an integration time-step of 1 fs. The atomic forces and 

velocities were equilibrated for 50 ps after which the molecular dynamic simulation 

was run for 2 ns.  Data were collected during the simulation after confirming that both 

the energy and temperature were stabilised. 

The simulations were performed on “spherical” nanoparticles 55, 177, 381 and 767 

atoms for both Au and Pt corresponding to average nanoparticle diameters of 1.44 nm, 

2.02 nm, 2.60 nm and 3.17 nm for gold, and of 1.39 nm, 1.94 nm, 2.50 nm and 3.05 nm 

for platinum, respectively.   These sizes cover the range of the experimentally 

determined diameters of the nanoparticles.  

 

      55 atom           177 atom              381 atom                        767 atom 

Figure 17:  Starting configurations of “spherical” nanoparticles. 

 

The initial structures for the simulated nanoparticles were constructed with ATOMS14 

(Figure 17). The lattice parameters for constructing the nanoparticles were obtained 

from a unit cell representation of the face-centred cubic (fcc) structure of the 

corresponding bulk metal.  The Gupta potential was used to simulate both Au and Pt 

nanoparticles, and the Sutton-Chen potential for the Pt nanoparticles only.  The MD 

simulations were conducted at temperatures from 20 K to 300 K.  Work using the 

Gupta potential for Au was carried out by Nicholas Zonias and myself.  All Pt 

nanoparticle simulations were carried out by Nicholas Zonias (University of 

Southampton). 
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7 Electrochemical Methods 

Electrochemical techniques are key in studying the behaviour and structure of 

nanoparticle electrocatalysts, and also provide a means of modifying the surface and 

properties of these particles.  Firstly cyclic voltammetry is used to characterise the 

nanoparticles; secondly, underpotential deposition is used to modify the surface of the 

nanoparticles to investigate the contribution of the surface structure to the EXAFS 

signal. 

7.1 Cyclic Voltammetry 

7.1.1 Basic Principles 

Cyclic voltammetry (CV) is a potentiodynamic voltammetric measurement, used in 

particular to study the redox properties of electroactive species.  CV consists of cycling 

the potential of an electrode (Figure 18) in an unstirred solution and measuring the 

resulting current.   

 

Figure 18:  Typical waveform for cyclic voltammetry – a triangular potential waveform 

with switching potentials at 0.3 and -0.5 V vs. MMS. 

The start potential is chosen at a suitable limit for the system under study, generally 

the open circuit potential (OCP - where there is no current flowing).  The voltage is 

then increased linearly as a function of time (a) up to the potential at (b) oxidising the 

system, but stopping before electrolysis of the supporting electrolyte occurs.  The 
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potential is swept back (c) to the start potential (d) reducing the system.  

Measurements may also be done where the system is first reduced then oxidised. 

7.1.2 Experimental Aspects 

A three electrode electrochemical cell (Figure 19) was used to test the electrochemical 

techniques in the lab before the in situ electrochemical cell was used for the EXAFS 

studies (Figure 9, section 2.2.7).  An Autolab PGSTAT30 potentiostat was used to 

connect and control all three electrodes.  The painted electrode served as the working 

electrode (WE), held in place to the Pt wire contact by a screw cap.  A Pt wire mesh 

served as the counter electrode (CE), and a mercury mercurous sulphate (MMS) 

Hg/Hg2SO4 was used as the reference electrode (RE).  The RE was calibrated prior to 

use against a reversible hydrogen electrode (RHE) system of Pt wire in hydrogen 

purged 1M H2SO4; the MMS had a potential of 0.69 V vs RHE.  The RE was used in 

conjunction with a Luggin capillary to reduce any errors resulting from resistance in 

the electrolyte solution.  The cell had a total volume of 150 ml. 

 

Figure 19:  Example of the three electrode electrochemical cell30.   

The three electrode cell was filled with 1.0 M H2SO4, and purged with N2 for 15 minutes 

whilst stirring to remove any dissolved oxygen.  After this the gas was left to bleed over 

the surface of the electrolyte and the stirring stopped.  CVs were taken between -0.69 

and 0.90 V vs. MMS until the scans overlaid. 
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7.1.3 Cyclic Voltammetry of Au in Acid 

The cyclic voltammetry of Au in acid is fairly straightforward, with only oxide 

formation/removal and double layer charging effects present (Figure 20). 
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Figure 20:  CV of bulk Au (mm diameter disc) in 1 M H2SO4.  Scan rate 10 mV s-1, forward 

scan indicated by arrow. 

The double layer region extends from -0.1 V to +0.3 V vs. MMS, and arises from build-

up of charge on the electrode surface.  Oxide monolayer formation begins at 0.65 V vs. 

MMS, with oxygen evolution beginning at +1.0 V vs. MMS (not shown).  The broad 

anodic peak, and presence of hysteresis indicate that the process does not occur very 

reversibly.  The maximum anodic limit for the Au nanoparticle electrochemistry was 

chosen to be 0.90 V vs. MMS as beyond this dissolution of the nanoparticles occurs at 

an appreciable rate.  

7.2 Underpotential Deposition 

7.2.1 Basic Principles 

Underpotential deposition (UPD) of Cu occurs positive to the bulk deposition 

potential31, and is visible as a small current peak occurring upon the deposition of the 

first monolayer on the electrode which is slightly positive in relation to the peak 

associated the bulk deposition.  On single crystal surfaces the technique reliably 

deposits a monolayer coverage of Cu, that can then be exchanged for a more noble 

metal.  In terms of modifying electrocatalysts this is extremely useful, though for this 



Chapter Two:  Experimental Methods and Techniques 
 

38 
 

study, a complete surface capping for structural investigation32 is the desired state, and 

so the technique was stopped at the Cu deposition stage. 

7.2.2 Experimental Aspects 

The electrochemical cell was set up as in section 7.1.2, and CVs collected at 10 mV s-1 in 

0.5M H2SO4 until they overlaid.  The anodic limit was decreased until no Au oxide 

formation/removal was present and a further CV collected.  The solution was changed 

to one of 2mM CuSO4 in 0.5 M H2SO4 that was purged in N2 for 15 minutes, and the 

same set of CVs collected.  The open circuit, monolayer and bulk deposition potentials 

were taken from these scans, as well as the onset of the stripping peaks, and were used 

as potential hold points for the in situ EXAFS studies. 

7.2.3 In situ EXAFS Studies of Cu UPD on Au Nanoparticles 

The in situ cell was set up on the beamline as detailed in section 2.2.7 with a pre-

prepared painted electrode placed inside the cell.  The electrode was cycled in 0.5 M 

H2SO4 between -0.625 V and +0.900 V vs. MMS at 50 mVs-1 until the scans overlaid.  For 

each desired measurement, a CV was collected between -0.625 V and +0.900 V vs. MMS, 

and between -0.625 and +0.200 V vs. MMS at 10 mV s-1 followed by holding the 

potential at the desired limit whilst recording the current profile.   

Once the current had stabilised the EXAFS was collected.  After each set of EXAFS scans 

the electrolyte was pumped through the cell and the potential slowly moved to the next 

desired limit.  The procedure was run once with 0.5 M H2SO4 as the supporting 

electrolyte at the Au LIII edge, and once with 2 mM CuSO4 in 0.5 M H2SO4 as the 

electrolyte on a single painted electrode at both the Au LIII and Cu K edges 
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CHAPTER THREE: CHARACTERISATION OF 

MONOMETALLIC CATALYSTS 

Chapter One gave an introduction into the growing use of nanoparticles in catalysis and 

the need for accurate characterisation of particle size to feed into models of structure 

and property relationships.  Chapter Two introduced the characterisation techniques; 

this chapter details the characterisation of a series of monometallic nanoparticle 

catalysts and cross correlation between results.  The samples studied were two series 

of Pt/C nanoparticle catalysts, and two Au/C nanoparticle catalysts prepared by 

different methods.   

1 Introduction 

Characterisation is vital if a quantitative link is to be made between a material’s 

structure and properties.  There is a large body of research detailing the different 

methods of structural characterisation currently available, and also of the most recent 

advances.  Problems encountered when seeking to determine atomic structure on the 

nanoscale include the physical limitations of techniques, non-uniform size distribution 

within the samples coupled with a variety of means to weight data (resulting in 

differences in the sizes obtained), and the on-going development in the interpretation 

of results such as with EXAFS1,2.  Line broadening with XRD3-5 effectively places a lower 

limit on the size of particle that can be resolved.  TEM is a direct probe6 and can 

regularly attain resolutions of below 1 nm, and even down to 0.1 nm with the use of 

aberration correction, but particle instability within the electron beam along with the 

inherent local nature of TEM3,7-9 limits the technique.  XRD and EXAFS, as bulk probes, 

are able to provide a much more representative picture of the sample under study but, 

unlike TEM and EXAFS, XRD cannot detect amorphous materials, and therefore is 

unable to detect the smallest catalyst particles1.  EXAFS is an indirect probe of particle 

size10, and the coordination numbers determined need interpretation to provide a 

means of particle size determination.  The interpretation of particle size from 

coordination number is discussed in depth later on in the chapter. 

To complicate matters further, each technique is weighted differently.  Therefore 

average particle size is not a unique quantity for a polydisperse sample as a 

consequence of the different weighting methods that can be employed.  The effect of 

polydispersity is such that if a sample consists primarily of small particles with a small 
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proportion of large particles the average number weighted size will be small.  However 

if the results are volume weighted the average size will be much larger (as a result of 

the few large particles present) resulting in a discrepancy between the determined 

sizes.  Volume weighting counts each atom equally, whereas number weighting counts 

each crystallite/particle equally (e.g. TEM/XRD); in this sense, EXAFS can be said to be 

a volume weighted technique3.  XRD and TEM can be converted into volume weighted 

results for a more direct comparison and the process is discussed later in this chapter.  

Therefore the more polydisperse a sample is, the greater the difference in sizes seen by 

each technique will be. 

The desired goal in characterisation is the ability to constrain a unique structural 

solution for both size and shape from only one technique.  With the current limitations 

for each technique, this is rarely possible.  Li et al. imaged an Au 309 atom cluster in 

three dimensions with aberration corrected scanning transmission electron 

microscopy (AC-STEM9) by comparing the  integrated intensity of the signal with 

theoretical modelling.  This process was however very time intensive, was even more 

local in its probing than TEM, and required size selected nanoparticles (by mass 

spectrometry) to ensure monodispersity and simplification of analysis.  As such, it fails 

to be a viable method for routine large scale characterisation of polydisperse samples. 

Cervera Gontard et al. used three-dimensional tomographic reconstruction of HAADF-

TEM (Chapter Two, section 3.1.1) images to determine a particle size distribution11 and 

a complete shape analysis of a small sampling of nanoparticles.  Whilst not requiring a 

pre-selection of the most suitable particles to study (as was the case with Li et al.) this 

too is time consuming, due to the complexity of tomographic measurements on a 

nanoscale, to be able to image enough particles for a measurement that is 

representative of the sample.  The same study illustrated the use of bulk probes such as 

XRD and SAXS (small angle X-ray scattering) to determine a particle size distribution as 

well as that derived from the TEM micrographs.  The combination of the detailed 

structural characterisation of the TEM reconstructions coupled with the bulk probes of 

the XRD and SAXS allow for a more complete picture of the sample on a local and bulk 

scale, provided the similarities and differences between the characterisation 

techniques are understood. 

Electron microscope methods offer perhaps the most complete structural solution for 

single nanoparticles, but their local nature and the strict conditions the measurements 

must be performed under diminish their effectiveness and applicability when looking 
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at catalysts, since increasingly there is a desire to characterise nanoparticle catalysts 

in situ.  In situ XRD measurements are routinely carried out and in situ TEM is possible 

under mild conditions however the equipment to do so is not standard.  Synchrotron 

methods such as XAS (but also small angle X-ray scattering) offer improvements over 

XRD for in situ measurements as any number of experimental conditions are possible, 

and are not limited by the need for sample crystallinity12-15.  Techniques may be 

combined for in situ measurements such as EXAFS and XRD to offer powerful 

characterisation solutions under a range of experimental conditions16-18.  The cross 

correlation of techniques allows for a much deeper understanding of the sample under 

study, if complementary methods are chosen, for example: 

XRD vs. TEM 

 Bulk probe 

 Limited to larger crystallites 

(>2 nm) 

 Amorphous material invisible 

 Usually no beam damage 

 Local Probe 

 0.1 Å resolution 

 Amorphous material visible 

 Beam damage at highest 

resolutions 

 

XRD vs. EXAFS 

 Long range order 

 Crystalline only 

 Not element specific 

 Able to distinguish different 

crystallographic sites and phases 

 Averages different elements in the 

same crystallographic sites 

 Short range order 

 Crystalline and amorphous 

 Element specific 

 Averages over all sites and phases 

 Able to distinguish different 

elements in the same 

crystallographic sites (dopants) 

 

This chapter will look at the cross- correlation between TEM, XRD and EXAFS of a 

series of monometallic nanoparticle catalysts supported on carbon, with the aim of 

rationalising the similarities and differences in size determined by each technique. 
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2 Experimental procedures 

2.1 Catalyst preparation 

The series of Pt/C nanoparticle catalysts were supplied by Johnson Matthey and the 

Au/C catalysts were prepared by two different methods.  The details of all catalysts 

used in this work are in Table 1. 

Table 1:  Nominal loadings and nomenclature of monometallic nanoparticle catalyst 

samples investigated. 

Sample Nominal Loading / wt% Treatment 

Au/XC72R carbon (Thiol) 4 None 

Au/ XC72R carbon (Citrate) 16 

Pt/Ketjen carbon 5 

10 

20 

40 

60 

Pt/Ketjen carbon (treated) 10 None 

10  Heated in N2, 973 K 

10 Heated in N2, 1273 K 

10 Heated in N2, 1473 K 

2.3 TEM and XRD 

All samples for TEM and XRD were submitted to the Johnson Matthey Technology 

Centre for analysis.  Data collection and analysis were completed by Don Ozkaya (TEM) 

and Tim Hyde (XRD). 

2.4 EXAFS 

The absorption edges of interest were the Au LIII (11919 eV) and Pt LIII (11564 eV) 

edges.  Investigations were carried out on beamline X11A for the Au measurements 

and X23A2 for the Pt measurements.  All EXAFS measurements in this chapter were 

collected in transmission mode using the cryostat cell.  The samples were all prepared 

as boron nitride pellets. The Pt/C samples were reduced at room temperature by 

exposure to pure H2 prior to data collection. 
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2.5 Sample Nomenclature 

The focus in this work is on the sample size and structure and the characterisation of 

these properties rather than the behaviour of the samples as catalysts; as such samples 

will be referred to in terms of their nominal metal loading throughout, i.e. 10 wt% Pt/C 

for simplicity (Table 1). 

3 Characterisation of Pt/C nanoparticle catalysts 

3.1 TEM 

TEM was used to give an indication of the average nanoparticle size and distribution in 

each sample.  Micrographs were taken between 5 nm and 200 nm scale; an example 

micrograph for each sample is given in Figure 1 below. 

 

Figure 1:  TEM micrographs of a) 10 wt% Pt/C, b) 20 wt% Pt/C, c) 40 wt% Pt/C and d) 60 

wt% Pt/C.  Scale bar is 20 nm. 

a) b)

c)      d)
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Bright field (BF) micrographs at 10 and 20 nm scale were used for the particle size 

analysis (Figure 2), with between 350 and 600 particles being sampled.  The samples 

all show the catalyst is well dispersed over the support, the distributions are all narrow, 

with small numbers of particles measured at either end of the distribution.  These 

factors result in little change in average particle size when varying the weighting of the 

results (Table 2).  The narrow distribution and even dispersion suggest that the whole 

of each sample is uniform, which is useful for studying the particle size effect, but also 

ideal for applying more advanced EXAFS characterisation methods (discussed in 

Chapter Four).   
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Figure 2:  Particle size distribution of a) 10 wt% Pt/C, b) 20 wt% Pt/C, c) 40 wt% Pt/C 

and d) 60 wt% Pt/C.   
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Table 2:  Comparison of particle size determinations from varying TEM weighting 

approaches. 

Sample 

loading / 

wt% Pt/C 

Number of 

observed 

particles 

Average TEM particle size / nm Standard 

deviation / 

nm 

D0 Dn Da DVol 

10 354 0.98 1.03 1.43 1.61 0.45 

20 445 1.46 1.57 2.15 2.43 0.69 

40 600 1.53 1.92 2.26 2.57 0.73 

60 433 1.74 1.84 2.58 2.95 0.82 

The various weightings for particle size distributions were calculated using TEMdist 

software19, with the following definitions of each weighting as follows: 

                                 
          

Equation 1 

                                
          

Equation 2 

                                   
          

Equation 3 

where,  

D0 is the mean of lognormal distribution and σ is the variance of lognormal distribution 

of spheres (measure of distribution width) as calculated in the TEMdist software. 

In all cases the error (calculated as standard deviation of the particle sizes measured) 

is less than a third of the average particle size, a result of the narrow size distribution.  

Analysis of the distribution from BF images is complicated by distinguishing  the 

particles from the carbon support20, as well as contrast between adjacent particles and 

overlap between particles in projection11.  

All various weightings are dependent on the particle size distribution of the sample, 

and therefore the quality of the sample itself will heavily influence the effect the 

weighting procedure has.  The means by which the weightings are calculated also 

clearly illustrates how one very large particle can greatly increase the variance and 

thus skew the average particle size.  
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The method by which the TEM derived particle size is weighted is not commonly 

reported although the simplest interpretation of a PSD is the mean of the lognormal 

distribution as it requires the least amount of data processing (The distribution is 

influenced by whether the sample is dominated by small or large particles, and this 

affects the position of the mean).  Such a skew can lead to inconsistencies when 

correlating and comparing results that are inherently weighted in a different manner.  

Often, mean number weighted TEM results are compared with volume weighted XRD 

results erroneously, giving rise to a disagreement between the two methods21.  This 

will be discussed further in Section 6.3 of this chapter. 

3.2 AC-STEM Pt/C 

Aberration correction was used to gain a more detailed understanding of the exact 

morphology of the nanoparticles.  With resolution capable of going below 0.1 nm, 

imaging of the packing of atoms is possible.  Figures 3 through 5 contain some sample 

micrographs. 

Micrographs were collected in both BF and HAADF mode.   The dark field mode, 

sensitive to backscattered electrons works particularly well at such high magnification, 

and was able to detect atomic debris on the support that was not bound in a 

nanoparticle (Figure 3).   
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Figure 3:  AC-STEM micrographs of a) 10 wt% Pt/C, b) 20 wt% Pt/C, c) 40 wt% Pt/C and d) 

60 wt% Pt/C in HAADF mode.  Scale bar is 2 nm. 

The particles are non-spherical, tending towards hexagonal, suggesting cuboctahedral 

or icosahedral geometries, although intensity profiling22 is required for determination 

of exact morphology. Characterising the morphology and support interaction would 

prove useful in preparing the molecular dynamics simulations to be detailed in Chapter 

Four.  The aim of collecting AC-STEM micrographs was to gain more detailed images of 

the nanoparticle morphology, both top-down and side-on to the support.  

Unfortunately, this met with limited success for a number of reasons.  The power of the 

electron beam at highest magnification caused the samples to vibrate, blurring the 

images.  Scanning the beam faster reduced the image blur due to vibrations, but 

introduced scanning artefacts (Figure 4).  
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Figure 4:  AC-STEM beam scanning artefacts in HAADF mode, direction marked by white 

arrows. 

The smaller nanoparticles (lower loading Pt/C) having poorer crystallinity were much 

less stable to the electron beam, and began to disintegrate on imaging (Figure 5a-c), the 

electron beam breaking bonds within the nanoparticle and knocking atoms off the 

edges, and destroying any crystallinity that was initially present.   

 

Figure 5:  Beam damage at highest magnification, the time sequence of micrograph 

imaging runs a), b) then c). 
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The amount of atomic debris visible decreases with increased Pt loading, suggesting 

that increasing the loading during the synthesis stage forces the debris and 

nanoparticles to aggregate together, resulting in the increased particle sizes observed.  

Although much more crystalline and resilient to beam damage, the extent of the 

loading caused a large degree of overlapping of particles, and made identification of a 

stable side-on particle (for support interaction/morphology) highly improbable. 

3.3 XRD 

XRD was used to identify which phases were present in the samples, and to determine 

crystallite size, although due to the size of the nanoparticles, the latter was for cross-

correlation purposes rather than absolute size determination.  XRD patterns of the 10-

60 wt% Pt/C samples are presented in Figure 6. 

The broad diffraction peak at 2Θ ~ 25° due to the Ketjen carbon support (Figure 6e) is 

observed in all patterns.   The lowest loaded sample - 10 wt% (Figure 6a) - exhibits a 

small amount of (face centred cubic – fcc) crystalline Pt, although this is overlaid with 

some poorly tetragonal platinum oxide, most probably PtO.  The amount of “crystalline” 

Pt is too small to be resolved and the convolution of the broad diffraction peaks makes 

crystallite size determination unfeasible, highlighting a limitation of using XRD to 

characterise very small particles. 

As the sample loading is increased to 20 wt% (Figure 6b), the corresponding slight 

increase in size is enough to make the poorly crystalline Pt detectable by XRD, with 

more appreciable amounts detectable for the 40 wt% and 60 wt% samples (Figure 6c 

and 6d respectively).  The crystallite sizes were determined by a Rietveld analysis and 

presented in Table 3.  In all samples, there is still some poorly defined PtO present. 
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Figure 6:  XRD patterns of a) 10 wt% Pt/C, b) 20 wt% Pt/C, c) 40 wt% Pt/C, and d) 60 wt% 

Pt/C.  Data is the black line, ∣ refers to cubic Pt (PDF No. 00-04-0802, a = 3.92 Å), ∣ refers 

to tetragonal PtO (PDF No. 01-085-0714, a = 3.04 Å, c = 5.34 Å), and ∣ refers to the Ketjen 

(EC600JD) carbon support in panel e). 

The presence of the poorly defined oxide phases hinders the calculation of crystallite 

size, as does the relatively high contribution from the carbon support for the lower 



Chapter Three:  Characterisation of Monometallic Catalysts 
 

53 
 

loaded samples.  Consequently, all crystallite sizes can only be regarded as 

approximations rather than absolute values. 

Table 3:  Rietveld derived XRD crystallite sizes.  Size determination was not possible due 

to very poor crystallinity for the 10 wt% sample. 

Sample / wt% 

Pt/C 

Crystallite size / nm 

LVol average crystallite size DVol = 4/3*LVol (sphere) – 

mean volume weighted 

diameter 

10 --- --- 

20 1.10 1.46 

40 1.36 1.81 

60 1.69 2.25 

where, 

DVol = mean volume weighted diameter = 4/3*LVol  

The quantity LVol can be related to D0 and σ (found in Equations 1-3) as follows: 

     
 

 
   

          

Equation 4 

The factor of 4/3 in the XRD DVol calculation is related to the crystal shape, usually 

assumed to be spherical.  By converting the weightings of XRD crystallite size to the 

DVol weighted method, a direct means of comparing results from TEM (Equation 3) and 

XRD is obtained23, linked by the same two parameters, D0 and σ.  This is an 

improvement in general terms for cross-correlation, although a direct comparison can 

still not be provided as XRD measures crystallite size whilst TEM measures particle 

size (with the possible existence of twinned crystals or overlapping particles). 
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3.4 Standard EXAFS 

The following section contains EXAFS fit by standard means up to the 4th coordination 

shell.  In this work, standard analysis refers to using a bulk fcc structure to generate the 

theoretical scattering paths that FEFF calculates, and that are used to fit the 

experimental data to theory.  None of the surface termination effects or anharmonic 

behaviour present in the nanoparticles are accounted for in this approach.  These 

effects will be considered later in Chapter Four. 

Data was fitted between 2-6 Å in R, 3-18 Å-1 in k (cryostat data) and 3-17 Å-1 (300 K 

data), with multiple k-weighting.  The data was fitted starting at the first coordination 

shell, evaluating the fit by minimising the Rf and reduced χ2, then moving radially 

outwards from the absorbing atom to the fourth coordination shell, including all single 

scattering paths and all major multiple scattering paths.  The path degeneracy was also 

used as a fitting parameter due to the termination effects present in nanoparticles.  To 

minimise the number of parameters in the fit the multiple scattering path σ2 

parameters were constrained based on the photoelectron mean free path length 

(Table 4. Figure 7).   

Table 4:  Fitting parameter constraints for standard EXAFS fits. 

Scattering Path Amplitude Path length Energy shift Disorder 

Ptabs – Pt1 – Ptabs N1 Reff * α E0 σ21 

Ptabs – Pt2 – Ptabs N2 σ22 

Ptabs – Pt1a – Pt1b – Ptabs NMS 1.5*σ21  

Ptabs – Pt3 – Ptabs N3 σ23 

Ptabs – Pt1a – Pt1c – Ptabs NMS σ21 + 0.5*σ23 

Ptabs – Pt3a – Pt1d – Ptabs NMS*2 σ21 + 0.5*σ23 

Ptabs – Pt4 – Ptabs N4 σ24 

Ptabs – Pt1e – Pt4a – Ptabs N4*2 σ21 + 0.5*σ24 

Ptabs – Pt1f – Ptabs – Pt1g – 

Ptabs 

N4 2*σ2
1 

Ptabs – Pt1h – Pt1i – Pt1j – 

Ptabs 

N4 2*σ2
1 

Ptabs – Pt1k – Ptabs – Pt1k – 

Ptabs 

N4 2*σ21 

Reff is the theoretical bond length for the scattering path, and α is the isotropic 

expansion coefficient. 
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Figure 7:  Representation of single and multiple scattering paths in Table 4.  Orange 

circles denote absorbing atoms, dark blue circles are scattering atoms in plane of the 

absorbing atom and light blue (dashed outline) circles are beneath the plane of the 

absorbing atom. 

Prior to collecting the nanoparticle data, a Pt foil was run to determine the amplitude 

reduction factor (S02), without the which the coordination number cannot be accurately 

determined24.  The amplitude reduction factor was found to be 0.85 ± 0.03 at the Pt LIII 

edge and all coordination numbers reported in this work were corrected using this 

amplitude reduction. 

The EXAFS signal contained some noise with a low R component that could not be 

removed during data processing without affecting the amplitude of the data.  This 

resulted in a slight misfit around 2 Å.  Thermal vibrations damp down the EXAFS 

oscillations at higher k values in the 300 K data, and cause a decrease in the signal to 

noise ratio, hence the reduced fitting range. 

The experimental data and fits for the 10-60 wt% Pt/C catalysts are presented in 

Figures 8-11, with the corresponding fitting parameters in Tables 5-8.  All data was 

collected on beamline X23A2 of the NSLS. 
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Figure 8:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform for 10 wt% 

Pt/C at a-b) 20 K, c-d) 150 K and e-f) 300 K. 
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Table 5:  Structural parameters for room temperature H2 reduced 10 wt% Pt/C 

nanoparticles at 20 K, 150 K and 300 K, acquired at the Pt LIII edge, corresponding to the 

data in Figure 8. 

Condition 10 wt% Pt/C 

 

20 K 

vacuum 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 7.45 ± 0.43 2.73 ± 

0.01 

0.0048 ± 

0.0002 

8.25 ± 

0.55 

0.022 

Pt-Pt2 2.72 ± 0.70 3.87 ± 

0.01 

0.0065 ± 

0.0022 

Pt-Pt3 6.80± 2.04 4.74 ± 

0.01 

0.0058 ± 

0.0016 

Pt-Pt4 4.38 ± 2.08 5.47 ± 

0.01 

0.0121 ± 

0.0049 

 

 

150 K 

vacuum 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 7.53 ± 0.39 2.73 ± 

0.01 

0.0059 ± 

0.0008 

7.62 ± 

0.48 

0.022 

Pt-Pt2 1.98 ± 0.79 3.87 ± 

0.01 

0.0065 ± 

0.0024 

Pt-Pt3 7.68 ± 2.11 4.74 ± 

0.01 

0.0079 ± 

0.0018 

Pt-Pt4 4.84 ± 1.91 5.47 ± 

0.01 

0.0128  ± 

0.0049 

 

 

300 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 7.81 ± 0.49 2.75 ± 

0.01 

0.0068 ± 

0.0003 

5.53 ± 

0.46 

0.019 

Pt-Pt2 2.24 ± 1.36 3.90 ± 

0.01 

0.0085 ± 

0.0040 

Pt-Pt3 6.41 ± 3.84 4.77 ± 

0.01 

0.0087 

0.0033 

Pt-Pt4 5.28 ± 1.79 5.51 ± 

0.01 

0.0121 ± 

0.0043 
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Figure 9:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform for 20 wt% 

Pt/C at a-b) 20 K, c-d) 150 K and e-f) 300 K. 
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Table 6:  Structural parameters for room temperature H2 reduced 20 wt% Pt/C 

nanoparticles at 20 K, 150 K and 300 K, acquired at the Pt LIII edge, corresponding to the 

data in Figure 9. 

Condition 20 wt% Pt/C 

 

20 K 

vacuum  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 7.76 ± 0.38 2.74 ± 

0.01 

0.0053 ± 

0.0002 

7.66 ± 

0.45 

0.016 

Pt-Pt2 1.91 ± 0.85 3.87 ± 

0.01 

0.0056 ± 

0.0017 

Pt-Pt3 7.91 ± 2.54 4.74 ± 

0.01 

0.0069 ± 

0.0014 

Pt-Pt4 5.79 ± 1.27 5.48 ± 

0.01 

0.0113† ± 

0.0035 

 

 

150 K 

vacuum  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 7.91 ± 0.41 2.73 ± 

0.01 

0.0060 ± 

0.0002 

7.27 ± 

0.46 

0.017 

Pt-Pt2 3.40 ± 1.44 3.87 ± 

0.01 

0.0094** ± 

0.0033 

Pt-Pt3 7.43 ± 3.60 4.74 ± 

0.01 

0.0088 ± 

0.0029 

Pt-Pt4 4.95 ± 1.13 5.47 ± 

0.01 

0.0169†** 

± 0.0056 

No fitting model could break the trend in σ2 being higher for 2nd shell than 3rd**, or for 

the very high 4th shell value†. 

 

300 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 8.27 ± 0.41 2.76 ± 

0.01 

0.0065 ± 

0.0002 

5.10 ± 

0.36 

0.011 

Pt-Pt2 2.31 ± 1.03 3.90 ± 

0.01  

0.0077 ± 

0.0026 

Pt-Pt3 8.78 ± 3.79 4.78 ± 

0.01 

0.0095 ± 

0.0024 

Pt-Pt4 5.60 ± 1.39 5.52 ± 

0.01 

0.0110 ± 

0.0029 
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Figure 10:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform for 40 wt% 

Pt/C at a-b) 20 K, c-d) 150 K and e-f) 300 K. 
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Table 7:  Structural parameters for room temperature H2 reduced 40 wt% Pt/C 

nanoparticles at 20 K, 150 K and 300 K, acquired at the Pt LIII edge, corresponding to the 

data in Figure 10. 

Condition 40 wt% Pt/C 

 

20 K 

vacuum  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 9.13 ± 0.41 2.75 ± 

0.01 

0.0034 ± 

0.0001 

8.44 ± 

0.43 

0.008 

Pt-Pt2 3.06 ± 0.96 3.89 ± 

0.01 

0.0037 ± 

0.0010 

Pt-Pt3 10.50 ± 

2.46 

4.76 ± 

0.01 

0.0039 ± 

0.0008 

Pt-Pt4 6.07 ± 1.29 5.49 ± 

0.01 

0.0065 ± 

0.0010 

 

 

150 K 

vacuum  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 8.78 ± 0.37 2.75 ± 

0.01 

0.0046 ± 

0.0002 

7.96 ± 

0.38 

0.008 

Pt-Pt2 2.82 ± 0.97 3.89 ± 

0.01 

0.0058 ± 

0.0014 

Pt-Pt3 10.05 ± 

2.42 

4.76 ± 

0.01 

0.0060 ± 

0.0010 

Pt-Pt4 6.08 ± 1.38 5.49 ± 

0.01 

0.0080 ± 

0.0017 

 

 

300 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 8.47 ± 0.41 2.76 ± 

0.01 

0.0060 ± 

0.0002 

5.47 ± 

0.37 

0.009 

Pt-Pt2 2.68 ± 1.02 3.90 ± 

0.01  

0.0074 ± 

0.0022 

Pt-Pt3 10.16 ± 

2.12 

4.77 ± 

0.01 

0.0087 ± 

0.0018 

Pt-Pt4 6.20 ± 1.52 5.51 ± 

0.01 

0.0101 ± 

0.0023 
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Figure 11:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform for 60 wt% 

Pt/C at a-b) 20 K, c-d) 150 K and e-f) 300 K. 
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Table 8:  Structural parameters for room temperature H2 reduced 60 wt% Pt/C 

nanoparticles at 20 K, 150 K and 300 K, acquired at the Pt LIII edge, corresponding to the 

data in Figure 11. 

Condition 60 wt% Pt/C 

 

20 K 

vacuum  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 9.54 ± 0.41 2.75 ± 

0.01 

0.0041 ± 

0.0002 

7.56 ± 

0.40 

0.009 

Pt-Pt2 3.03 ± 1.04 3.89 ± 

0.01 

0.0048 ± 

0.0013 

Pt-Pt3 12.14 ± 

2.82 

4.76 ± 

0.01 

0.0053 ± 

0.0009 

Pt-Pt4 6.90 ± 1.40 5.50 ± 

0.01 

0.0070 ± 

0.0013 

 

 

150 K 

vacuum  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 9.32 ± 0.40 2.75 ± 

0.01 

0.0046 ± 

0.0002 

8.09 ± 

0.39 

0.009 

Pt-Pt2 3.08 ± 0.82  3.89 ± 

0.01 

0.0056 ± 

0.0015 

Pt-Pt3 11.97 ± 

2.88 

4.76 ± 

0.01 

0.0066 ± 

0.0011 

Pt-Pt4 7.07 ± 1.44 5.50 ± 

0.01 

0.0132 ± 

0.0015 

 

 

300 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 8.71 ± 0.42 2.76 ± 

0.01 

0.0057 ± 

0.0002 

5.65 ± 

0.41 

0.009 

Pt-Pt2 5.43 ± 0.56 3.90 ± 

0.01  

0.0067 ± 

0.0015 

Pt-Pt3 12.74 ± 

1.98 

4.78 ± 

0.01 

0.0086 ± 

0.0012 

Pt-Pt4 8.03 ± 1.69 5.52 ± 

0.01 

0.0094 ± 

0.0017 
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On fitting a bulk fcc material, the coordination numbers would be expected to follow 

the theoretical values of 12, 6, 24 and 12 for the first to fourth shells respectively.  

Moving radially outwards from the absorbing atom, the probability that the 

photoelectron will scatter and return to the absorber is reduced, and so the actual 

coordination numbers measured will be slightly lower than the theoretical values.  

With the finite size of nanoparticles, there are significantly less atoms at the third and 

fourth coordination shell distances, and so the measured values will be further reduced.  

This is the “termination effect” with respect to coordination number. 

Fitting of the higher coordination shells gives much higher errors in coordination 

number and disorder compared with those for the first shell.  Since the fourth shell is 

greatly under-coordinated (as a result of the particle size) the multiple scattering 

contributions, both at this distance and between the third and fourth shells, are 

significantly reduced.  These scattering paths are still needed for a physically 

reasonable fit, as without the contribution of their amplitudes and phases, unrealistic 

values such as negative disorder and coordination are obtained for the higher shells.  

The unknown degree of termination and the constraints imposed on these paths (to 

reduce the number of fitting variables below the Nyquist theorem limit) contribute to 

the higher error values.  This effect is observed in all samples measured, with the larger 

errors being obtained for both measurements at higher temperature and for the 

smaller nanoparticles (i.e. lower coordination number) 

Some of the higher coordination shell results appear anomalous, such as those in Table 

6 (data in Figure 9a, 9c).  The data recorded at 20 and 150 K is noisier beyond 12 Å-1 

than for similar samples, and harder to fit to theory, resulting in the disorder not 

following the expected trends; i.e. increasing with temperature, or increasing as the 

radial distance between absorber and scatterer is increased.  The cryostat relied on a 

vacuum and displex unit to reach the required temperature, and it is likely that the 

physical nature of the cooling process damaged the pellet, introducing sample 

inhomogeneities that resulted in the increased noise25.  A more severe effect was 

observed with a 5 wt% Pt/C sample on activation of the displex unit that rendered the 

final EXAFS data too distorted to be useable and this data has not been reported herein.   

Whilst modelling the disorder with the correlated Debye function26,27 would facilitate a 

reduction in the number of variables and therefore lower the reduced χ2, its use was 

deemed inappropriate for such poorly crystalline nanoparticles given that it was 

developed for crystalline systems28.  This is evidenced by the large degree of surface 
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atoms with anharmonic bond vibration combined with the poor crystallinity seen in 

the XRD patterns and the AC-STEM micrographs. The cryostat was used to reduce the 

degree of thermal disorder in the sample to allow for more accurate determination of 

coordination number, and to shed light on the degree of structural disorder present in 

in the nanoparticles.  Even at 20 K, the fits reveal a very large degree of disorder 

present in the system, e.g. the 20 wt% Pt/C at 20 K has a greater σ2 value (0.0053 Å2) 

than bulk Pt at room temperature (0.0049 Å2).  The majority contribution to this 

increase is from structural strain, and as such suggests that an improved fitting model 

is needed to account for this. 

A decrease in average bond length is observed at lower temperatures, and as the Pt 

loading is reduced.  Given that the average coordination number (and thus size) 

reduces with Pt loading, the lattice contraction is both temperature and size dependent.   

Table 9:  Decrease in lattice parameter determined from the EXAFS fits with size and 

temperature. 

Sample / wt% Pt/C Temperature / K Lattice parameter a / Å 

Bulk Pt 20 3.91± 0.01 

300 3.92± 0.01 

10 20 3.87 ± 0.01 

150 3.87 ± 0.01 

300 3.90 ± 0.01 

20 20 3.87 ± 0.01 

150 3.87 ± 0.01 

300 3.90 ± 0.01 

40 20 3.89 ± 0.01 

150 3.89 ± 0.01 

300 3.90 ± 0.01 

60 20 3.89 ± 0.01 

150 3.89 ± 0.01 

300 3.90 ± 0.01 

The isotropic expansion coefficient measured by EXAFS shows a contraction in the unit 

cell of the Pt crystallites, with noticeable differences between the reference foil and 

nanoparticles at 300 K, and an even greater contraction at 20 K (Table 9).  This 

contraction of the lattice as a function of both temperature and size is well 

established29,30. 
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3.5 Particle Size Calculation from EXAFS                        

Particle size calculations were carried out based on the work of Benfield31 and Jentys32.  

A cluster with a complete outer shell is commonly known as a “magic number cluster”33.  

Assuming an approximately spherical shape, this allows for a size calculation based on 

the atomic radius of the element of which the cluster is composed, as shown in 

Figure 12 below.  Of course, this does not take into account any non-bulk type 

behaviour such as contraction of the surface bonds29,34, however it does provide a 

reliable means of converting average EXAFS coordination numbers into average 

particle sizes.  

 

 

Figure 12:  Schematic of cluster size (diameter) calculation. 

Both Benfield31 (Equation 5) and Jentys32 (Equation 6) have derived formulae for 

calculating the coordination number based on the number of atoms in the cluster.  

   
                   

                
 

Equation 5 

where m is the edge length of the cluster.  And; 

   
    

     
 

    

     
 

 Equation 6 

where a = 8.981, b = 9.640, c = 3.026, d = 1462.61 for the 1st coordination shell.  Values 

of a-d not shown for the other coordination shells.   
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 A plot of the functions determining coordination number based on Jentys’s formula for 

the first four coordination shells is shown in Figure 13.  
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Figure 13:  Average coordination numbers as a function of the number of atoms for 1st 

through 4th coordination shells, N1, N2, N3 and N4. 

These formulae give rise to the coordination numbers seen in Table 10.  Whilst the 

exact coordination number predicted by these formulae differs, it is by much less than 

10 %, and so well within the accepted limits for coordination number determination 

from EXAFS35.  Inverting the formulae, a coordination number determined from an 

EXAFS spectrum can then be used to estimate the average number of atoms present in 

the nanoparticles and thus the average diameter.  The technique is inherently limited 

by the assumption of a “spherical” structure, a complete outer shell of atoms and no 

size dependent bond length contraction, but there is enough tolerance in the 

calculations that the method provides a reasonable approximation of particle size.  By 

varying the metal-metal bond length used, the method can be applied easily to any 

monometallic nanoparticle system. 
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Table 10: Calculation of first shell coordination number from Benfield31 and Jentys32 

(based on Equation 5 and Equation 6 respectively). 

Complete 

shells around 

core (Cluster 

Order) 

Edge 

Length 

Total 

Number of 

Atoms in 

Cluster 

Diameter 

of Cluster* 

/ nm 

1st Shell Coordination 

Number 

Benfield Jentys 

0 1 1 0.277 0 0 

1 2 13 0.832 5.54 5.17 

2 3 55 1.386 7.85 7.75 

3 4 147 1.940 8.98 8.70 

4 5 309 2.495 9.63 9.24 

5 6 561 3.049 10.05 9.67 

6 7 923 3.604 10.35 10.06 

7 8 1415 4.158 10.57 10.41 

8 9 2057 4.712 10.73 10.71 

9 10 2869 5.267 10.87 10.96 

*based on Pt –Pt bond length of 2.772 Å 

Particle size determination involved averaging over all coordination numbers 

determined for each sample; if the error in each coordination number was taken into 

account, the error would be far greater than the value in some cases, as the errors in 

the higher shell coordination numbers determined in this work were at times large.  

Therefore only the first coordination shell was used for particle size determination, 

and the reported error taken to be the variance of the coordination numbers rather 

than the sum of each individual error.    

As the coordination numbers near their theoretical values (first nearest neighbour = 12 

for an fcc metal), and this determination then becomes less challenging (for non-

complex systems such as monometallic catalysts), and the error associated with the fit 

decreases.  However, the error in the size estimation methods begins to increase as 

particle size increases.  The size estimation methods are most sensitive below 

approximately 4 nm where large changes in coordination number correspond to small 

changes in size (Table 10).  Above this limit, small changes in coordination number can 

result in large changes in size.  Thus with the inherent degree of uncertainty in 

coordination number determination, sizes of larger nanoparticles determined using 
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this method become less reliable.  The upper limit of reliability for particle size 

determination by EXAFS is therefore between 4 and 5 nm 

 

 

A list of the particle sizes determined from the EXAFS fits for the unheated Pt/C series 

is presented in Table 11 below. 

Table 11:  Particle sizes for Pt/C samples determined from EXAFS fits. 

Sample / wt% Pt/C Average diameter / nm 

Standard 4 shell fit Standard 1 shell fit 

10 1.32 ± 0.09 1.52 ± 0.14 

20 1.51 ± 0.15 1.87 ± 0.26 

40 2.10 ± 0.29  2.29 ± 0.33 

60 2.49 ± 0.43 2.66 ± 0.34 
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4 Characterisation of Pt/C (treated) nanoparticle catalysts 

A series of Pt/C nanoparticle catalysts that had undergone heat treatment, designed to 

increase the average particle size without a  change in the metal loading, was studied to 

aid the analysis of the cross-correlation of techniques, and in particular the effect of 

weighting results. 

4.1 TEM 

TEM was performed to determine average particle size and particle size distribution.  

Micrographs were taken between 5 nm and 200 nm; an example micrograph for each 

sample is given in Figure 14 below. 

 

Figure 14:  TEM micrographs of a) 10 wt% Pt/C unheated, b) 10 wt% Pt/C heated to 

973 K, c) 10 wt% Pt/C heated to 1273 K and d) 10 wt% Pt/C heated to 1473 K.  Scale bar 

is 20 nm. 
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Figure 15:  Particle size distribution of a) 10 wt% Pt/C unheated, b) 10 wt% Pt/C heated 

to 973 K, c) 10 wt% Pt/C heated to 1273 K and d) 10 wt% Pt/C heated to 1473 K. 

Table 12:  Comparison of particle size determinations from varying TEM weighting 

approaches for treated 10 wt% Pt/C. 

Sample 

treatment  

Number of 

observed 

particles 

Average TEM particle size / nm Standard 

deviation / 

nm 

D0 Dn Da DVol 

None 168 2.37 2.52 3.51 4.03 1.10 

973 K 104 2.55 2.70 3.43 3.77 0.99 

1273 K 112 6.06 6.38 8.56 9.34 2.79 

1473 K 56 13.87 14.86 20.31 22.50 6.57 

 

On heating, the Pt nanoparticles aggregate together on the support to form larger 

particles.  Depending on the uniformity of dispersion across the support, the 

aggregation can lead to a broadening of the distribution and possibly a splitting 
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(Figure 15d).  The dependency of the result weighting on the variance (and therefore 

the sample quality) is highlighted in the differences between the unheated sample and 

the sample heated to 973 K (Table 12).  The typical number weighted approach leads 

the 973 K heated sample to have a larger average particle diameter, yet because the 

observed variance was smaller than the unheated sample, the DVol weighted average 

diameter was smaller.  It is clear to see that with such a large variance, as in the 1473 K 

heated sample, the effect of weighting the results is more profound than with uniform 

samples (Figure 2, Table 2).   

4.2 XRD 

a) b) 

c) d) 

 

Figure 16:  XRD patterns of a) 10 wt% Pt/C unheated, b) 10 wt% Pt/C heated to 973 K, c) 

10 wt% Pt/C heated to 1273 K and d) 10 wt% Pt/C heated to 1473 K.  Data is the black 

line, ∣ refers to cubic Pt (PDF No. 00-04-0802, a = 3.92 Å),), and ∣ refers to the carbon 

support (fit to data). 

The unheated sample consists of very poorly crystalline Pt with no other phases 

present.  The aggregation caused by increased heat treatments results in much more 

crystalline Pt particles, with the 1473 K sample in particular having much improved 

crystallinity (Figure 16).  
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As with the previous series of Pt/C nanoparticles, the average crystallite sizes reported 

in Table 13 can only be regarded as estimates due to the poorly crystalline nature of 

many of the samples. 

 

Table 13:  Rietveld derived XRD crystallite sizes.   

10 wt% Pt/C 

treatment 

Crystallite size / nm 

LVol average crystallite size DVol = 4/3*LVol (sphere) – 

mean volume weighted 

diameter 

None 1.61 2.15 

973 K 2.20 2.93 

1273 K 5.18 6.91 

1473 K 10.80 14.40 
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4.3 Standard EXAFS 

Data was fitted as in section 3.4 Table 4, but over a range of 3-16 Å-1 in k space due to 

the slightly poorer data quality and glitches in the EXAFS data beyond 16.4 Å-1 

originating from the monochromator.  All data was collected on beamline X11A of the 

NSLS. 
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Figure 17 :  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform at 300 K for a-

b) 10 wt% Pt/C unheated, and c-d) 10 wt% Pt/C heated to 973 K. 
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Table 14:  Structural parameters for 10 wt% Pt/C nanoparticles unheated and heated to 

973 K, acquired at the Pt LIII edge, corresponding to the data in Figure 17. 

Condition 10 wt% Pt/C no heat treatment* 

 

300 K 

H2  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 8.71 ± 0.90 2.76 ± 

0.01 

0.0059 ± 

0.0006 

5.58 ± 

0.96 

0.047 

Pt-Pt2 2.08 ± 1.04 3.90 ± 

0.01 

0.0060 ± 

0.0045 

Pt-Pt3 19.96 ± 

8.82 

4.77 ± 

0.01 

0.0133 ± 

0.0098 

Pt-Pt4 7.28 ± 3.41 5.51 ± 

0.01 

0.0401 ± 

0.0131 

*fitting range finished at kmax 14 Å-1  

Condition 10 wt% Pt/C heated to 973 K 

 

300 K 

H2  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 9.56 ± 0.62 2.75 ± 

0.01 

0.0059 ± 

0.0003 

5.85 ± 

0.58 

0.027 

Pt-Pt2 3.15 ± 1.84 3.89 ± 

0.01 

0.0095 ± 

0.0056 

Pt-Pt3 21.46 ± 

10.45 

4.77 ± 

0.01 

0.0113 ± 

0.0029 

Pt-Pt4 8.29 ±  

1.69 

5.51 ± 

0.01 

0.0393 ± 

0.0080 
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Figure 18 :  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform at 300 K for a-

b) 10 wt% Pt/C heated to 1273 K and c-d) 10 wt% Pt/C heated to 1473 K. 
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Table 15:  Structural parameters for 10 wt% Pt/C nanoparticles heated to 1273 K and to 

1473 K, acquired at the Pt LIII edge, corresponding to the data in Figure 18. 

Condition 10 wt% Pt/C heated to 1273 K 

 

300 K 

H2  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 10.73 ± 

0.58 

2.76 ± 

0.01 

0.0053 ± 

0.0002 

6.94 ± 

0.50 

0.019 

Pt-Pt2 4.48 ± 2.05 3.90 ± 

0.01 

0.0076 ± 

0.0026 

Pt-Pt3 21.46 ± 

7.34 

4.77 ± 

0.01 

0.0088 ± 

0.0017 

Pt-Pt4 9.18 ± 1.55 5.51 ± 

0.01 

0.0455 ± 

0.0094 

 

Condition 10 wt% Pt/C heated to 1473 K 

 

300 K 

H2  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Pt-Pt1 10.87 ± 

0.64 

2.76 ± 

0.01 

0.0051 ± 

0.0003 

4.72 ± 

0.56 

0.021 

Pt-Pt2 4.92 ± 1.66 3.90 ± 

0.01 

0.0082 ± 

0.0030 

Pt-Pt3 21.66 ± 

7.74 

4.78 ± 

0.01 

0.0085 ± 

0.0016 

Pt-Pt4 9.86 ± 1.71 5.52 ± 

0.01 

0.0419 ± 

0.0086 

 

There is very little change in lattice parameter and bond lengths across this series of 

catalysts, although, as before there, is a slight contraction when compared with the 

bulk values.  As is clearly seen in the TEM micrographs, the particles increase in size 

with heat treatment, and a clear increase in coordination number is observed in the 

EXAFS fits.  The first and third shells show a corresponding decrease in σ2 but the trend 

is less clear for the second and fourth shells.  The lower occupancy of the second shell 

and termination effects present in the fourth shell result in them being harder to fit and 

could explain this poor agreement. 
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A list of the particle sizes determined from the EXAFS fits for the unheated Pt/C series 

is presented in Table 16 below. 

Table 16:  Particle sizes for Pt/C samples determined from EXAFS fits. 

10 wt% Pt/C treatment Average diameter / nm 

Standard 4 shell fit Standard 1 shell fit 

None 2.01 ± 0.93 1.38 ± 0.81 

973 K 2.86 ± 0.88 2.63 ± 0.85 

1273 K 4.77 ± 1.37 4.17 ± 1.27 

1473 K 5.07 ± 1.63 4.22 ± 1.03 

 

6 Characterisation of Au/C 

6.1 TEM 

Bright field micrographs for each of the 4 wt% and 16 wt% Au/C samples are included 

below in Figure 19, with the associated particle size distributions in Figure 20. 

 

a)                                                                                  b) 

Figure 19:  TEM micrographs of a) 4 wt% Au/C, and b) 16 wt% Au/C.  Scale bar is 20 nm. 
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a)                                                                                          b) 

Figure 20:  Particle size distribution of a) 4 wt% Au/C, and b) 16 wt% Au/C. 

TEM shows both Au samples to be well dispersed across the carbon support, with 

relatively evenly shaped particles.  The higher loading of the 16 wt% sample has 

resulted in some overlap that could give erroneous results during the particle size 

calculation.  EDX confirmed the particles consisted of Au. 

Table 17:  Comparison of particle size determinations from varying TEM weighting 

approaches. 

Sample 

loading / 

wt% 

Au/C 

Number of 

observed 

particles 

Average TEM particle size / nm Standard 

deviation / 

nm 

D0 Dn Da DVol 

4 70 2.07 2.11 2.29 2.38 1.22 

16 119 3.63 3.70 3.99 4.14 1.22 

 

The sample variance is reasonable (Table 17), with not much change seen as the 

weighting is increased.  No trace of the thiol or citrate used during the synthesis are 

seen in the EDX results, and any presence in the TEM is not distinguishable from the Au 

core.   
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6.2 XRD 

XRD patterns of both Au/C samples are in Figure 21 below. 

a) b)  

Figure 21:  XRD patterns of a) 4 wt% Au/C and b) 16 wt% Au/C.  Data is the black line, ∣ 

refers to cubic Au (PDF No. 03-065-2870, a = 4.08 Å), and ∣ refers to the carbon support 

(fit to data). 

The 4 wt% Au/C sample XRD pattern is dominated by the carbon support due to both 

the low Au loading and the poorly crystalline nature of the nanoparticles.  The 16 wt% 

Au/C sample is more crystalline compared to the 4 wt% sample, although in general 

terms it is still poorly crystalline.  There is still a noticeable contribution to the XRD 

pattern from the carbon support.  Rietveld determined average crystallite sizes are 

reported in Table 18.  Given the poor crystallinity, XRD appears unsuitable for size 

determination of the smallest nanoparticles, as was the case with the smallest Pt/C 

samples.   

Table 18:  Rietveld derived XRD crystallite sizes.  Errors in average crystallite size not 

supplied in analytical report. 

Sample / wt% 

Au/C 

Crystallite size / nm 

LVol average crystallite size DVol = 4/3*LVol (sphere) – 

mean volume weighted 

diameter 

4 1.81 2.41 

16 3.14 4.19 
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6.3 Standard EXAFS 

Data was fitted as in section 3.4 Table 4, but using an Au fcc input and over a range of 

3-14 Å-1 in k space for the 300 K measurements due to the poorer data quality.  Data 

was collected on beamline X23A2 for the 4 wt% Au/C sample and beamline X11A for 

the 16 wt% Au/C sample.  

4 6 8 10 12 14 16 18

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

k
n
 

(k
) 

/ 
Å

-n

k / Å
-1

a) 

1 2 3 4 5 6

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5


(R

)

Å

-3

R / Å

b) 

4 6 8 10 12 14 16 18

-1.0

-0.5

0.0

0.5

1.0

k
n
 

(k
) 

/ 
Å

-n

k / Å
-1

c) 

1 2 3 4 5 6

-1.5

-1.0

-0.5

0.0

0.5

1.0


(R

)

Å

-3

R / Å

d) 

4 6 8 10 12 14

-1.0

-0.5

0.0

0.5

1.0

k
n
 

(k
) 

/ 
Å

-n

k / Å
-1

e) 

1 2 3 4 5 6

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4


(R

)

Å

-3

R / Å

f) 

Figure 22:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform for 4 wt% 

Au/C at a-b) 85 K  c-d) 150 K, and e-f) 300 K. 
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Table 19:  Structural parameters for 4 wt% Au/C nanoparticles at 85 K, 150 K and 300 K, 

at the Au LIII edge, corresponding to the data in Figure 22. 

Condition 4 wt% Au/C 

 

85 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 6.86 ± 0.43 2.85 ± 

0.01 

0.0056 ± 

0.0002 

6.43 ± 

0.32 

0.017 

Au-S1 1.04 ± 0.31 2.31 ± 

0.01 

0.0083 ± 

0.0037 

Au-Au2 1.48 ± 0.72 4.03 ± 

0.01 

0.0059 ± 

0.0025 

Au-Au3 11.01 ± 

3.84 

4.94 ± 

0.01 

0.0104 ± 

0.0023 

Au-Au4 4.05 ± 1.07 5.70 ± 

0.01 

0.0188 ± 

0.0074 

 

 

150 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 6.77 ± 0.45 2.85 ± 

0.01 

0.0070 ± 

0.0003 

5.91 ± 

0.31 

0.021 

Au-S1 1.04 ± 0.30 2.31 ± 

0.01 

0.0088 ± 

0.0036 

Au-Au2 1.18 ± 0.85 4.02 ± 

0.01 

0.0070 ± 

0.0037 

Au-Au3 13.55 ± 

5.20 

4.93 ± 

0.01 

0.0147 ± 

0.0034 

Au-Au4 4.15 ± 1.17 5.69 ± 

0.01 

0.0230 ± 

0.0098 

 

 

300 K* 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 6.58 ± 0.64 2.83 ± 

0.01 

0.0124 ± 

0.0018 

4.10 ± 

0.40 

0.017 

Au-S1 1.04 ± 0.42 2.30 ± 

0.01 

0.0094 ± 

0.0094 

*Data could not be reasonably fitted beyond 1st shell as N, σ2 and associated errors 

were too large.  
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Figure 23:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit (red) along with k2 weighted magnitude and real Fourier transform for 16 wt% 

Au/C at a-b) 85 K  c-d) 150 K, and e-f) 300 K. 
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Table 20:  Structural parameters for 16 wt% Au/C nanoparticles at 85 K, 150 K and 300 K, 

at the Au LIII edge, corresponding to the data in Figure 23. 

Condition 16 wt% Au/C 

 

85 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.28 ± 

0.47 

2.86 ± 

0.01 

0.0053 ± 

0.0002 

5.61 ± 

0.33 

0.018 

Au-Au2 2.90 ± 1.31 4.05 ± 

0.01 

0.0063 ± 

0.0023 

Au-Au3 22.05 ± 

6.74 

4.96 ± 

0.01 

0.0099 ± 

0.0018  

Au-Au4 9.83 ± 7.72 5.73 ± 

0.01 

0.0174 ± 

0.0042 

 

 

150 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.72 ± 

0.47 

2.86 ± 

0.01 

0.0070 ± 

0.0002 

4.70 ± 

0.30 

0.015 

Au-Au2 2.17 ± 1.10 4.04 ± 

0.01 

0.0065 ± 

0.0025 

Au-Au3 23.49 ± 

8.12 

4.95 ± 

0.01 

0.0125 ± 

0.0024 

Au-Au4 11.06 ± 

1.75 

5.72 ± 

0.01 

0.0229 ± 

0.0053 

 

 

300 K 

 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.52 ± 

0.54 

2.85 ± 

0.01 

0.0094  

0.0004 

4.40 ± 

0.30 

0.019 

Au-Au2 1.69 ± 1.02 4.03 ± 

0.01 

0.0111 ± 

0.0079 

Au-Au3 12.94 ± 

6.18 

4.94 ± 

0.01 

0.0132 ± 

0.0035 

Au-Au4 11.76 ± 

5.06 

5.70 ± 

0.01 

0.0164 ± 

0.0031 
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As with the previous Pt examples data was collected for a Au foil prior to the 

nanoparticle measurements to enable determination of the amplitude reduction factor.  

This was found to be 0.85 ± 0.04; all coordination numbers and subsequent results 

were corrected accordingly. 

There were difficulties in fitting the data beyond the first coordination shell for both 

Au/C samples at 300 K, and for the 16 wt% Au/C sample at 150 K.  The disorder 

measured for these is questionably large, as are the errors associated with the 

coordination numbers.  As discussed earlier, termination effects are liable to 

complicate higher coordination shell fitting.  The degree of disorder present in even the 

20 K measurements implies the system is structurally strained.  Work by Solliard30 has 

shown that whilst Pt nanoparticles retain their monocrystalline structure down to ~1 

nm, Au nanoparticles below 6 nm start to change to include polytetrahedral grains in 

the structure.  This change in crystallinity as a function of size may give rise to the 

increased disorder observed for the Au nanoparticles with respect to the Pt 

nanoparticles. 

Both Au nanoparticle samples exhibit an apparent negative thermal expansion (NTE) 

over the range of the temperature measurements.  This effect has been observed in 

studies by Comaschi36,37 and Li et al38, and has been attributed to the balance between 

the static, the vibrational and the electronic properties of the particle.  The small size of 

the nanoparticles results in the energy levels being separated by only a few meV, this 

being smaller than the thermal energy of the system; consequently electronic 

excitations dominate. 

The presence of an Au-S first shell scattering path was needed to improve the quality of 

it for the 4 wt% Au/C nanoparticles as the thiol encapsulating layer was still present.  

The addition of an Au-C or an Au-O path to the 16 wt% Au/C nanoparticles made no 

improvement to the overall quality of fit although, as with the previous sample, nothing 

was done to remove the citrate encapsulating groups.  A list of the particle sizes 

determined from the EXAFS fits for the Au/C samples (data in Section 6.3, Tables 19 

and 20) is in Table 21 below. 
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Table 21:  Particle sizes for the Au/C samples determined from EXAFS fits. 

Sample / wt% Au/C Average diameter / nm 

Standard 4 shell fit Standard 1 shell fit 

4 1.48 ± 0.52 1.96 ± 0.37 

16 4.04 ± 0.43 4.86 ± 0.68 

7 Discussion and Conclusions 

Each technique determines size differently.  For cross-correlation to be a quantitative 

means of assessing a sample, a clear understanding of how each technique works and 

how to best weight the determined sizes is important.  A full comparison of average 

particle size for the samples reported in this chapter is presented in Table 22. 

Table 22:  Cross correlation of average particle sizes.  Errors in XRD crystallite size not 

supplied in analytical report. 

Sample / 

wt% Pt/C 

Average diameter / nm 

XRD DVol TEM DVol EXAFS 

Standard 4 

shell fit 

Standard 1 

shell fit 

10 --- 1.61 ± 0.45 1.32 ± 0.09 1.52 ± 0.14 

20 1.46 2.43 ± 0.69 1.51 ± 0.15 1.87 ± 0.26 

40 1.81 2.57 ± 0.73 2.10 ± 0.29  2.29 ± 0.33 

60 2.25 2.95 ± 0.82 2.49 ± 0.43 2.66 ± 0.34 

 

10 wt% 

Pt/C 

treatment 

Average diameter / nm 

XRD DVol TEM DVol EXAFS 

Standard 4 

shell fit 

Standard 1 

shell fit 

None 2.15 4.03 ± 1.10 2.01 ± 0.93 1.38 ± 0.81 

973 K 2.93 3.77 ± 0.99 2.86 ± 0.88 2.63 ± 0.85 

1273 K 6.91 9.34 ± 2.79 4.77 ± 1.37 4.17 ± 1.27 

1473 K 14.40 22.50 ± 6.57 5.07 ± 1.63 4.22 ± 1.03 
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Table 22 continued:  Cross correlation of average particle sizes.  Errors in XRD crystallite 

size not supplied in analytical report. 

Sample / 

wt% Au/C 

Average diameter / nm 

XRD DVol TEM DVol EXAFS 

Standard 4 

shell fit 

Standard 1 

shell fit 

4 2.41 2.38 ± 1.22 1.48 ± 0.52 1.96 ± 0.37 

16 4.19 4.14 ± 1.22 4.04 ± 0.43 4.86 ± 0.68 

 

The conversion of TEM and XRD measurements to DVol brings the results into good 

agreement with each other, as it reduces the size determination down to two 

equivalent parameters, see Equation 4 Section 3.3.  Both parameters are dependent 

on the sample quality, most importantly on σ, that is the variance of the size 

distribution.  A sample with a uniform and narrow size distribution (low σ), such as the 

4 wt% Au/C will have very good agreement between TEM and XRD, whereas  a sample 

such as the 10 wt% Pt/C heated to 1473 K with a large σ will have very poor agreement 

between TEM and XRD (Table 22).  EXAFS is a per-atom averaging technique, with the 

coordination number being a number weighted average.  Unlike standard number 

weighted TEM that images a 2D projection of a particle to determine average size, the 

photoelectron wave in EXAFS radiates in 3-dimensions, averaging coordination 

number in a sphere around the absorber.  In this sense, a particle size determined from 

EXAFS may be compared with a volume weighted size from TEM or XRD as the volume 

weighting assumes a spherical nature.  The comparison cannot be direct though due to 

the per-atom averaging nature of EXAFS. 

The presence and identification of mono- to tri- atomic species in the AC-STEM 

micrographs greatly aids the understanding of the cross correlation between results.  A 

per-atom averaging technique such as EXAFS would include every atom when 

calculating the coordination number, whilst XRD would be unable to detect any of the 

debris, nor the amorphous layers visible on the outside of the particles.  With the lack 

of crystallinity present in the unheated Pt/C series, there is little surprise that XRD 

gives the smallest measurement of particle (crystallite) size.  A typical series of TEM 

micrographs would also be unable to detect the atomic debris, nor the amorphous 

surface layer.   
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Whilst the amorphous nature can be inferred from the quality of the XRD pattern, it is 

unclear as to whether this is the result of a thin PtO layer on the surface, or poor 

packing.  The AC-STEM micrographs show in great detail the amorphous and 

crystalline areas of the nanoparticles, but as Figure 5 illustrates, the beam breaks up 

the crystallinity of the particles, and so the cause of the reduced size determined by 

XRD is still not clear.  In situ reduction with H2 would be necessary to remove any 

surface oxide layers, increasing the amount of metallic crystalline Pt and thus the 

average crystallite size, if indeed the surface oxide is the cause.  If no size increase were 

observed, then it can be concluded that at such small sizes, nanoparticles do not pack 

together in a uniform crystalline manner. 

The question of whether in situ XRD measurements were needed for the Pt/C samples 

is not as applicable for the Au/C samples.  The amorphous nature of the Au is a result of 

the size and not the presence of any other poorly defined oxidic phases.  As such the 

samples offer much better agreement between the XRD and TEM derived average sizes.  

This supports the theory that the discrepancies observed for the Pt/C samples are 

caused by a small amorphous Pt oxide surface layer. 

For the routine imaging of “as-received” samples of a similar nature to the 

nanoparticles reported in this work, the results suggest that XRD is not a suitable 

technique for crystallite size or phase determination  A recent study by Uvarov and 

Popov39 of the analysis of nanomaterials used a range of  freeware and commercial 

software methods to determine crystallite sizes in the range 3 – 35 nm.  All the tested 

methods provided very close agreement in size determination, confirming that the 

difficulties of size determination are not software limitations but physical limitations of 

the approach and the nature of the sample.  The heat treated Pt/C samples have a large 

discrepancy between the XRD and TEM derived sizes.  This is attributed to crystallite 

twinning during the heating process.  The Au/C samples exhibit a very good agreement 

between XRD and TEM; given the poor crystallinity in the XRD patterns this is 

somewhat surprising, although the good agreement is attributed to the samples having 

a relatively low Au concentration, good dispersion over the support and a relatively 

uniform particle size, all of which aid size determination. 

All the techniques used display the same trends of increasing size through each series 

of samples, with the EXAFS determined size almost always being the smallest, for 

reasons covered earlier.  The one discrepancy is for the citrate stabilised Au/C 

nanoparticles with EXAFS giving the largest size.  The XRD determined crystallite size 
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is also larger than the TEM determined particle size.  TEM is only a local probe and 

therefore if the area under study contains no large particles that are present elsewhere 

in the sample, the determined size would contain some unknown amount of random 

error.  There is also the potential source of human error in TEM particle size 

determination where the operator excludes any overly large particles that would 

distort the simple number weighted distribution that is commonly reported for TEM 

(i.e. the large particle would be regarded as an outlier).  The discrepancy between the 

results for the 16 wt% citrate stabilised Au/C catalysts is attributed to large particles 

not observed during the TEM particle size analysis.  On the contrary, these particles 

would be included in the bulk-probe methods of EXAFS and XRD and would increase 

the average particle/crystallite size measured, resulting in the discrepancy and 

highlighting one of the shortcomings of TEM. 

The strengths and shortcomings of XRD, TEM and EXAFS have been highlighted, with a 

variety of samples to illustrate the points.  Several of the assumptions that underpin 

EXAFS have not been dealt with so far, and these will be addressed in Chapter Four. 
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CHAPTER FOUR:  APPLICATION OF 

MOLECULAR DYNAMICS TO EXAFS 

The work in this chapter seeks to address some of the assumptions underlying the 

“standard” EXAFS analysis approach, namely those of harmonic disorder brought about 

by a standard distribution of bond lengths throughout the nanoparticle.  As in Chapter 

Three, “standard” analysis refers to the use of a bulk fcc lattice to generate scattering 

paths, “cumulant” analysis refers to the addition of higher cumulants to the standard 

analysis, and “MD” analysis refers to the use of an output from a molecular dynamic 

simulation being used to generate the scattering paths used to fit the experimental data. 

1 Introduction 

It has been shown that for highly disordered systems, EXAFS underestimates 

coordination number and thus particle size when compared with the theoretical 

coordination number based on size determination from other experimental 

techniques1-4.  Similarly, when cross-correlating EXAFS with other techniques, such as 

TEM and XRD5,6, EXAFS gives smaller sizes.  The failure to accurately measure the 

coordination number is due to a failure to account for the high degree of disorder 

present.  The most common approach to analysing the EXAFS involves quantifying the 

atom-atom pair distribution extracted from the data by approximating it to a Gaussian 

or near-Gaussian distribution.  This allows for the determination of an average 

coordination number, relative position from the absorber and the mean square relative 

disorder, MSRD (also called the Debye Waller term - σ2), of the absorbing atoms at that 

distance to be measured.  If the Gaussian distribution is skewed or attenuated, 

additional terms (known as higher cumulants) can be added to the fitting parameters 

to account for this disorder7-9, although the use of these has limitations. 

1.1 Anharmonicity 

In a perfect crystalline monometallic system, at 0 K, there would be only one nearest 

neighbour bond length throughout.  Defects within a bulk system give rise to static 

disorder, as does decreasing the size down to the nanometre scale.  Increasing the 

temperature increases the amount of dynamic disorder within the system.  The Debye 

temperature is the temperature above which the material behaves classically and 

where thermal vibrations are more important than quantum effects.  Below this 

temperature, an increase in disorder produces a variation in the nearest neighbour 

http://www.chemicool.com/definition/temperature.html
http://www.chemicool.com/definition/quantum.html
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bond length measured, that is modelled as a Gaussian distribution, and is known as the 

pair or radial distribution function (RDF)10.  This is done traditionally to help reduce 

the number of variables in the EXAFS fitting process.  When analysing particles by 

EXAFS, near-neighbour interactions can be parameterised as a 1D anharmonic 

potential based on the interatomic distance (Equation 1), where a, b, and c are the 

coefficients of ψ(r). 

     
 

 
            

Equation 1 

Many parameters in the EXAFS equation, such as the disorder and coordination 

number, are highly correlated.  As all of the individual inter-atomic distances cannot be 

measured independently of each other, this distribution is assumed.  The width of the 

distribution is equivalent to the MSRD factor in a traditional k space calculation of the 

EXAFS spectrum11.  Above the Debye temperature, thermal effects increase in 

importance and can skew the pair distribution function from harmonic (Gaussian) to 

anharmonic (log-normal distribution) as a result of dynamic disorder.  Structural 

defects or distortions will also have an effect on the bond length distribution, and can 

split the single distribution into a bi- or even tri-modal distribution.  One significant 

example of this for nanoparticles is the case of surface atoms.  Surface atoms behave 

differently to core atoms as they are only partially coordinated, and have more 

freedom to move.  This can result in a contraction of surface atoms towards the core to 

minimise the surface energy, which is true both for bulk materials12 and 

nanoparticles13.  These termination effects are present in both the bond length 

distribution and the disorder13, as surface atoms rearrange to reduce the surface 

energy, whether by smoothing electron density14 or a change in the metal-metal bond15, 

and can be likened to surface tension.  For bulk materials, this surface effect is 

negligible as the bulk contribution dominates.   

With nanoparticles below 5 nm, the proportion of surface atoms is approximately 25%, 

rising rapidly to over 75% below 2 nm and therefore they contribute significantly to 

the average bond length, as well as being increasingly dominant in the EXAFS signal.  

With many of the atoms shifted towards shorter bond distances (surface), but the core 

atoms remaining (more or less) as they were, the radial distribution function will move 

away from a Gaussian distribution towards a bi-modal distribution, as a result of static 

disorder.  The assumption of a Gaussian distribution in the “standard” EXAFS model 

breaks down in systems with high disorder, whether through thermal effects or size 
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effects.  This results in errors in bond lengths, coordination numbers and disorder 

terms1,11,16,17.  This is a limitation of the technique, as in disordered systems these 

errors tend to be exaggerated, resulting in particles appearing smaller than they are in 

reality, manifest by lower average coordination numbers than would be predicted by 

the true particle size.  

1.2 Cumulant Expansions 

The first approach to compensate for the anharmonicity present was to introduce 

higher order cumulants into the calculations.  Initially developed in 1983 by Bunker18, 

and known then as the ratio method, the introduction of higher cumulants provided a 

means to address this problem of a non-Gaussian distribution.  Cumulant expansions 

are written in terms of moments of the anharmonic potential ψ(r) (Equation 1), and 

evaluated in terms of a, b and c; these being the parameters used in the EXAFS fitting 

program.  The cumulants equate to: 
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Equation 5 

The first cumulant, C1 (Equation 2), relates to the mean value of the inter-atomic 

distance (R), and the second cumulant, C2 (Equation 3), to its variance (that is the 

Debye Waller term σ2).  Normally only the first two cumulants are used as they are 

significant for small degrees of disorder10, and, if none of the higher order cumulant 

values are greater than zero, the distribution is Gaussian.  In highly disordered systems, 

like the nanoparticles studied in this work, the disorder is non-Gaussian, and so higher 

order cumulants are greater than zero.  The third cumulant, C3 (Equation 4), measures 
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the asymmetry of the radial distribution function with respect to a Gaussian 

distribution (Figure 1a), giving rise to a change in the average inter-atomic distance 

measured.  If a positive C3 is measured, the distance measured without its inclusion 

was an underestimate and vice versa.  The fourth cumulant, C4 (Equation 5), measures 

the symmetric sharpening and flattening of the radial distribution peak (Figure 1b), 

which is related to the coordination number and Debye Waller term.  The inclusion of a 

positive C4 will give a larger coordination number than without, and reduce the error 

associated with it by up to 40 %7. 

 

Figure 1:  Schematic of effect of a) third cumulants, (C3 - red) and b) fourth cumulants (C4 - 

red) on a Gaussian distribution (blue) with variance C2.  

Low temperature measurements, in particular below the materials’ Debye temperature, 

reduce the thermal disorder in the system, reducing the anharmonic contribution 

effect10, notably from the under-coordinated surface atoms.  For bulk systems, this can 

be enough to give an accurate value of the coordination number and disorder.  

Complications arise due to the fact that Debye temperature of very small particles can 

differ from the known bulk values1.  Consequently, measurements must be taken at as 

low a temperature as possible to ensure the system is below its Debye temperature.  

With the dynamic (thermal) disorder greatly reduced that which is left is static 

disorder due to any termination effects brought about by the size of the particles.   

1.3 Molecular Dynamic Studies of EXAFS 

The inputs for both “standard” and “cumulant” EXAFS fitting of metallic particles are 

based on a bulk crystalline lattice where anharmonic thermal motion and surface 
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termination effects are negligible.    In nano-sized systems, there is a need for the 

correct treatment of the distribution of neighbours, to account for the effects of the 

increasingly high proportion of disordered surface atoms with decreasing particle 

size19. 

The “standard” and “cumulant” models fit a single distribution for each coordination 

shell.  If the contributions from surface bonds are different enough from the core, the 

distribution will become bimodal and any attempt to fit a single peak over the split 

distribution will result in false results.   

Much prior work has been done addressing the accurate determination of coordination 

number from EXAFS, looking at the relationship between surface atom anharmonicity 

and particle geometry20-23.  These theoretical studies clearly demonstrate the 

difference in radial position and intensity of each nearest neighbour shell between the 

different geometries modelled, yet still assume an even distribution of bond lengths 

from the core to the surface, with no contraction or other termination effects accounted 

for.   

Work has been reported to simulate EXAFS based on MD simulations, and compare real 

structural data with MD predictions such as that by Okamoto20 and Gilbert et al.  24,25, 

although only a few previous studies have attempted to use MD to more accurately 

determine average coordination number from EXAFS2,3.  The disorder modelled in 

these systems however still remained a single pseudo-Gaussian distribution, unlike 

that reported here.  Studies by Clausen et al. on nanoparticles below 5 nm have been 

largely theoretical, although work has been done on larger particles2,3,17.  Of the 

previous studies combining MD with EXAFS, all have been for data collected at high 

temperature, and so thermal disorder dominates any fine structural disorder.  As such, 

the disorder is far less pronounced and can be modelled using higher cumulants to 

account for small degrees of asymmetry within the distribution, an approach that also 

works well for disordered radial distributions in liquids9,18,26.  Below 3 nm, the disorder 

is significantly non-Gaussian and so the use of higher cumulants will fail to accurately 

address the problem.  Applying the structural information obtained from MD to real 

EXAFS data is needed determine if the increased disorder has a significant effect on the 

EXAFS fit, and if the assumption of symmetrical distribution of bond lengths is invalid. 

Most recently Yevick and Frenkel27 have simulated increasing the degree of surface 

disorder on a small metallic cluster, and how this effects the RDF.  This investigates the 

assumption of bulk-like disorder and a symmetric bond length distribution that the 
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work in this chapter focuses on, although as with the majority of previous studies their 

work was purely theoretical.  One other important difference is that their work is based 

on a radial distortion model, multiplying the distance of each atom from the centre of 

the cluster by a distortion function, rather than the molecular dynamic modelling 

performed in this work. 

The amount of information in the MD output used as the EXAFS fitting input is far 

larger than that in the “standard” analysis. The total number of atom-atom pair 

distances measured throughout the simulation makes direct fitting unmanageable due 

to the number of potential scattering paths.  Previously, a histogram approach has been 

used effectively by Ravel et al.  to model the bond length distribution in highly 

disordered bulk materials28,29.  In this approach all atom-atom pair distributions within 

a small range are binned into a histogram to reduce the information content of the 

input to a manageable size.  This approach is further developed in this chapter. 

The work in this chapter will compare the standard, cumulant and molecular dynamics 

methods for EXAFS analysis, and identify the current limitations for each approach.  

Cross-correlation with XRD and TEM will be used as a means to evaluate the 

effectiveness of each approach for determining coordination number and therefore an 

estimate of particle size. 
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2 Cumulant EXAFS 

Data was fitted between 2-3 Å in R and 3-18 Å-1 in k.  The “cumulant” approach uses the 

“standard” approach as the basis for the fit, with the third and fourth cumulants as 

additional parameters.  Fitting parameters are reported in Tables 1a-d. 

Tables 1a-c:  Structural parameters for 10 - 40 wt% Pt/C nanoparticles at 20 K, 150 K and 

300 K, acquired in a reducing H2 environment at the Pt LIII edge. 

Table 1a 10 wt% Pt/C 
Temperature N R / Å σ2 / Å2 C3 / Å3 

(×105) 
C4 / Å4 
(×106) 

ΔE0 / 
eV 

Rf 

20 K 8.70 ± 
0.83 

2.73 ± 
0.01 

0.0061 
± 

0.0009 

-9.5 ± 
5.0 

12.7 ± 
9.9 

6.92 ± 
0.82 

0.004 

150 K 8.76 ± 
0.76 

2.73 ± 
0.01 

0.0073 
± 

0.0009 

-8.1 ± 
5.4 

15.1 ± 
10.7 

6.74 ± 
0.72 

0.004 

300 K 7.61 ± 
0.93 

2.76 ± 
0.01 

0.0060 
± 

0.0014 

115.8 ± 
9.3 

-13.8 ± 
19.1 

6.62 ± 
0.99 

0.009 

 

Table 1b 20 wt% Pt/C 
Temperature N R / Å σ2 / Å2 C3 / Å3 

(×105) 
C4 / Å4 
(×106) 

ΔE0 / 
eV 

Rf 

20 K 8.84 ± 
1.10 

2.74 ± 
0.01 

0.0064 
± 

0.0013 

-2.1 ± 
7.2 

10.3 ± 
14.4 

7.40 ± 
1.03 

0.008 

150 K 9.12 ± 
1.28 

2.73 ± 
0.01 

0.0073 
± 

0.0015 

-0.6 ± 
9.1 

13.4 ± 
18.1 

7.12 ± 
1.16 

0.012 

300 K 8.22 ± 
0.89 

2.77 ± 
0.01 

0.0058 
± 

0.0012 

9.4 ± 8.0 -13.2 ± 
16.3 

6.40 ± 
0.89 

0.007 

 

Table 1c 40 wt% Pt/C 
Temperature N R / Å σ2 / Å2 C3 / Å3 

(×105) 
C4 / Å4 
(×106) 

ΔE0 / 
eV 

Rf 

20 K 8.92 ± 
0.69 

2.75 ± 
0.01 

0.0031 
± 

0.0006 

-3.9 ± 
3.2 

-4.7 ± 
6.1 

8.05 ± 
0.70 

0.002 

150 K 8.68 ± 
0.57 

2.75 ± 
0.01 

0.0043 
± 

0.0006 

-0.1 ± 
0.3 

-4.0 ± 
6.5 

8.10 ± 
0.57 

0.002 

300 K 8.02 ± 
0.68 

2.77 ± 
0.01 

0.0051 
± 

0.0009 

8.7 ± 5.5 -14.0 ±  
11.1 

6.48 ± 
0.70 

0.004 
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Table 1d:  Structural parameters for 60 wt% Pt/C nanoparticles at 20 K, 150 K and 300 K, 

acquired in a reducing H2 environment at the Pt LIII edge. 

Table 1d 60 wt% Pt/C 

Temperature N R / Å σ2 / Å2 C3 / Å3 

(×105) 

C4 / Å4 

(×106) 

ΔE0 / 

eV 

Rf 

20 K 9.13 ± 

0.52 

2.75 ± 

0.01 

0.0036 

± 

0.0005 

-0.1 ± 

2.0 

-6.1 ± 

5.3 

7.88 ± 

0.50 

0.001 

150 K 8.82 ± 

0.42 

2.75 ± 

0.01 

0.0039 

± 

0.0004 

1.6 ± 2.4 -1.1 ± 

0.6 

8.64 ± 

0.42 

0.001 

300 K 8.05 ± 

0.58 

2.77 ± 

0.01 

0.0044 

± 

0.0008 

7.6 ± 4.6 -18.0 ± 

10.4 

6.62 ± 

0.61 

0.003 

 

Initially, looking at the quality of fit, the cumulant method appears to improve on the 

standard method as the Rf values are lower in most cases; however this would be 

expected on the addition of more variables to the fit.  Of more importance is whether 

the values are physically reasonable, and how they compare with what is already 

known about the sample through other characterisation techniques. 

The trends in coordination number and disorder for the cumulant analysis (Tables 1a-

d above) are less clear than those for standard analysis of just the first coordination 

shell and also of the first four coordination shells (Tables 3a-d below and Tables 5-8, 

Chapter Three respectively).  One cause of this is the inclusion of the fourth cumulant, 

C4.  In the majority of fits, C4 is negative, and as such will result in a flattening of the 

EXAFS signal (Equation 5, Figure 1b), and a decrease in apparent coordination 

number.  With the disorder directly linked to the coordination, it will follow the trends 

displayed in the amplitude to give the best fit to the data, if not the most reasonable.  In 

both cases, the errors associated with the variables are increased over the standard fit 

as the software compensates for the linked behaviour between the variables.  

Consequently, the particle size determined by the cumulant method differs from that 

determined by the standard method (Table 2).   

The third cumulant, C3, decreases with measurement temperature, though the decrease 

is not linear and has large errors associated with it.  Including too large a C3 will 
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overestimate the bond length, and a negative C3 will underestimate the bond distance7.  

Whilst the bond distances reported in Tables 1a-d are reasonable, the variance of C3 

does not appear so.    

Overall, the addition of C3 and C4 terms to the fit provides inconsistent results (Table 

2), the results no longer following the trends in particle size and as such worsen the 

correlation with other methods. 

Table 2:  Cross correlation of average size; cumulant method vs. standard method.  Sizes 

are determined from average of fits of the EXAFS data at 20, 150 and 300 K; the reported 

error is the variance. 

Sample / wt% 

Pt/C 

Average diameter / nm 

Standard EXAFS Cumulant 

EXAFS 

10 1.52 ± 0.14 1.79 ± 0.41 

20 1.87 ± 0.26 2.05 ± 0.37 

40 2.29 ± 0.33 1.90 ± 0.34 

60 2.66 ± 0.34 2.02 ± 0.43 

 

In addition to a worse cross-correlation with the TEM and XRD data the cumulant 

approach has several limitations.  Cumulant expansions are only accurate at low k 

values, as they diverge with increasing k values11.  However, the lowest k data is 

inherently missing in EXAFS30.   This creates a particular problem for cumulant 

expansion analysis of heavier metal nanoparticles such as the Pt series in this work, 

where the quality of structural information increases with useable k range.  Cumulant 

expansions can work very well for the first coordination shell, but are limited as they 

break down when applied to higher coordination shells, as they cannot be applied to 

multiple scattering effects, nor to systems with mixed coordination shells10,11.  Thus, for 

systems with high structural disorder, when more structural information is needed 

beyond the first shell, and when more than one element is present in the nearest 

coordination shell, another means is needed to account for the disorder 
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3 MD EXAFS 

3.1 Introduction 

The histogram generated by the molecular dynamics (MD) output provides a simple 

representation of how the standard and cumulant approaches can fail (Figure 2).   

Figure 2:  Sample histogram generated from MD output, with Gaussian fit over first shell 

(red line - inset).  Vertical lines are the sum of nearest neighbour bond distances forming 

a radial distribution function. 

Basing the analysis on a Gaussian distribution for the case shown in Figure 2 would 

introduce a significant systematic error into the analysis.  In the standard model, the 

MSRD (σ2) is used to describe the variance of the atomic displacement from the 

absorbing atom at distance R.  This variance can be due to both structural disorder and 

thermal vibrations - averaged out over the whole structure - and is modelled by a 

Gaussian or near-Gaussian distribution.  In nanoparticles, such as those under study 

here, there is no large structure over which to average out, and so termination effects 

(surface contraction) are significant and result in a low R tail.  Assuming the 

nanoparticles are nominally fcc in packing (as in the standard analysis model), on a 

very local scale, an atom pair will occasionally have an interatomic distance far larger 

than the standard value - i.e. 2.772 Å for Pt - giving rise to a high R tail.  For particles 
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≥ 100 nm diameter, these tails in the distribution are insignificant, and a Gaussian 

approximation for the MSRD is sufficient.  For nanoparticles < 10 nm diameter, the lack 

of long range order and large surface area to volume ratio become significant, 

especially with regard to termination effects.  This is seen in all the MD simulations run 

where the largest contraction in nearest neighbour distances comes from the surface 

shell13,27.  

The Gaussian fit across the first shell in Figure 2 cannot encompass all the scattering 

paths,  as the distribution is clearly bimodal, with a large contribution to the signal at 

shorter than average bond lengths.  These contributions are from nearest neighbour 

pairs that involve at least one edge or vertex atom (Figure 3), and to a lesser extent, 

atoms on the faces of the nanoparticle surface.  
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Figure 3:  Origin of nearest neighbour pair contributions to histogram in 20 K 

simulations; Gupta potential (―) and Sutton-Chen potential (∙∙∙). 

As the cluster size increases, the core atom-pair contributions begin to dominate the 

RDF.  As the number of core atoms decrease with decreasing size, the contributions of 

face and edge atoms increases.  The contribution to the overall intensity of the surface 

atoms is such that a single Gaussian distribution will no longer be able to accurately 

model the bond-length distribution in nanoparticles, highlighting the shortcomings of 
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using a standard approach regarding EXAFS analysis of small nanoparticles.  Thus, the 

attempts to fit a single peak over a bimodal distribution would require a larger σ2 term 

to fit across the bond length distribution and result in a smaller path degeneracy 

(amplitude) than is actually the case.  The average of the contracted surface bond 

length and the core bond length throughout the nanoparticle is measureable using the 

standard model, although due to the possible scale of surface contraction previously 

reported13,27, is unlikely to be representative of either.   

3.2 Experimental 

The raw EXAFS data was processed and fitted to theory as with the standard approach, 

but instead of using the Pt fcc structure to fit the data, the histogram output from the 

MD output was used.  In the standard analysis, each nearest neighbour shell is centred 

around a single scattering path at distance Ri, assuming a symmetrical bond 

distribution with disorder σ2.  The histogram contains bins 0.0065 Å wide, with the 

frequency of each bin being the total number of nearest neighbour pair distances that 

fall within the specific range during the course of the simulation, and is therefore 

equivalent to a radial distribution function (RDF) of the simulated nanoparticle.  New 

sections of code for Artemis31 were provided by Bruce Ravel to enable the generation 

of scattering paths for each histogram bin.  With the MD approach, each bin in the 

histogram is considered to be a single scattering path, with a contribution towards the 

total amplitude of each nearest neighbour shell, thus containing a much larger amount 

of structural information.  The total amplitude of all histogram bins for the first 

coordination shell was normalised to unity.  Each histogram bin was therefore 

parameterised using the same 4 variables as the standard approach; amplitude N, 

isotropic expansion coefficient α, energy correction ΔE0 and disorder σ2.  A disorder 

term was still needed for the fits as the simulations did not fully account for the 

thermal vibrations within the molecule32.  All data was fitted over a range in R between 

2 and 3.2 Å, and between 3 and 18 Å-1 in k. 

The scatterers at the different distances within the histogram give rise to a much more 

complex phase relationship than that of a much simpler Gaussian distribution (Figure 

4).  Whilst the MD simulations do not perfectly model the nanoparticles32, they provide 

an improvement over the standard model, and by fitting the EXAFS data with different 

MD simulation outputs, a means by which to evaluate the simulations ability to model 

real nanoparticles is available. 
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Figure 4:  Fourier transform of the phase relationship between scattering paths 

generated from RDF output for first coordination shell.  Black line is data, red line is the 

fit using the sum of the RDF scattering paths, RDF scattering paths are lower amplitude 

multi-coloured lines; close-up of RDF scattering paths in inset. 
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3.3 Results and Discussion 

3.3.1 Effect of MD Potential and Simulated Nanoparticle Size 

In the analysis reported here, only the first coordination shell is analysed as the current 

software is incapable of managing the large numbers of scattering paths required for a 

full multiple scattering analysis.   The RDF data was extracted from the Pt simulations 

run at 20 K, 150 K and 300 K (simulation temperatures corresponding to the EXAFS 

experimental conditions), and that for the first shell is plotted in Figure 5.   
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Figure 5:  First shell RDFs at 20 K for 55 atom (∙∙∙∙), 177 atom (----), 381 atom (―) and 767 

atom (- ∙ - ∙) “spherical” Pt nanoparticles. 

Each permutation of experimental temperature, MD simulation size and MD 

temperature was tried during the EXAFS analysis; the best fit results are in Tables 3a-

d below.  The 300 K simulations could not be fitted to the data at all.  As previously 

reported32 the higher temperature simulations overestimate the disorder, and 

consequently a negative σ2 term was needed to provide any sort of fit; as this is 

physically unrealistic these results were discounted.  Simulations run at 150 K were 

able to be fitted to data at 150 K and 300 K within the same error as the 20 K 

simulation.  The smallest (55 atom) and largest (767 atom) simulated clusters had 

disorder that was too great and too small, respectively, and these too failed to give 
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physically realistic fits to the data.  All best reported fits are to the 381 atom cluster 

unless otherwise stated. 

Tables 3 a-b:  Structural parameters for 10 - 20 wt% Pt/C nanoparticles at 20 K, 150 K 

and 300 K, acquired in a reducing H2 environment at the Pt LIII edge. 

Table 3a Fitting 
method 

10 wt% Pt/C 
N α* σ2 / Å-2 

(×104) 
ΔE0 / eV Rf 

20 K Standard 7.89 ± 
0.60 

-0.012 ± 
0.001 

50 ± 3 8.11 ± 
0.70 

0.009 

Gupta* 8.98 ± 
0.39 

-0.002 ± 
0.001 

31 ± 2 7.39 ± 
0.28 

0.004 

Sutton-
Chen* 

8.08 ± 
0.44 

0.002 ± 
0.001 

35 ± 2 7.58 ± 
0.46 

0.005 

150 K Standard 7.91 ± 
0.52 

-0.013 ± 
0.001 

61 ± 3 7.62 ± 
0.63 

0.009 

Gupta* 8.85 ± 
0.39 

-0.003 ± 
0.001 

41 ± 2 6.20 ± 
0.40 

0.004 

Sutton-
Chen* 

8.02 ± 
0.29 

0.001 ± 
0.001 

44 ± 2 7.23 ± 
0.51 

0.004 

300 K Standard 8.23 ± 
0.62 

-0.006 ± 
0.002 

71 ± 1 5.63 ± 
0.69 

0.017 

Gupta 8.67 ± 
0.85 

0.002 ± 
0.002 

54 ± 6 5.01 ± 
0.80 

0.023 

Sutton-
Chen 

8.31 ± 
0.75 

0.005 ± 
0.001 

60 ± 5 5.41 ± 
0.66 

0.015 

*177 atom cluster provided best fit 

Table 3b Fitting 
method 

20 wt% Pt/C 
N α* σ2 / Å-2 

(×104) 
ΔE0 / eV Rf 

20 K Standard 8.24 ± 
0.56 

-0.012 ± 
0.001 

55 ± 3 7.71 ± 0.59 0.009 

Gupta 8.64 ± 
0.56 

-0.004 ± 
0.001 

38 ± 3 6.90 ± 0.62 0.010 

Sutton-
Chen 

8.35 ± 
0.54 

-0.001 ± 
0.001 

45 ± 3 7.51 ± 0.56 0.008 

150 K Standard 8.41 ± 
0.66 

-0.014 ± 
0.002 

62 ± 4 7.23 ± 0.72 0.014 

Gupta 8.88 ± 
0.67 

-0.006 ± 
0.001 

45 ± 4 6.62 ± 0.74 0.015 

Sutton-
Chen 

8.53 ± 
0.65 

-0.003 ± 
0.001 

52 ± 4 7.05 ± 0.68 0.010 

300 K Standard 8.88 ± 
0.59  

-0.004 ± 
0.001 

68 ± 4 5.60 ± 0.62 0.015 

Gupta 9.67 ± 
1.25 

0.004 ± 
0.002 

52 ± 6 4.51 ± 1.01 0.016 

Sutton-
Chen 

9.15 ± 
0.63 

0.007 ± 
0.001 

58 ± 3 4.96 ± 0.63 0.010 
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Tables 3 c-d:  Structural parameters for 40 - 60 wt% Pt/C nanoparticles at 20 K, 150 K 

and 300 K, acquired in a reducing H2 environment at the Pt LIII edge. 

Table 3c Fitting 
method 

40 wt% Pt/C 
N α* σ2 / Å-2 

(×104) 
ΔE0 / eV Rf 

20 K Standard 9.37 ± 
0.43 

-0.007 ± 
0.001 

35 ± 1 8.72 ± 0.50 0.004 

Gupta 10.02 ± 
0.58 

0.000 ± 
0.000 

19 ± 2 7.41 ± 0.62 0.005 

Sutton-
Chen 

9.52 ± 
0.39 

0.003 ± 
0.001 

25 ± 1 8.33 ± 0.37 0.003 

150 K Standard 8.96 ± 
0.30 

-0.008 ± 
0.001 

46 ± 1 8.14 ± 0.29 0.002 

Gupta 9.45 ± 
0.55 

-0.001 ± 
0.001 

29 ± 2 7.14 ± 0.53 0.003 

Sutton-
Chen 

9.08 ± 
0.34 

0.002 ± 
0.001 

36 ± 1 7.88 ± 0.35 0.002 

300 K Standard 8.70 ± 
0.45 

-0.006 ± 
0.001 

62 ± 3 5.46 ± 0.52 0.010 

Gupta 9.56 ± 
1.27 

0.002 ± 
0.002 

46 ± 6 4.66 ± 1.20 0.014 

Sutton-
Chen 

9.02 ± 
0.65 

0.005 ± 
0.001 

52 ± 3 5.34 ± 0.63 0.009 

 

Table 3d Fitting 
method 

60 wt% Pt/C 
N α* σ2 / Å-2 

(×104) 
ΔE0 / eV Rf 

20 K Standard 9.64 ± 
0.31 

-0.008 ± 
0.001 

42 ± 1 7.92 ± 0.29 0.002 

Gupta 10.46 ± 
0.79 

-0.001 ± 
0.001 

26 ± 3 6.72 ± 0.73 0.003 

Sutton-
Chen 

9.85 ± 
0.40 

0.003 ± 
0.001 

31 ± 1 7.49 ± 0.44 0.001 

150 K Standard 9.40 ± 
0.31 

-0.008 ± 
0.001 

46 ± 1 8.43 ± 0.34 0.002 

Gupta 9.91 ± 
0.68 

-0.001 ± 
0.001 

29 ± 3 7.36 ± 0.67 0.009 

Sutton-
Chen 

9.60 ± 
0.44 

0.003 ± 
0.001 

36 ± 2 8.10 ± 0.41 0.002 

300 K Standard 9.04 ± 
0.54 

-0.004 ± 
0.001 

59 ± 3 5.79 ± 0.62 0.010 

Gupta 9.96 ± 
1.31 

0.003 ± 
0.002 

43 ± 6 4.81 ± 1.23 0.015 

Sutton-
Chen 

9.36 ± 
0.68 

0.007 ± 
0.001 

49 ± 3 5.39 ± 0.62 0.009 

*A path length correction term (linear expansion coefficient α) was used as a fitting 

parameter for the MD input as well as the standard input.  The very large number of 

paths contained in the MD input would make tabulated results of fitted bond lengths 
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unwieldy, and as such the linear expansion coefficient is reported instead of the fitted 

bond length. 
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Figure 6:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to Gupta (red) and Sutton-Chen (blue dashed) potentials, along with k2 weighted 

magnitude and real Fourier transform for 10 wt% Pt/C at a-b) 20 K, c-d) 150 K and e-f) 

300 K. 
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Figure 7:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to Gupta (red) and Sutton-Chen (blue dashed) potentials, along with k2 weighted 

magnitude and real Fourier transform for 20 wt% Pt/C at a-b) 20 K, c-d) 150 K and e-f) 

300 K. 
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Figure 8:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to Gupta (red) and Sutton-Chen (blue dashed) potentials, along with k2 weighted 

magnitude and real Fourier transform for 40 wt% Pt/C at a-b) 20 K, c-d) 150 K and e-f) 

300 K. 
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Figure 9:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to Gupta (red) and Sutton-Chen (blue dashed) potentials, along with k2 weighted 

magnitude and real Fourier transform for 60 wt% Pt/C at a-b) 20 K, c-d) 150 K and e-f) 

300 K. 
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The Sutton-Chen potential gave the best quality of fit, and the Gupta potential an 

inferior quality of fit (Figure 10) when compared with the standard fitting approach.  

This is attributed to the narrower distribution of bond lengths modelled by the Sutton-

Chen potential; although the distribution still included a significant low R shoulder in 

the RDF due to surface contraction.  The use of molecular dynamic simulations to fit 

real experimental data can not only provide an improved fitting model, but a 

measureable metric for evaluating the quality of a particular MD simulation or 

potential at replicating nanoparticle behaviour, bearing in mind that the empirical 

potentials used in this work were designed to model bulk metal behaviour.   
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Figure 10:  Comparison of quality of fit (Rf) to the first coordination shell between the 

standard fitting approach (black) and the applied molecular dynamic approaches; Gupta 

(red) and Sutton-Chen (blue).  Fit is of simulation at 20 K to experimental data measured 

at 20 K. 

Whilst visibly there is no significant difference between the two MD fitting approaches, 

the values in Tables 3a-d clearly show the Sutton-Chen potential is superior in this 

case.  With the Sutton-Chen potential giving an improved quality of fit over the 

standard model and the Gupta model, all results reported from now on will focus on 

the Sutton-Chen potential.  Although the MD simulations provide an improved input for 

EXAFS analysis, they do not completely account for all the structural and thermal 

disorder present and the fits using the RDF histogram as an input require a σ2 

parameter.  The σ2 values obtained using the RDF histogram are less than those 

obtained using the standard model, the difference in all cases between the two can fully 

be accounted for by the disorder present in the simulation.  Plots in both k and R show 
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no great difference between the standard approach and the MD approach, although the 

relationship between coordination number and σ2 in both models and the 

improvement that the MD approach offers can be better understood by comparing the 

relationship between the two parameters (Figure 11a). 
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Figure 11:  a) Correlation between coordination number and disorder, σ2, and b) 

corrections (red) applied to σ2, for standard fitting approach (closed points - ●) and MD 

fitting approach (open points - ○).  The 20 K MD simulations were used for the MD 

approach; experimental data at 20 K is represented by a square marker (□), at 150 K by a 

circular marker (○) and at 300 K by a triangular marker (∆).  Error bars are not included 

in figure b) for ease of interpretation. 
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Using a more structurally disordered input from the MD gives an improved model to fit 

the nanoparticles, and the resultant fits have less disorder and a higher amplitude than 

the standard model as was discussed earlier.  The MD simulations clearly do not 

completely model the disorder as a σ2 term is still required in the fit; however it is 

unlikely that any of the nanoparticles are the perfect “spheres” modelled as evidenced 

by the AC-STEM images in Chapter Three.  The disorder of the first shell was calculated 

directly from the simulation (dotted red arrows, Figure 11b) and combined with the σ2 

determined during the fit (red open points, Figure 11b) to provide a more direct 

comparison with the disorder determined using the standard method.   

The combined σ2 values (open black points, Figure 11b) fell in the same range, 

whereas there was a trend for a general increase in the determined coordination 

number.  Although not a large increase, and within the generally accepted error limits16 

for coordination number determination, the improved qualities of fit indicate that the 

larger size given by the MD approach is physically reasonable.  Indeed when combined 

with TEM measurements, the MD approach gives a better interpretation of the data 

than the standard approach and overcomes some of the limitations in applying bulk 

theory to the analysis of nanoparticles. 

The coordination numbers determined from the MD fits were converted into estimated 

average particle sizes and are reported in Table 4 alongside those from the standard fit 

for comparison. 

Table 4: Cross correlation of average size; MD methods vs. standard method.  Sizes are 

average of fits at 20, 150 and 300 K; the reported error is the variance. 

Sample  wt% Pt/C Average particle size / nm 

Standard Gupta Sutton-Chen 

10 1.52 ± 0.14 2.12 ± 0.14 1.60 ± 0.10 

20 1.87 ± 0.26 2.38 ± 0.56 2.01 ± 0.36 

40 2.29 ± 0.33 3.04 ± 0.41 2.49 ± 0.30 

60 2.66 ± 0.34 3.66 ± 0.50 2.94 ± 0.31 

 

One interesting observation for the 10 wt% Pt/C sample at 20 K and 150 K was that the 

smaller 177 atom simulation provided a better fit than the 381 atom simulation.  This 

simulation output (177 atoms) contained a greater degree of disorder than the larger 

simulation outputs.  The difference between the fitted disorder using the MD 
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simulation (vs. the standard method) was larger for these two measurements than all 

the others (Figure 11b – furthest left two points; Table 3a), equivalent to that 

contained in the simulation.  This is a nice validation of the MD method, with the 

smaller more disordered particles being fitted best by smaller more disordered 

simulations and larger particles fitted best by equivalent sized simulations.  Also an 

encouraging result is that the sizes of MD simulation that provides the best fit for each 

particle size is in reasonable agreement with the TEM derived average particle sizes. 

3.3.2 Effect of Histogram Bin Width 

To understand whether the improved fit is more dependent on an increased number of 

scattering paths to parameterise the fit (i.e. the number of bins) or the location of the 

bins (i.e. the specific shape of the RDF brought about by different size simulated 

nanoparticles), the MD output histogram was re-binned.  The initial set of simulations 

consisted of 0.0065 Å bin widths, giving a total of 1000 bins up to 6.5 Å i.e. up to and 

including the fourth nearest neighbour.  This radial distance was chosen with the 

longer term goal of including multiple scattering effects in the MD fits.  By fitting every 

permutation of RDF to experimental temperature, the effect of scattering path location 

and intensity was investigated, the results having already been discussed.  To 

investigate the effect of the number of bins on the fit, the RDF histogram was re-binned 

with an order of magnitude more and less scattering paths, i.e. 100 total bins of 0.065 Å 

width and 10000 of 0.00065 Å width respectively.  The standard approach, using one 

single scattering path for the first nearest neighbour can be thought of in these terms 

as using a histogram effectively consisting of four bins.  
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Figure 12:  RDFs based on different histogram bin sizes; standard method (single bin)– 

black line; 0.065 Å bin size – red line, 0.0065 Å bin size – green line; 0.00065 Å bin size – 

blue dashed line. The similarity of the lines for the two smallest bin sizes is such that they 

cannot be distinguished from one another. 

Figure 12 clearly shows how the histogram with the largest bin size has poorer spatial 

resolution, jumping roughly from bin to bin instead of the smooth variations observed 

for the 0.0065 Å and 0.00065 Å bin histograms.  That aside, there is enough resolution 

to model the anharmonicity present in the bond length distribution within the 

nanoparticle simulation, and provide an improvement over the standard model, the 

results of the fits are plotted in Figure 13, and the results in Table 5. 

Table 5:  Effect of bin size on structural parameters for 20 wt% Pt/C nanoparticles at 

20 K, acquired in a reducing H2 environment at the Pt LIII edge. 

Number of 

bins 

N α σ2 / Å-2 

(×104) 

ΔE0 / eV Rf 

Standard 9.32 ± 0.42 -0.0068 ± 

0.0006 

35 ± 1 8.66 ± 0.45 0.0028 

100 bin 9.40 ± 0.37 0.0041 ± 

0.0005 

22 ± 1 8.39 ± 0.40 0.0023 

1000 bin 9.52 ± 0.39 0.0037 ± 

0.0005 

25 ± 1 8.26 ± 0.41 0.0025 

10000 bin 9.52 ±  0.39 0.0037 ± 

0.0005 

25 ±  1 8.26 ± 0.41 0.0025 
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Figure 13: a) kn weighted (k1 top, k2 middle, k3 bottom of panel, and b) k2 weighted 

magnitude and real Fourier transform for 40 wt% Pt/C at 20 K.  Experimental data (black) 

fit to differing histogram bin sizes generated by Sutton-Chen potential; data – black line; 

standard (single bin)– red line; 0.065 Å bin size – green line, 0.0065 Å bin size – blue line; 

0.00065 Å bin size – orange line.  The similarity of the lines for each different fit is such 

that they cannot be distinguished from one another. 

There is no visible difference in either plot (k or R) of the fits using different bin widths 

(Figure 13a-b), as with using different potentials, but it is the quality of fit and 

evaluated parameters that indicate which model is best (Table 5).  The change in 
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goodness of fit is marginal between using different bin sizes, as are the differences in 

all parameters bar the coordination number, which shows a small increase.  Bearing in 

mind the cross-correlation with TEM, the simulations resulting in the larger 

coordination numbers appear more physically reasonable.  Although the differences 

are within error values no firm conclusion can be drawn.  Clearly there is a point at 

which increasing the resolution of the histogram makes no difference, as the fits using 

0.0065 Å and 0.00065 Å histogram bin widths produce identical results.  A truer test of 

the effect of the number of histogram bins will be when more nearest neighbour shells 

are added to the fit, and multiple scattering contributions included.  

3.3.3 Application to Au/C 

As with the Pt/C nanoparticles, the use of an MD input improved the fit, although 

unlike the Pt/C case, only the Gupta potential was used to fit the Au/C data as it has 

previously been shown to agree with experimental spectra to a great extent32.  The 

results of the fits are in Table 6 and Figure 14 below.  The lowest temperature 

measurement was only 85 K as the cold finger of the cryostat unit failed and could not 

reach 20 K. 

Table 6:  Structural parameters for 4 wt% Au/C nanoparticles at 85 K, 150 K and 300 K, 

acquired at the Au LIII edge. 

 Fitting 
method 

4 wt% Au/C 
N α* σ2 / Å-2 

(×104) 
ΔE0 / eV Rf 

85 K 
 

Standard 7.75 ± 
0.81 

-0.011 ± 
0.002 

62 ± 5 7.21 ± 
0.87 

0.017 

Gupta 8.24 ± 
0.53 

-0.008 ± 
0.001 

37 ± 3 5.27 ± 
0.52 

0.009 

150 K Standard 8.05 ± 
0.92 

-0.014 ± 
0.002 

79 ± 8 6.60 ± 
0.92 

0.025 

Gupta 8.24 ± 
0.62 

-0.009 ± 
0.002 

51 ± 5 5.01 ± 
0.58 

0.015 

300 K* Standard 8.60 ± 
1.48 

-0.021 ± 
0.005 

124 ± 18 4.43 ± 
1.30 

0.035 

Gupta 8.65 ± 
0.99 

-0.014 ± 
0.003 

89 ± 12 3.50 ± 
0.91 

0.025 

*fitting range finished at kmax 14 Å-1   

Unlike with the standard model, the Au-S first shell scattering path was unable to be 

fitted due to a glitch in software; an upgraded version of ARTEMIS was used for the MD 

approach.  At the time of writing this thesis it was in the development stage.  Therefore 

all results were fitted in both the current release of ARTEMIS (ifeffit1.2.11d.exe) and 

the in development version to check for consistency given the possibility of software 
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glitches.  The Au-S first shell path could be fitted using the standard method, but not 

during the MD method; beyond this one discrepancy, all other fitting parameters and 

results were consistent across both software platforms.  The cumulant analysis was not 

performed on the Au/C data given the results observed for the Pt/C data. 
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Figure 14:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Gupta potential (green dashed), along with k2 weighted 

magnitude and real Fourier transform for 4 wt% Au/C at a-b) 85 K, c-d) 150 K and e-f) 

300 K.  The low R misfit is due to the non-inclusion of the first shell Au-S scattering path. 
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In using the MD output as the basis for the EXAFS fit for the Pt/C series, the simulated 

cluster size that gave the best fit was slightly smaller than the TEM average particle 

diameter.  For the Au/C the best fit MD output (767 atom simulation - corresponding to 

a 3.17 nm diameter nanoparticle) was larger than the TEM average particle size.  The 

Au/C nanoparticles still had a dodecanethiol covered surface whilst the Pt/C 

nanoparticles were bare.  Therefore the Au surface atoms were in a more relaxed and 

less contracted state, due to increased coordination, with more bulk-like properties, i.e. 

lower disorder and longer bond lengths.  These two properties were most represented 

in the largest simulation, potentially explaining why the 767 atom simulation gave the 

best fit.  Running an MD simulation of the gold nanoparticles with a thiol layer on the 

surface and seeing how that affected the MD output and subsequent fit to the data 

would be of great interest. 

4 Conclusions 

The focus of the work in this chapter has been to take on some of the more interesting 

challenges facing the analysis of EXAFS data for nanoparticles by combining molecular 

dynamic simulations with real experimental data.  The contraction of the surface layer 

and anisotropic disorder of the surface atoms (brought about by their reduced 

coordination) were modelled using semi-empirical potentials, and the results 

successfully applied. 

A full set of characterisation data is included in Table 7 for cross-correlation purposes.  

The limitations of the higher cumulant approach to fitting nanoparticles have been 

exposed for systems with these high levels of structural disorder, as is exhibited in the 

lack of trend in average particle diameter.  The unsuitability of ex situ XRD 

measurements for size determination has previously been discussed (Chapter Three), 

as has the correlation of TEM derived particle sizes with standard method EXAFS 

derived particle sizes.   
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Table 7:  Full cross correlation of average particle size by technique.   

Sample / 

wt% Pt/C 

Average particle diameter / nm 

XRD* 

DVol 

TEM DVol EXAFS 

Standard 

4 shell fit 

Standard 

1 shell fit 

Cumulant MD† 

10 --- 1.61 ± 

0.45 

1.32 ± 0.09 1.52 ± 0.14 1.79 ± 0.41 1.60 ± 

0.10 

20 1.46 2.43 ± 

0.69 

1.51 ± 0.15 1.87 ± 0.26 2.05 ± 0.37 2.01 ± 

0.36 

40 1.81 2.57 ± 

0.73 

2.10 ± 0.29  2.29 ± 0.33 1.90 ± 0.34 2.49 ± 

0.30 

60 2.25 2.95 ± 

0.82 

2.49 ± 0.43 2.66 ± 0.34 2.02 ± 0.43 2.94 ± 

0.31 

† output from Sutton-Chen potential 

Sample / 

wt% Au/C 

Average particle diameter / nm 

XRD* DVol TEM DVol EXAFS 

Standard 4 

shell fit 

Standard 1 

shell fit 

MD‡ 

4 2.41 2.38 ± 1.22 1.48 ± 0.52 1.96 ± 0.37 2.15 ± 0.23 

*XRD reflects average crystallite size.  ‡output from Gupta potential 

The use of MD to include anharmonic structural disorder in the EXAFS fit results in a 

larger average particle size that is in better agreement with TEM data than the 

standard approach.  The new approach detailed in this chapter has shown promise, 

although clearly is still in the initial stages of development.  Extending the analysis to 

higher coordination shells would provide much more structural information.  However 

the logistical challenges of incorporating the enormous amount of information 

contained in the full history file from an MD simulation have yet to be overcome. 

The assumption of a “spherical” geometry is one limitation of the MD approach in its 

current form, as it can impose limitations on the relationship between coordination 

numbers in neighbouring coordination shells.  This would likely become more 

apparent when extending the fit beyond the first nearest neighbour, and leads on to the 

next stage that could be attempted: modelling nanoparticles of other possible 

geometries such as icosahedral, cuboctahedral, or hemispherical and using the output 

from these MD simulations for the EXAFS fit.  Different geometries of nanoparticles 
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have been simulated in many earlier studies33-35, and the structural properties 

investigated.  Similarly the different ratios between coordination shells have been 

investigated and the likely consequences this would have on the EXAFS21,36, however 

these studies have still assumed an even distribution of bond lengths throughout the 

nanoparticle.   

Determination of particle morphology from EXAFS would be indicated by an improved 

goodness of fit to the MD output from a particular geometry, e.g. icosahedral.  Whilst 

there are means of estimating particle morphology from EXAFS already from the 

population of the nearest neighbour coordination shells37,38, the errors reported for 

higher coordination shells are such that this method would not stand up by itself. 

Further work that can be done could include the investigation of other classical semi-

empirical potentials (using the geometries previously run), and more long term, the 

use of outputs from density functional theory (DFT) calculations as recent advances 

such as linear scaling39 now allow for larger clusters to be simulated in achievable time 

frames. 
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CHAPTER FIVE:   APPLICATION OF 

MOLECULAR DYNAMICS TO EXAFS 

OF BIMETALLIC SYSTEMS 

Chapter Three looked at the cross-correlation of characterisation techniques for 

monometallic catalysts, and Chapter Four at the application of molecular dynamics to 

EXAFS and the effect this has on cross-correlation.  This chapter looks at both the 

cross-correlation of techniques for characterisation and the application of molecular 

dynamics to the EXAFS analysis of bimetallic catalysts. 

1 Introduction 

Bimetallic catalysts are of interest for reasons including reduced cost, increased 

catalytic activity1 and tolerance to poisoning2.  Core-shell nanoparticles have been 

demonstrated to be one way to reduce the amount of precious metal used and 

therefore reduce the cost.  For example if the same or improved catalytic activity can be 

achieved by the use of a Pt shell around a Pd core, then the raw materials cost of the 

catalyst will be less therefore making it economically more viable.  

Crabb et al.3-5 have developed a synthetic method for the controlled deposition of one 

metal on to a core composed of second metal.  The thickness of the deposition can be 

controlled giving a range of core-shell nanoparticles.  The technique was applied for 

the synthesis of the Pt shell Pd core nanoparticles analysed in this chapter6.   

Characterisation of core- shell nanoparticles is more complex than for monometallic 

systems.  The thinness of the shell is such that it can be amorphous (and XRD invisible), 

or take on the lattice parameters of the core beneath it and therefore be 

indistinguishable by XRD, making the technique unsuitable for complete 

characterisation.  The largest indication of a second metal by XRD alone is a subtle 

shifting5 or  broadening6 of the diffraction peaks from the core that are attributed to an 

alloying effect at the core-shell interface.  TEM benefits from being able to directly 

image particles including the amorphous shell structure7 and, coupled with EDX, is able 

to confirm the presence of both metals together on the support3,6. 

EXAFS characterisation studies of bimetallic systems6-8 have focussed primarily on the 

local coordination environment of the elements present to determine the degree of 
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segregation or mixing.  For example in the work of Hansen et al.9 on Pt core Pd shell 

nanoparticles, the coordination number of  the Pt-Pt bonds has been observed to 

exceed that of the Pd-Pd bonds,  attributed to the segregation of the Pd shell from the 

Pt core, consistent with computer simulations of the system.   

As with monometallic systems, current EXAFS analysis relies on the assumption of 

Gaussian disorder and bond length distribution.  The reality is far more complex for 

bimetallic systems.  The degree of segregation or mixing of the elements present 

results in four possible atom-atom pairs on the surface.  These atom-atom pairs, as well 

as those beneath the surface, experience the termination effects present in 

nanoparticles (as a result of the particle size) resulting in a much more complex set of 

radial distribution functions that is dependent on the particle size, shape and degree of 

segregation or mixing of the components. 

Beale and Weckhuysen have investigated the effect of both shape and mixing on the 

theoretical coordination numbers of a range of bimetallic nanoparticles10.  The ratios of 

coordination numbers simulated provide a means of estimating the degree of mixing, 

however, like many theoretical EXAFS studies11-13, these did not take termination 

effects into account.  

As has been discussed in the previous chapter, an incorrect treatment of termination 

effects results in a decreased coordination number being determined from the EXAFS 

analysis.  The use of higher cumulants cannot be applied, even to systems with a very 

small degree of surface termination due to the mixed occupancy of coordination 

shells14,15.  Therefore the work in this chapter seeks to extend the application of 

molecular dynamics (described in Chapter Four) to the EXAFS analysis of bimetallic 

samples and to cross-correlate the results with standard EXAFS analysis, TEM and XRD 

data. 
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2 Experimental  

A series of well-defined core-shell Pt/Pd/C catalysts (shell/core/support) were 

supplied by Anna Wise and Johnson Matthey, as suitable candidates for applying the 

MD approach to analysing the EXAFS of bimetallic systems.  The details of all catalysts 

used in this work are in Table 1. 

Table 1:  Nominal loadings and nomenclature of monometallic nanoparticle catalyst 

samples investigated. 

Sample Nominal 

loading / wt% 

Sample reference Temperature 

measurements / K 

Pd/C 20   Core 20, 150, 300 

1 monolayer 

Pt/Pd/C 

17.1 (Pt)  

16.3 (Pd) 

1ML 20, 150, 300 

2 monolayer 

Pt/Pd/C 

27.5 (Pt)  

14.2 (Pd) 

2ML 20, 150, 300 

2.1 TEM and XRD 

All samples for TEM and XRD were submitted to the Johnson Matthey Technology 

Centre for analysis.  High resolution aberration corrected TEM images (AC-STEM) were 

recorded by Haibo E at Oxford University 

2.2 EXAFS 

The absorption edges of interest were the Pd K (24350 eV) and Pt LIII (11564 eV) edges.  

Investigations were carried out on beamline X23A2 for both Pd and Pt measurements.  

All EXAFS measurements in this chapter were collected in transmission mode using the 

cryostat cell.  The samples were all prepared as boron nitride pellets, and all samples 

were reduced with H2 at room temperature. 

Data was fitted simultaneously for each edge measurement at a given temperature, e.g. 

both the Pt and Pd edges at 20 K, over a range in R between 2 and 3 Å, and between 3 

and 16 Å-1 in k space.  The parameters describing bond length correction and disorder 

between dissimilar absorber-scatterer pairs (i.e. Pd-Pt and Pt-Pd) were constrained 

between both data sets to minimise the number of variables in the fit.   

2.3 MD 

A series of Pd nanoparticle and Pd/Pt bimetallic nanoparticle structures were 

generated using ATOMS16 and molecular dynamic simulations carried out using the 
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Sutton-Chen potential17 (example structures in Figure 1), with the parameters detailed 

in Chapter Two, section 6.2.  Full details of all simulations run are in Table 2. 

a) b)  

Figure 1:  Starting configurations of a) Pd core-Pt shell and b) Pd:Pt alloy nanoparticles; 

grey spheres (Pt) and blue spheres (Pd). 

 

Table 2:  Details of the cluster compositions used for molecular dynamics simulations. 

Simulation Cluster composition 

Core Pd 177 

Core Pd 381 

Core-Shell Pd177 core Pt 204 Shell 

Core-Shell Pd381 core Pt 386 shell 

Alloy Pd192 Pt189 

Alloy Pd392 Pt375 

 

The alloy compositions are as close to 1:1 as could be achieved whilst keeping a fully 

mixed structure.  The core-shell and alloy structures are larger than the Pd core 

structures by one complete outer shell of atoms based on the assumption of a complete 

monolayer coverage of Pt over the Pd core. 

Data for the Pd core was fitted to the monometallic simulation outputs, and data for the 

1ML and 2ML samples was fitted to the bimetallic simulation outputs. 
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3 Characterisation 

3.1 TEM 
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Figure 2:  TEM micrographs (left) and corresponding particle size distributions (right) of 

a-b) Pd core, c-d) 1ML Pt/Pd/C, and e-f) 2ML Pt/Pd/C. 
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Several very large particles were observed for the core resulting in a skewing of the 

average size towards larger particles.  The largest particles observed during the 

particle size analysis may have been caused by overlap of adjacent smaller particles.  A 

far greater number of particles were observed for the core than for the core-shell 

particles, and this will have an influence on the variation (σ) of the data.  It is also quite 

likely that during the size analysis, selective areas of the sample were observed to 

obtain the best images of the core-shell structure, and therefore were not 

representative of the sample as a whole.  However TEM of the core generally shows the 

sample is well dispersed over the support, as is the case for the 1ML and 2ML samples 

(Figure 2 a, c and e).  The size distribution is not as uniform as with previous 

monometallic samples studied in this work, and the different size weightings cover a 

larger range (Figure 2 b, d and f, Table 3).   

Table 3:  Comparison of particle size determinations from varying TEM weighting 

approaches. 

Sample Number of 

observed 

particles 

Average TEM particle size / nm Standard 

deviation 

/ nm 

D0 Dn Da DVol 

Core 733 3.46 3.96 6.82 8.95 2.12 

1ML 83 3.20 3.51 4.88 5.79 1.57 

2ML 95 3.72 3.87 4.59 4.99 1.35 

 

The presence of oxygen in the EDX profile analysis shows that the Pd core is slightly 

oxidised, most likely on the surface of the nanoparticles (Figure 3).  EDX line profile 

analysis of the 1ML and 2ML samples confirms the presence of both Pt and Pd.  The 

counts for Pt coincide with the counts for Pd confirming that there is a correlation 

between the locations of the two components. 
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Figure 3:  TEM EDX line profile for 20 wt% Pd/C core.  The upper box shows the TEM 

micrograph of the area under investigation.  The EDX response for the red box is shown 

below the TEM micrograph. 

 

Figure 4:  TEM EDX line profile for 1 ML Pt on 20 wt% Pd/C core.  The upper left box 

shows the TEM micrograph of the area under investigation.  The EDX response for the red 

box is shown below the TEM micrograph.  The EDX response across the red line labelled 

“1” in the TEM micrograph is in the upper right box.  The counts for both Pt (blue) and Pd 

(red) are shown. 
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Figure 5:  TEM EDX line profile for 2 ML Pt on 20 wt% Pd/C core.  The upper left box 

shows the TEM micrograph of the area under investigation.  The EDX response for the red 

box is shown below the TEM micrograph.  The EDX response across the red line labelled 

“1” in the TEM micrograph is in the upper right box.  The counts for both Pt (blue) and Pd 

(red) are shown. 

AC-STEM micrographs (Figure 6) of the 2ML sample show a clear core-shell structure.  

The brighter atoms around the outsides of the particles are the heavier Pt shell (higher 

atomic mass elements have stronger back-scattering in HAADF mode).  The Pt shell is 

crystalline in the AC-STEM micrographs with lattice fringes clearly defined to the edge 

of the particles.  The Pt contribution appears strongest around the edges of the 

particles because of perspective.  The Pt atoms atop the Pd core as the HAADF detector 

sees them are at most 2 atoms deep (assuming complete coverage), while those at the 

edges could be up to 8 atoms deep (assuming a spherical geometry) and thus give a 

much brighter signal.  A similar effect can be seen in the inputs for the MD simulations; 

Figure 1a is a core-shell structure yet as a result of perspective the majority of the Pt 

shell appears on the edges of the particle.   
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 a) b) 

Figure 6:  AC-STEM micrographs of 2ML Pt/Pd/C.  Scale bar is a) 3 nm and b) 1nm. 

3.2 XRD 

The broad diffraction peak at 2Θ ~ 25° due to the Ketjen carbon support is observed in 

all patterns.  The core is the most poorly crystalline (Figure 7), with a small amount of 

cubic Pd and no other phases present.  The small amount of surface oxide detected in 

the EDX is either amorphous or so thin as not to exhibit diffraction peaks. 

The 1ML sample also is poorly crystalline (Figure 8), although less so than the core.  

No crystalline Pt or any other phases were present.  The 2ML sample again contains a 

large amount of poorly crystalline Pd with no other phases present (Figure 9).   

 

Figure 7:  XRD pattern of 20 wt% Pd/C core.  Data is the black line, ∣ refers to cubic Pd 

(PDF No. 00-04-1043, a = 3.89 Å). 
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Figure 8:  XRD pattern of 1ML Pt/Pd/C.  Data is the black line, ∣ refers to cubic Pd (PDF No. 

00-04-1043, a = 3.89 Å). 

 

 

Figure 9:  XRD pattern of 2ML Pt/Pd/C.  Data is the black line, ∣ refers to cubic Pd (PDF No. 

00-04-1043, a = 3.89 Å). 

There is a subtle increase observed in the lattice parameter between the 1ML and 2ML 

samples.  Taken by itself this could suggest a possible alloying between the Pd and Pt 

(Pt lattice parameter 3.92 Å); however the lattice parameter for the core is also larger 

than expected.  Due to the very poor crystallinity of the sample, this is most likely a 

result of experimental error and highlights the difficulties faced when using XRD for 

such small samples.  Given the crystallinity apparent in the AC-STEM micrographs, it is 

proposed that the deposited Pt shell adopts the lattice parameters of the Pd core 
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beneath it; helping to explain the increase in crystallinity observed between the core, 

1ML and 2ML samples.   A second possible explanation lies with the technique used to 

synthesise the core-shell structure.  The procedure3-5 involves heating the core to 

473 K before the introduction of the shell precursor; during the initial heating phases, 

some aggregation could occur resulting in the slightly larger and more crystalline 

particles observed. 

As has been the case for all the monometallic samples in Chapter Three, and as a result 

of the poor crystallinity of the samples the average crystallite sizes (Table 4) are, at 

best, estimates only.   

Table 4:  Rietveld derived XRD crystallite sizes and estimated lattice parameters. 

Sample Crystallite size / nm Lattice 

parameter / Å LVol average crystallite 

size 

DVol – mean volume 

weighted diameter 

Core 1.60 ± 0.06 2.13 ± 0.08 3.899 ± 0.001 

1ML 2.30 ± 0.05 3.12 ± 0.07 3.890 ± 0.001 

2ML 2.54 ± 0.05 3.39 ± 0.07 3.897 ± 0.001 
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3.4 MD EXAFS 
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Figure 10:  First shell RDFs at 20 K for 177 atom (black) and 381 atom (red) “spherical” 

Pd nanoparticles 

The first shell RDFs for the 177 and 381 atom clusters corresponding to the core are 

shown in Figure 10.  There is a contraction in the majority of bond lengths from the 

bulk Pd value of 2.75 Å (Figure 10), but the RDFs are much more Gaussian in their 

distribution in contrast to the RDFs taken from the Pt simulations (Chapter Four, 

Figure 5).  The distribution still exhibits a low-R tail, with the 177 atom RDF having a 

small low-R shoulder, but nothing like the asymmetry observed in the Pt simulations. 

The data for the core-shell nanoparticles was not analysed using the cumulant 

expansion approach for reasons detailed in Chapter Four, only being analysed using the 

standard and MD methods.  The results for the Pd core are shown in Figure 11 and the 

fit parameters summarised in Table 5, below. 
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Figure 11:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dash) potentials, along with k2 weighted 

magnitude and real Fourier transform for 20 wt% Pd/C at a-b) 20 K, c-d) 150 K and e-f) 

300 K.  The similarity of the lines for the standard and Sutton-Chen fits is such that they 

cannot be distinguished from one another. 
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Table 5:  Structural parameters for 20 wt% Pd/C nanoparticles at 20 K, 150 K and 300 K, 

acquired in a reducing H2 environment at the Pd K edge. 

Condition 20 wt% Pd/C 

Method N α σ2 / Å2 ΔE0 / eV Rf 

20 K Standard 6.87 ± 

0.60 

-0.031 ± 

0.001 

0.0048 ± 

0.0005 

-6.74 ± 

0.69 

0.006 

Sutton-

Chen 

6.87 ± 

0.58 

0.012 ± 

0.001 

0.0037 ± 

0.0004 

-6.72 ± 

0.68 

0.005 

150 K Standard 6.80 ± 

0.65 

-0.004 ± 

0.001 

0.0055 ± 

0.0005 

-6.87 ± 

0.75 

0.008 

Sutton-

Chen 

6.80 ± 

0.64 

0.011 ± 

0.002 

0.0044 ± 

0.0005 

-6.84 ± 

0.74 

0.007 

300 K Standard 6.79 ± 

0.55 

-0.005 ± 

0.001 

0.0072 ± 

0.0006 

-6.89 ± 

0.61 

0.007 

Sutton-

Chen 

6.80 ± 

0.55 

0.010 ± 

0.002 

0.0062 ± 

0.0005 

-6.84 ± 

0.60 

0.006 

 

In all cases the 177 atom Pd simulation provided a better fit than the 381 atom 

simulation, although the difference was minor, giving only a slight improvement in the 

quality of the MD fit over standard fit.  Visibly there is little difference in the plotted fits 

(i.e. the standard fit (red line) is plotted beneath the MD fit (green dashed line) in 

Figure 11 and as such is not clearly visible).   

Beyond the minor improvement in quality of fit, there is a slight reduction in the errors 

associated with each parameter.  There is no real change in parameters as there was 

with the Pt or Au data in Chapter Four.  Given that the profile of the MD results is more 

Gaussian, this is not surprising, as the input is akin to a standard input with a disorder 

term already applied (the 177 atom simulation has a 0.0009 Å2 variance in bond length, 

very similar to the difference in σ2 between the standard and MD fits).  The Pd 

nanoparticle MD fits to the core (Table 5) exhibit a slight negative thermal expansion18 

effect similar to that observed in the Au nanoparticles in Chapter Three, although as 

the value is within the error bars, it may not be realistic.   

The core-shell data was fitted initially to the output from core-shell MD simulations 

(Figure 12c and d); however the very large distortion in the Pt-Pt bonds present 

proved problematic and no physically reasonable fitting solution could be reached.  
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The assumption of a completely “spherical” particle with an evenly distributed 

complete outer shell of Pt was too restrictive a structural model, and therefore any 

imperfections in the sample resulted in too large a misfit.   

Two of the most important factors used to start an EXAFS fit with are the position and 

identity of the nearest scattering neighbour.  With this in mind, two alloyed well mixed 

Pt:Pd nanoparticles were simulated; the output RDF of the simulation should contain 

contributions from all possible atom pairs at all positions from the core through to the 

surface of the nanoparticle, and therefore provide a more flexible fitting model (Figure 

12a and b).  These RDFs have far less contraction of bond lengths, in particular the 

Pt-Pt bonds, than the core-shell models, yet are still non-Gaussian due to low-R 

contributions. 
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Figure 12:  Mixed Pd:Pt alloy RDFs for a) Pt189Pd192, b) Pt375Pd392, and Pd core Pt 

shell c) Pd177Pt204, and d) Pd381Pt386.  Pt-Pt interactions are in black, Pd-Pd 

interactions in red and Pd-Pt/Pt-Pd interactions in blue. 
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Figure 13:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dashed) potentials, along with k2 

weighted magnitude and real Fourier transform for 1ML Pt/Pd/C at 20 K at a-b) Pd K 

edge and c-d) Pt LIII edge.  The similarity of the lines for the standard and Sutton-Chen fits 

is such that they cannot be distinguished from one another. 
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Table 6:  Structural parameters for 1ML Pt/Pd/C nanoparticles at 20 K, acquired in a 

reducing H2 environment at the Pd K edge and Pt LIII edge.  Fits are to a) standard model 

and b) MD model 

a) Standard 

20 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.80 ± 0.26 -0.007 ± 

0.001 

0.0037 ± 

0.0002 

-4.90 ± 0.22 0.0065 

Pd-Pt 1.13 ± 0.24 -0.011 ± 

0.002 

0.0024 ± 

0.0005 Pt-Pd 1.71 ± 0.20 6.38 ± 0.51 

Pt-Pt 6.98 ± 0.49 -0.008 ± 

0.001 

0.0045 ± 

0.0003 

 

b) MD 20 K N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.85 ± 0.27 -0.004 ± 

0.001 

0.0030 ± 

0.0002 

-4.93 ± 0.21 0.0008 

Pd-Pt 1.26 ± 0.27 -0.003 ± 

0.002 

0.0023 ± 

0.0006 Pt-Pd 1.96 ± 0.26 6.42 ± 0.49 

Pt-Pt 6.96 ± 0.48 -0.002 ± 

0.001 

0.0032 ± 

0.0003 
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Figure 14:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dashed) potentials, along with k2 

weighted magnitude and real Fourier transform for 1ML Pt/Pd/C at 150 K at a-b) Pd K 

edge and c-d) Pt LIII edge.  The similarity of the lines for the standard and Sutton-Chen fits 

is such that they cannot be distinguished from one another. 
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Table 7:  Structural parameters for 1ML Pt/Pd/C nanoparticles at 150 K, acquired in a 

reducing H2 environment at the Pd K edge and Pt LIII edge.  Fits are to a) standard model 

and b) MD model 

a) Standard 

150 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.85 ± 0.41 -0.007 ± 

0.001 

0.0043 ± 

0.0003 

-4.68 ± 0.34 0.0061 

Pd-Pt 1.06 ± 0.40 -0.010 ± 

0.002 

0.0035 ± 

0.0008 Pt-Pd 1.96 ± 0.28 6.52 ± 0.48 

Pt-Pt 6.65 ± 0.41 -0.007 ± 

0.001 

0.0047 ± 

0.0003 

 

 

b) MD 

150 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.83 ± 0.39 -0.004 ± 

0.001 

0.0035 ± 

0.0003 

-4.74 ± 0.33 0.0013 

Pd-Pt 1.22 ± 0.40 -0.003 ± 

0.002 

0.0030 ± 

0.0007 Pt-Pd 1.98 ± 0.27 6.30 ± 0.45 

Pt-Pt 6.80 ± 0.40 -0.001 ± 

0.001 

0.0036 ± 

0.0003 
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Figure 15:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dashed) potentials, along with k2 

weighted magnitude and real Fourier transform for 1ML Pt/Pd/C at 300 K at a-b) Pd K 

edge and c-d) Pt LIII edge.  The similarity of the lines for the standard and Sutton-Chen fits 

is such that they cannot be distinguished from one another. 
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Table 8:  Structural parameters for 1ML Pt/Pd/C nanoparticles at 300 K, acquired in a 

reducing H2 environment at the Pd K edge and Pt LIII edge.  Fits are to a) standard model 

and b) MD model 

a) Standard 

300 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.52 ± 0.81 -0.007 ± 

0.001 

0.0076 ± 

0.0008 

-3.94 ± 0.86 0.0041 

Pd-Pt 2.06 ± 0.99 -0.003 ± 

0.003 

0.0057 ± 

0.0010 Pt-Pd 2.49 ± 0.39 5.20 ± 0.57 

Pt-Pt 7.19 ± 0.55 -0.004 ± 

0.002 

0.0058 ± 

0.0004 

 

 

b) MD 

300 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.53 ± 0.90 0.015 ± 

0.004 

0.0068 ± 

0.0009 

-3.97 ± 0.98 0.0051 

Pd-Pt 2.19 ± 1.17 0.002 ± 

0.002 

0.0052 ± 

0.0011 Pt-Pd 2.49 ± 0.61 4.97 ± 0.65 

Pt-Pt 7.38 ± 0.45 0.003 ± 

0.004 

0.0046 ± 

0.0004 
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Figure 16:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dashed) potentials, along with k2 

weighted magnitude and real Fourier transform for 2ML Pt/Pd/C at 20 K at a-b) Pd K 

edge and c-d) Pt LIII edge.  The similarity of the lines for the standard and Sutton-Chen fits 

is such that they cannot be distinguished from one another. 
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Table 9:  Structural parameters for 2ML Pt/Pd/C nanoparticles at 20 K, acquired in a 

reducing H2 environment at the Pd K edge and Pt LIII edge.  Fits are to a) standard model 

and b) MD model 

a) Standard 

20 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.75 ± 0.81 -0.007 ± 

0.001 

0.0018 ± 

0.0006 

-3.87 ± 0.65 0.0023 

Pd-Pt 2.50 ± 0.76 -0.009 ± 

0.003 

0.0019 ± 

0.0010 Pt-Pd 1.26 ± 0.27 7.03 ± 0.56 

Pt-Pt 7.90 ± 0.51 -0.005 ± 

0.002 

0.0041 ± 

0.0003 

 

 

b) MD 20 K N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.71 ± 0.82 -0.005 ± 

0.001 

0.0009 ± 

0.0005 

-3.99 ± 0.58 0.0019 

Pd-Pt 2.83 ± 0.73 -0.003 ± 

0.003 

0.0013 ± 

0.009 Pt-Pd 1.26 ± 0.25 6.69± 0.48 

Pt-Pt 8.21 ± 0.46 -0.002 ± 

0.001 

0.0029 ± 

0.0003 
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Figure 17:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dashed) potentials, along with k2 

weighted magnitude and real Fourier transform for 2ML Pt/Pd/C at 150 K at a-b) Pd K 

edge and c-d) Pt LIII edge.  The similarity of the lines for the standard and Sutton-Chen fits 

is such that they cannot be distinguished from one another. 
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Table 10:  Structural parameters for 2ML Pt/Pd/C nanoparticles at 150 K, acquired in a 

reducing H2 environment at the Pd K edge and Pt LIII edge.  Fits are to a) standard model 

and b) MD model 

a) Standard 

150 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.77 ± 0.65 -0.007 ± 

0.001 

0.0031 ± 

0.005 

-4.06 ± 0.51 0.0026 

Pd-Pt 2.19 ± 0.62 -0.008 ± 

0.003 

0.0024 ± 

0.0009 Pt-Pd 1.38 ± 0.27 7.10 ± 0.56 

Pt-Pt 7.57 ± 0.53 -0.005 ± 

0.001 

0.0040 ± 

0.0003 

 

 

b) MD 

150 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.69 ± 0.58 -0.005 ± 

0.001 

0.0022 ± 

0.0004 

-4.18  0.46 0.0022 

Pd-Pt 2.47 ± 0.60 -0.003 ± 

0.003 

0.0018 ± 

0.0008 Pt-Pd 1.34 ± 0.24 6.75 ± 0.49 

Pt-Pt 7.76 ± 0.48 0.005 ± 

0.001 

0.0028 ± 

0.0003 
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Figure 18:  kn weighted (k1 top, k2 middle, k3 bottom of panel) experimental data (black) 

and fit to standard (red) and Sutton-Chen (green dashed) potentials, along with k2 

weighted magnitude and real Fourier transform for 2ML Pt/Pd/C at 300 K at a-b) Pd K 

edge and c-d) Pt LIII edge.  The similarity of the lines for the standard and Sutton-Chen fits 

is such that they cannot be distinguished from one another. 
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Table 11:  Structural parameters for 2ML Pt/Pd/C nanoparticles at 300 K, acquired in a 

reducing H2 environment at the Pd K edge and Pt LIII edge.  Fits are to a) standard model 

and b) MD model 

a) Standard 

300 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.29 ± 0.87 0.012 ± 

0.004 

0.0071 ± 

0.0009 

-3.00 ± 0.86 0.0027 

Pd-Pt 2.48 ± 1.02 -0.001 ± 

0.003 

0.0052 ± 

0.0011 Pt-Pd 1.62 ± 0.29 5.64 ± 0.46 

Pt-Pt 8.05 ± 0.42 -0.002 ± 

0.001 

0.0055 ± 

0.0003 

 

b) MD 

300 K 

N α σ2 / Å2 ΔE0 / eV Rf 

Pd-Pd 7.32 ± 0.96 0.015 ± 

0.004 

0.0063 ± 

0.0010 

-3.05 ± 0.97 0.0034 

Pd-Pt 2.67 ± 1.19 0.005 ± 

0.004 

0.0047 ± 

0.0013 Pt-Pd 1.59 ± 0.33 5.32 ± 0.51 

Pt-Pt 8.27 ± 0.51 0.004 ± 

0.001 

0.0043 ± 

0.0003 

 

The Pd χ(k) signals and Fourier transforms of the Pd/C core and the Pt/Pd/C core-shell 

samples (Figure 11 and Figures 13-18 respectively) are similar; the Pd-Pd 

interactions dominate indicating that the Pd-Pt contributions are small.  At the Pt LIII 

edge, there is a large change from a typical Pt χ(k) signal and Fourier transform.  The 

Pt-Pd interactions and Pt-Pt interactions are out of phase, and a “beating” effect is seen 

in the χ(k) corresponding to a splitting of the first shell peak in the Fourier transform. 

There is an improvement in the quality of fit at 20 and 150 K in all cases, most notably 

for the 1ML sample when the MD input is used.  At 300 K however the quality of fit 

worsens slightly.  The Rf is reported to an extra significant figure in this chapter to 

reflect the more subtle differences between the standard and MD methods.  The energy 

shift ∆E0 is consistent between the standard and MD method in all fits, which is not 

significant in itself, but a good verification that applying the MD approach to a multi-

edge fit doesn’t fundamentally change anything during the fit. 
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The lattice parameter used to generate the alloyed simulations was calculated from the 

XRD pattern of a 1:1 Pd:Pt alloy.  The calculated parameter, 3.902 Å, lay between the 

expected lattice values of Pd (3.890 Å) and Pt (3.923 Å), giving an average first shell 

bond length of 2.759 Å for all possible interactions.  The measured contraction from 

this length at all temperatures can be explained by the size dependent lattice 

contraction that is common for nanoparticles19,20, as well as contraction with 

temperature.  The normal thermal expansion observed in the core-shell nanoparticles, 

suggests either that the effect seen in Table 5 for the MD fits were not realistic, or that 

the Pt shell has modified the properties of the core. 
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Figure 19:  Correlation between coordination number and σ2 for Pd-Pd nearest 

neighbour bond.  Standard method is in black, MD method in red; Pd core is represented 

by an open triangle (∆), 1ML Pt/Pd/C is represented by a closed square (▪), and 2ML 

Pt/Pd/C is represented by an open square (□). 

There is a noticeable increase in Pd-Pd coordination number between the core and 

core-shell samples (Figure 19).  The method used to deposit Pt onto the Pd core 

involved some heating of the catalysts and, therefore, may have caused aggregation 

giving the slightly larger reported Pd-Pd coordination numbers (and therefore sizes) 

for core-shell nanoparticles than for the untreated core.  The 2ML sample has a very 

similar Pd-Pd coordination number to the 1ML sample but with lower disorder.  This 
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suggests an increased crystallinity of the core as it becomes more coordinated, and 

indeed agrees nicely with the larger crystallite sizes determined by XRD (Table 4).  

Similar to the Pd core there is no real change in the Pd-Pd coordination number 

between the two fitting methods, explained by the near-Gaussian nature of the Pd-Pd 

RDF from the MD simulation (as previously discussed for the core).  The disorder of the 

Pd-Pd bond decreases as the Pt shell thickens.  The addition of a shell increases the 

average coordination of the Pd atoms, reducing the number of degrees of freedom the 

surface atoms experience, making the bond disorder more harmonic and therefore 

reducing the σ2 determined. 
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Figure 20:  Correlation between coordination number and σ2 for Pd-Pt nearest neighbour 

bond.  Standard method is in black, MD method in red; 1ML Pt/Pd/C is represented by a 

closed square (▪), and 2ML Pt/Pd/C is represented by an open square (□). 

The Pd-Pt nearest neighbour coordination number is clearly larger in the MD method 

in all cases, but there is also a corresponding increase in disorder (Figure 20).  The 

increase in the average number of Pt atoms seen by each Pd atom in the 2ML sample 

suggests that there was not complete surface coverage in the 1ML sample.  It appears 

the increased Pt coordination restricts the number of degrees of freedom of each Pt 

atom and results in a reduction in the disorder of the 2ML sample with respect to the 

1ML sample. 
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Figure 21:  Correlation between coordination number and σ2 for Pt-Pd nearest neighbour 

bond.  Standard method is in black, MD method in red; 1ML Pt/Pd/C is represented by a 

closed square (▪), and 2ML Pt/Pd/C is represented by an open square (□). 

The same effect is seen from the Pt-Pd bond point of view, with the 2ML sample having 

a lower disorder (Figure 21).  The coordination number for Pt-Pd is lower for the 2ML 

sample than for the 1ML sample, however there is no change in the values calculated 

between the MD method and standard method.  With an increased coverage, the Pt 

atoms on average see more Pt neighbours than Pd thus reducing the average Pt-Pd 

coordination number.  

The Pt-Pt nearest neighbour coordination number increases from the 1ML to 2ML 

sample as would be expected with a thicker layer of Pt present (Figure 22).  There is a 

corresponding decrease in disorder as the thicker Pt layers are becoming more bulk-

like.  For all nearest neighbour interactions studied, there is a small increase in 

disorder measured using the MD method compared with the standard method, 

although this change is within the error estimates.  There is enough of a trend however 

to say that for the systems under study here, the use of the MD method results in a 

larger disorder being measured.   

The local structure around the Pd is Pd rich, and similarly Pt has a Pt rich local 

structure consistent with there being  segregation of the two metals instead of an alloy 

as has been predicted by Christoffersen et al.21   
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Figure 22:  Correlation between coordination number and σ2 for Pt-Pt nearest neighbour 

bond.  Standard method is in black, MD method in red; 1ML Pt/Pd/C is represented by a 

closed square (▪), and 2ML Pt/Pd/C is represented by an open square (□). 

Size determination from EXAFS for the core-shell samples is problematic.  On top of the 

problems detailed in Chapter Three (Section 3.5) there is an unknown error 

associated with the size determination of the Pt/Pd/C nanoparticles as the average 

thickness of the Pt layer is unknown.  As a first approximation the total Pd first shell 

coordination number was used to determine particle size; i.e. Pd-Pd and Pd-Pt 

interactions.  The results of the EXAFS estimated particle size is in Table 12.   

Table 12:  Estimated particle sizes derived from EXAFS first shell Pd coordination 

numbers.   

Sample Average particle diameter / nm 

EXAFS 

Standard fit MD fit 

Core 1.02 ± 0.13 1.02 ± 0.13 

1ML Pt/Pd/C 2.36 ± 0.39 2.52 ± 0.41 

2ML Pt/Pd/C 3.39 ± 0.37 3.79 ± 0.50 
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4 Discussion and Conclusions 

The AC-STEM micrographs (Figure 6a and b) appear to show the shell formed more on 

the edges and vertices of the Pd core.  Whilst this can be explained by the perspective 

of the micrograph (end of section 3.1 c.f. Figure 1a), it may also be the case that the Pt 

shell forms first on the vertices and edges of the core (Figure 23).   The rate of 

diffusion of the Pt atoms to the core during the synthesis is greatest at the vertices, 

with the Pt atoms initially clustering together before completing the shell formation.  

 

Figure 23:  Schematic of Pt shell formation around Pd core. 

Based on the work of Beale10, the ratios of coordination numbers determined from the 

EXAFS are partway between those predicted for core-shell and for “single-half” 

structures (Figure 24).  It is unlikely that the Pt shell would form between the Pd core 

and the carbon support, where by a near complete core shell structure would be 

formed, explaining the trends in coordination number observed.    

   

Figure 24:  Bimetallic “single-half” clusters simulated to determine hypothetical 

coordination numbers, adapted from Beale10; grey spheres (Pd) and blue spheres (Pt). 
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A full cross-correlation of estimated particle size is in Table 13.   

Table 13:  Cross correlation of average particle size by technique.   

Sample Average particle diameter / nm 

XRD DVol TEM DVol EXAFS 

Standard fit MD fit 

Core 2.13 ± 0.08 8.95 ± 2.12 1.02 ± 0.13 1.02 ± 0.13 

1ML Pt/Pd/C 3.12 ± 0.07 5.79 ± 1.57 2.36 ± 0.39 2.52 ± 0.41 

2ML Pt/Pd/C 3.39 ± 0.07 4.99 ± 1.35 3.39 ± 0.37 3.79 ± 0.50 

 

The average size for the core (estimated by EXAFS) is far below that determined by 

XRD and TEM.  There are several possibilities that could cause this: 

1) The synthesis of the Pd nanoparticles left a significant amount of Pd atomic debris 

scattered on the support that aggregated together during the heating process (for Pt 

shell deposition) increasing the Pd core size, explaining the improved agreement in the 

diameter of the core-shell particles compared to the core alone (Chapter Three, 

Section 3.2).   

2) Pd acts as a hydrogen sponge, forming a hydride in the subsurface region22.  The 

Pd/C samples in this work were reduced at room temperature for 30 minutes to 

remove any oxide, and the amount of hydrogen absorbed in that time could have been 

enough to force apart the Pd structure, thereby reducing the local coordination.  This 

seems unlikely however as there was little change in the Pd-Pd bond length and the 

disorder remained relatively low. 

3) The reduction of the Pd particles caused them to flatten out on the surface into non-

spherical shapes.  Not only would this reduce the first shell coordination number, but 

the means by which the size is estimated would be invalidated and give erroneous 

results.  A higher coordination shell analysis of the Pd core gave a third shell 

coordination number of 7.23 ± 1.16.  The ratio between the first and third coordination 

shell numbers can be used as an estimate of particle morphology13.  Such a low third 

shell coordination number suggests that the particles are indeed non-spherical, tending 

towards a flatter structure, and is the most likely cause for the EXAFS greatly 

underestimating the size.  One test of this would be to simulate flattened or other 

distorted shapes of Pd nanoparticle and see what difference in coordination number or 

quality of fit is observed with the MD method.  The reduction at 473 K during the Pt 
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shell formation may have provided enough energy for the particle to reform into 

approximately spherical shapes, improving the agreement between the size 

determination methods for the core-shell catalysts. 

Given that the TEM micrographs for the core show a 2D “spherical” geometry, and have 

a larger average size than the core-shell particles, possibility 3) seems the most 

plausible explanation. 

The calculation of the DVol average particle size by the TEMdist software assumes a 

spherical particle size.  The flattened nature of the nanoparticles on the support 

(described above) introduces a systematic error into the TEM size analysis that is seen 

in the much larger DVol weighted TEM size for the core (Table 13).  

As has been the case for all the nanoparticles analysed in this work, crystallite size 

determination by XRD can only be regarded as an approximation due to the poor 

crystallinity of the samples.  The improvement in crystallinity observed in the XRD 

patterns as the Pt shell thickness is increased indicate a well-defined shell is formed.  

The lack of a distinct Pt diffraction pattern is attributed to the Pt shell conforming to 

the lattice structure of the Pd core beneath.  As the Pt shell thickness is further 

increased it is anticipated that the lattice parameter would become more Pt-like (i.e. a 

small increase). 

The improved fit to the EXAFS data offered in most cases by the MD approach helps to 

address the question of which is more important for the fit: the relative location of the 

scattering paths (histogram bins that form the RDF taken from the MD output) or the 

number of scattering paths used (histogram bin width - Chapter Four, Section 3.3.2).  

Both the core-shell and alloy inputs contained the same number of histogram bins and 

generated the same number of scattering paths in Artemis, however the core shell 

input failed to give a fit.  This was attributed to there being too great a disorder in the 

Pt shell, resulting in too great a proportion of shorter bond lengths in the input.  

Therefore it is the position (and degeneracy) of the extra scattering paths used and not 

just an increased number that contributes to the improved quality of fit. 

When studying the monometallic systems (Chapter Four), an approximately spherical 

particle was a good enough approximation to the actual geometry of the nanoparticle 

to provide a noticeable improvement in both fit quality and cross-correlation with 

other techniques.  As became apparent early on in the fitting process for the bimetallic 

systems the initial core-shell geometry simulated (whilst being more similar to the 
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actual morphology of the nanoparticles than the alloy) was too rigid a structural input 

for the fit and, therefore, failed to give physically reasonable parameters.  The alloy 

structure provided a reasonable structural approximation for the initial application of 

the MD methodology since, at the nearest neighbour distance an alloy and a core-shell 

are effectively the same.  Only upon moving beyond the first shell, or taking 

coordination number ratios into account, do the real differences between alloys and 

core-shell structures become apparent.  It is clear however that more realistic 

structures for improved MD simulations are needed to generate an output that is most 

representative of the particles studied here.  This is anticipated to improve the cross 

correlation of results between techniques, as has been achieved with the monometallic 

systems.  Simulations of hemispherical clusters on the support would help address the 

nature of the Pd core-support interaction and shape.  Simulation of single-half clusters 

non-spherical geometries would provide a range of other inputs with which to fit the 

EXAFS data. 

One fact that is apparent throughout is the increased difficulty in determining particle 

size for core-shell systems.  The use of XRD alone presents more problems than for 

monometallic systems.  Without the benefit of AC-STEM to show the crystalline shell 

(Figure 6), the nature of the shell (amorphous or crystalline) cannot be confirmed.  

EXAFS gives indirect information on size and structure, although information on the 

exact thickness and uniformity of the shell is currently not possible.  TEM provides the 

best means for direct particle size determination, however it is limited by the area of 

sample imaged, and also the random error introduced by the human operator choosing 

which areas to image.  The two dimensional nature of TEM proved a limitation for the 

samples reported in this chapter.  The nature of the particle support interaction was 

not clearly defined, and resulted in further discrepancies between the sizes determined.  

The use of HAADF tomography23 would provide a direct means of determining the 

morphology of the core and core-shell particles on the support.  The technique 

however is more time-consuming and local in scale than TEM.  Simulation of different 

geometries and using the MD outputs as the basis for fitting the EXAFS would provide a 

means of determining the most likely shape of the nanoparticles, although as has been 

discussed earlier, EXAFS by itself currently provides an estimation of particle size and 

shape for core-shell systems, and not a structural solution. 
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CHAPTER SIX:  EXAFS STUDIES OF THE 

UNDERPOTENTIAL DEPOSITION OF Cu ON 

Au NANOPARTICLES 

1 Introduction 

EXAFS has proven to be a powerful and flexible characterisation technique and has 

been applied to studies of heteroepitaxial film growth1-3, nanoparticle 

characterisation4-6 and potential dependent studies7-9.  The coordination number 

measured by EXAFS is the average number of neighbours surrounding each atom in the 

sample.  For bulk materials such as powders, crystals or metals, these values are at the 

theoretical maximum value for the specific crystal structure of the compound being 

investigated e.g. face centred cubic (fcc) has a nearest neighbour coordination of 12.  

The previous chapters detailed the termination effects present in nanoparticles due to 

the high proportion of surface atoms10-12.  These surface atoms have greatly reduced 

coordination, as a result of which the average coordination number will be significantly 

less than for bulk materials.  By capping the surface of the nanoparticle, the surface 

atoms will become fully coordinated and exhibit values similar to those of the bulk 

material.  The differences in the EXAFS between the core and the capped core will 

allow for the determination of the contribution to the EXAFS from the surface atoms to 

be isolated, and for a better understanding of the structure of the nanoparticle.  

One means of capping the nanoparticle surface is the underpotential deposition (UPD) 

of another metal.  UPD has received much attention as a means of electrochemical 

heteroepitaxial growth on single crystal surfaces1-3,13,14, and is the deposition of 

typically one monolayer of a metal onto a different metal electrode at potentials 

positive to the bulk deposition potential, the initial stages forming a two dimensional 

film.  The adlayers deposited by the UPD method may also be used as a template for the 

deposition of a more noble metal by spontaneous exchange, thus providing a means to 

synthesise a range of layered substrates and core-shell materials. 

Studies on the UPD of Cu on Pt electrodes in sulphuric acid by Bruckenstein15,16 noted 

that the deposition of two monolayers of Cu0 on the electrode surface were necessary 

before Cu could be reduced exhibiting Nernstian behaviour.  The underpotential 

deposited Cu0 occurred at the potential at which Cu2+ is reduced to Cu1+ and was 
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independent of the Cu2+ concentration in the range studied.  This was followed by 

extensive work by Kolb et al.17-19 on the UPD of metals onto foreign metal substrates in 

both aqueous and non-aqueous solutions. 

Cu UPD on Au surfaces from a sulphate supporting electrolyte is one of the more 

extensively studied systems.  The process of deposition on Au (111) and Au (100) 

surfaces is well documented20-22, although little work has been done on nanoparticle 

systems. 

During the initial stages of Cu deposition on Au (111), it is known that the sulphate 

anion is co-adsorbed with the Cu onto the Au surface, represented in Figure 1a13,21, 

and that  the Cu still retains a partial yet unknown charge.  Surface X-ray scattering 

(SXS) combined with scanning tunnelling microscopy (STM) and atomic force 

microscopy (AFM) have shown that the Cu atoms and sulphate molecules occupy 3-fold 

hollow sites during the initial deposition stage of Cu on Au (111) surfaces in acidic 

medium 14. 

 

Figure 1:  Schematic of deposition of Cu on Au (111) with sulphate anions, a) first stage 

and b) full Cu monolayer. 

EXAFS studies by Lee et al.2 of Cu UPD on Au (111) gave results consistent with the 

model of Cu coadsorbed with sulphate.  They showed that at more negative potentials 

(before the bulk deposition) the surface structure rearranged to be a complete Cu 

monolayer of Cu with sulphate anions atop (Figure 1b).  The adsorption of Cu in 2-fold 
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and atop sites was also investigated during this study; however the EXAFS quality of fit 

was noticeably reduced in both cases, indicating that these adsorption sites were less 

favoured than the 3-fold site. 

Recent theoretical studies by Oviedo23 predict the number of Ag adsorption sites on 

ideal truncated octahedral Au nanoparticles; they highlight the decreasing percentage 

of adsorption sites on the nanoparticle face as a function of both the available number 

of surface atoms and the nanoparticle radius.  Based on this study, the total Cu 

coverage by UPD on an idealised Au nanoparticle would be expected to be less than the 

total number of Au surface atoms, although a uniform surface coverage could still be 

attained.  This computational study has implications for  the interpretation of EXAFS 

data and coordination number determination and interpretation. The functions 

proposed by Oviedo are such that for a 6 nm diameter (truncated cuboctahedron) Au 

nanoparticle, only 75 % of possible adsorption sites are on the faces.  Based on the 

accepted interfacial structure of Cu adsorbing in 3-fold sites, this reduced degree of 

surface coverage would result in the coordination number for Au-Cu and Cu-Cu 

interactions being significantly less than the theoretical maximum.   

Zhang et al.24 synthesised bimetallic Ag/Au nanoparticles by the UPD-redox 

displacement method.  However the nanoparticles were much larger than those 

studied here (c. 40 nm determined by scanning electron microscopy - SEM), and EDX 

was the only means of quantifying the Ag coverage as a weight percentage value.  No 

apparent effort was made to determine the extent or environment of the deposition, 

only attributing the small amount of deposition and negligible change in size to 

monolayer deposition.  A similar study by Tang et al.25 characterised the nanoparticles 

in a similar way confirming the co-presence of the core and Cu UPD adlayer.  They were 

not however able to quantify the extent of surface coverage.  

UPD is currently receiving considerable attention as a means of synthesising and 

modifying core-shell electrocatalysts.  The UPD adlayer of Cu on an electrode surface 

(core) can undergo spontaneous exchange with a more noble metal such as Pt to form a 

Pt monolayer (shell) on the substrate (core).  It has been proposed that not only will 

this result in a reduction of the amount of the more expensive metal, but that a 

modification in the catalytic properties of the surface monolayer might be achieved by 

varying the nature of the underlying metal substrate26,27.  Adzic et al.28-30 have used this 

Cu UPD method to prepare core-shell nanoparticle electrocatalysts.  The initial shell 

depositions were performed using controlled surface deposition reactions29, or by 
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thermal treatment of metal salt slurries28, to ensure a noble metal was atop a non-

noble core.  Cu was then deposited atop the noble metal shell and displaced by Pt to 

form a multi layered structure.  The core-shell particles initially synthesised by Adzic et 

al.26 averaged between 12-15 nm diameter; particles of this size behave in a much 

more bulk-like manner than nanoparticles <5 nm and therefore the faces of the 

nanoparticle are much more like crystal surfaces; the more recent work29 involved 

particles between 4 and 8 nm in diameter.  The Au nanoparticles used in this study 

have an initial diameter of between 2 and 2.5 nm, are very poorly crystalline and this 

may have an effect on the Cu deposition. 

The work in this chapter aims to cap the surface of Au nanoparticles via Cu UPD and to 

measure the EXAFS before, during and after the deposition to investigate both the 

structure of the core-shell nanoparticles and to determine the contribution arising 

from the surface atoms of the core. 

2 Experimental 

2.1 Preparation 

The sample used for the UPD measurements was the 4 wt% Au/C (thiol) sample as 

characterised in Chapters Three and Four.  Painted electrodes were prepared as 

detailed in section 5.4 of Chapter Two with a Au loading of 0.07 mg cm-2.  The three 

electrode cell and in situ cell were set up as reported in Chapter Two (sections 7.1.2 

and 2.2.7, respectively). Firstly cyclic voltammograms were collected using a Au disc 

electrode followed by the Au nanoparticle painted electrode using 0.5 M H2SO4 as the 

supporting electrolyte and then using 0.5 M H2SO4 with 2 mM CuSO4, as detailed in 

Chapter Two section 7.  All potentials quoted in this chapter are reported versus a 

Hg/HgSO4 reference electrode calibrated to +0.695 V vs. RHE.  Four regions of interest 

were identified based on peaks identified for both the Au disc and painted electrode 

using the three electrode cell.  The experiment was repeated using the in situ cell in the 

lab before the EXAFS measurements were collected. 

The geometric surface area of the Au working electrode contact in the in situ cell was 

far less than 0.001% the estimated surface area of the Au nanoparticles (based on 

spherical nanoparticles with a diameter of 4.3 nm) and therefore its contribution to the 

overall current response can be neglected.  The Cu2+ concentration was sufficient to 

ensure a complete monolayer coverage based on the in situ cell volume alone (~ 1 ml), 

and the excess in the electrolyte being pumped through the cell was nearly 2000 times 
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that for a monolayer coverage, sufficient for bulk deposition on the nanoparticles 

surface. 

2.2 Beamline 

The absorption edges of interest were the Au LIII (11919 eV) and Cu K (8979 eV) edges.  

Investigations were carried out on beamline X23A2 of the NSLS and measurements 

collected by myself and Jon Speed (University of Southampton).  The station scientist 

present was Bruce Ravel.  All EXAFS measurements in this chapter were collected in 

fluorescence mode using the in situ cell.   

The 0.5 M H2SO4 electrolyte was purged with N2 for 20 minutes, and then pumped 

through the in situ cell using a peristaltic pump for 20 minutes to ensure hydration of 

the painted electrode.  Three voltammograms were collected between -0.625 and 

+0.925 V vs. Hg/HgSO4 at 50 mVs-1 sweep rate, followed by three voltammograms at 

10 mVs-1.  The upper potential limit was reduced to +0.200 V vs. Hg/HgSO4 and the 

scans repeated.   

To record EXAFS whilst the electrode was held at potential in 0.5 M H2SO4 the following 

procedure was followed.  To avoid large jumps in current the potential was gradually 

moved to the desired value and the current vs. time profile recorded as the peristaltic 

pump circulated the electrolyte through the cell.  After 5 minutes and providing the 

current vs. time profile had stabilised the pump was switched off and the EXAFS 

collected.  After the EXAFS had been collected the pump was restarted and two 

voltammograms collected between -0.625 and +0.925 V vs. Hg/HgSO4 followed by two 

between -0.625 and +0.200 V vs. Hg/HgSO4.   

The procedure for the EXAFS in 2 mM CuSO4 in 0.5 M H2SO4 (purged with N2 for 20 

minutes) was as above with the following alteration; the deposition time was increased 

to 30 minutes to allow for formation of the adlayers. 
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3 Results 

3.1 Electrochemistry 
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Figure 2:  Cyclic voltammogram of 0.20 cm2 Au disc in 0.5 M H2SO4 (black) and in 0.5 M 

H2SO4 with 2 mM CuSO4 (red).  Sweep rate 10 mVs-1. 

Figure 2 highlights the potential regions where Cu deposits on to the Au surface using 

a (bulk) Au disc electrode.  The peak at -0.21 V represents the first deposition stage, an 

adlayer structure involving both the Cu atoms and SO4 anions14, followed by a complete 

Cu adlayer deposition at -0.42 V.  Bulk deposition of Cu occurs by -0.51 V. 

Previous studies2,3,14,31 have used Cu2+ solutions containing between 0.02 mM to 0.1 M 

Cu2+, in 0.1 to 1 M H2SO4 concentrations.  The concentrations used in this study were 

chosen to ensure there was enough Cu2+ in the solution to give the full theoretical 

coverage of the nanoparticles, whilst dilute enough for minimal Cu2+ left in solution 

after the deposition.  The latter would complicate the EXAFS analysis due to the small 

amount of sample in the X-ray beam. 

The cyclic voltammograms of the Au nanoparticles recorded using the three electrode 

cell are less clearly defined than the Au disc because of the increased capacitance of the 

carbon support and the low loading of Au on the electrode.  However the deposition 

regions are still identifiable (Figure 3).  The first adlayer deposition is far less well 

defined and this attributed to the smaller size of the crystal facets on the nanoparticles 

compared to the polycrystalline Au electrode.   
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Figure 3:  Cyclic voltammogram of 4 wt% Au/C nanoparticles on 1.32 cm2 electrode in 

0.5 M H2SO4 with 2 mM CuSO4.  Three electrode electrochemical cell used.  Change in line 

colour corresponds to increase of the negative potential limit.  Sweep rate 10 mVs-1. 

3.2 In Situ Cell Electrochemistry 

The in situ cell has a very thin layer of electrolyte between the window and electrode to 

ensure that the largest fraction of the incident X-rays reach the sample (and are not 

absorbed by the solution).  This thin layer configuration increases the resistance of the 

cell causing further distortion to the voltammogram.  Whilst the peaks are broadest 

and least well defined using the in situ cell, the position of the peaks are very similar 

between the disc and nanoparticle electrode, and also between the three electrode cell 

and the in situ cell.  Figure 4 shows the cyclic voltammograms in 0.5 M H2SO4 (black 

line) and in 0.5 M H2SO4 with 2 mM CuSO4 (red line) obtained in the in situ EXAFS cell.   

A small change in the double layer capacitance is observed when the electrolyte is 

changed from 0.5 M H2SO4 to 2 mM CuSO4 in 0.5 M H2SO4.  The Cu bulk stripping peak 

in the in situ cell is not as well defined as in the three electrode cell, or for the Au disc.  

A window opening experiment was performed, increasing the negative potential limit 

however no clearly defined bulk stripping peak was observed (Figure 5).   
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Figure 4:  Cyclic voltammogram of 4 wt% Au/C nanoparticles on 1.32 cm2 electrode in 0.5 

M H2SO4 (black) and in 0.5 M H2SO4 with 2 mM CuSO4 (red).  In situ EXAFS cell used.  

Sweep rate 10 mVs-1. 
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Figure 5:  Cyclic voltammogram of 4 wt% Au/C nanoparticles on 1.32 cm2 electrode in 

0.5 M H2SO4 with 2 mM CuSO4.  In situ EXAFS cell used.  Change in line colour corresponds 

to increase of the negative potential limit, dotted line is 0.5 M H2SO4 only scan.  Sweep 

rate 10 mVs-1. 
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Figures 6, 7 and 8 show cyclic voltammograms obtained in the in situ cell during the 

EXAFS measurements.  The structure of the nanoparticles does not appear to change 

during cycling in 0.5 M H2SO4, as there was no evidence of  dissolution of the Au or 

significant sintering of the particles over the course of the experiment; the 

voltammograms collected show very little change in the Au-O stripping peak after each 

potential hold.   

The addition of CuSO4 to the electrolyte resulted in the appearance of Cu deposition 

peaks in the voltammograms (compare Figures 6 and 7).  The small differences 

between the voltammograms obtained after the potential holds during EXAFS 

collection are attributed to the variation in the flow rate of the peristaltic pump used.  

Whilst every effort was made to keep the flow rate constant throughout the experiment 

it varied slightly and therefore the amount of Cu coming into contact with the electrode 

varied between each voltammogram collected (resulting in the small changes in 

current).  These slight differences were only noticeable for the voltammograms and not 

when the potential was held during the EXAFS measurements.   
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Figure 6: Cyclic voltammogram of 4 wt% Au/C nanoparticles on 1.32 cm2 electrode in 0.5 

M H2SO4.  In situ EXAFS cell used.  Black denotes potential limits between -0.65 to 0.9 V, 

and red between -0.65 to 0.2 V.  Cyclic voltammograms were collected after the Au LIII 

edge EXAFS was measured at +0.20 V (―), -0.21 V (---), -0.42 V (∙∙∙) and at -0.51 V (-∙-∙-).  

Sweep rate 10 mVs-1.  The second cycle after each potential is reported to show no 

restructuring of the nanoparticles has occurred.    
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Figure 7: Cyclic voltammogram of 4 wt% Au/C nanoparticles on 1.32 cm2 electrode in 0.5 

M H2SO4 with 2 mM CuSO4.  In situ EXAFS cell used.  Black denotes potential limits 

between -0.65 to 0.9 V, and red between -0.65 to 0.2 V.  Cyclic voltammograms were 

collected after the Au LIII edge EXAFS was measured at +0.20 V (―), -0.21 V (---), -0.42 V 

(∙∙∙) and at -0.51 V (-∙-∙-).  Sweep rate 10 mVs-1.  The second cycle after each potential is 

reported to show no restructuring of the nanoparticles has occurred. 
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Figure 8: Cyclic voltammogram of 4 wt% Au/C nanoparticles on 1.32 cm2 electrode in 0.5 

M H2SO4 with 2 mM CuSO4.  In situ EXAFS cell used.  Black denotes potential limits 

between -0.65 to 0.9 V, and red between -0.65 to 0.2 V.  Cyclic voltammograms were 

collected after the Cu K edge EXAFS was measured at +0.20 V (―), -0.21 V (---), and at 

+0.20 V (∙∙∙).  The electrode was not cycled after the -0.42 V and -0.51 V measurements to 

preserve the deposited structure.   Sweep rate 10 mVs-1.  The second cycle after each 

potential is reported to show no restructuring of the nanoparticles has occurred. 
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The surface area of the Au nanoparticles was determined by measuring the charge of 

the Au-O stripping peak at+0.45 V.  This was found to be 61.32 mC., corresponding to 

1.92 x 1017 surface Au atoms.   

Au-O formation/stripping and Cu adsorption/desorption are both 2 electron processes.  

The charge associated with the Cu stripping peak after holding the potential at -0.42 V 

(UPD adlayer) for 30 minutes is 27.15 mC corresponding to 8.48 x 1016 Cu atoms, 

whilst that after 30 minutes at -0.51 V is 62.77 mC, corresponding to 1.96 x 1017 Cu 

atoms.  The stripping voltammograms are shown in Figure 9.  This gives a theoretical 

UPD coverage of 44% after the -0.42 V hold.  Given the large excess of Cu2+ ions in 

solution, the incomplete coverage cannot be attributed to the unavailability of Cu.  The 

charge after holding the potential at -0.51 V indicates that enough Cu atoms were 

deposited to cover the surface fully, and increase the thickness of the coverage; the 

uniformity of the deposition cannot be confirmed from these measurements alone.   
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Figure 9:   Stripping voltammograms for 4 wt% Au/C nanoparticles on 1.32 cm2 electrode 

in 0.5 M H2SO4 with 2 mM CuSO4.  In situ EXAFS cell used.  Sweep rate 5 mVs-1.  Standard 

voltammogram (black), stripping after -0.42 V hold for 30 minutes (red), stripping after -

0.51 V hold for 30 minutes (green). 
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3.3 EXAFS 

The fluorescence cell cannot record a transmission measurement at the same time as a 

fluorescence measurement (a result of a narrow beam exit window).  Therefore it was 

not possible to record a simultaneous reference measurement as was the case for data 

collected in transmission mode presented in previous chapters.  Alignment of the 

energy scale for the spectra was, therefore, achieved by use of features inherent from 

the monochromator that are energy dependent, and detectable in I0.  A Au foil was used 

to reference these features and the I0 reading was then used to calibrate the energy of 

all the fluorescence measurements.  Miscalibration between mono and position 

recorder gives an expected energy value for the Au LIII edge e.g. 11919 and a recorded 

value e.g. 11924.49919.  The monochromator held position well throughout the series 

of measurements, i.e. the major feature in the mono at 12689.7 eV (before calibration) 

was consistent in all scans, and therefore this procedure was used to align all the 

measurements.   

Data were fitted using the standard method detailed in Chapter Three, between 2-6 Å 

in R, 3-15 Å-1 in k, with multiple k-weighting.  The measurement at -0.42 V was fitted 

between 3-14 Å-1 in k.  To minimise the number of parameters in the fit the multiple 

scattering path σ2 parameters were constrained based on the photoelectron mean free 

path length (Chapter Three, section 3.4).   

Prior to collecting the nanoparticle data, a Au foil spectrum was obtained to determine 

the amplitude reduction factor (S02), without which the coordination number cannot be 

accurately determined32.  The amplitude reduction factor was found to be 0.85 ± 0.04 

at the Au LIII edge and all Au coordination numbers reported in this work were 

corrected using this amplitude reduction. 
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3.3.1 Au LIII edge – 0.5 M H2SO4 electrolyte 
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Figure 10:  k3 weighted Au LIII edge experimental data (black) and fit (red), along with k3 

weighted magnitude and real Fourier transform for 4 wt% Au/C on 1.32 cm2 electrode in 

0.5 M H2SO4, in situ EXAFS cell used, at a-b) +0.20 V, c-d) -0.21 V, e-f) -0.42 V and at 

g-h) -0.51 V.   
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Table 1a:  Structural parameters for room temperature 4 wt% Au/C nanoparticles at 

+0.20 and -0.21 V in 0.5 M H2SO4 acquired at the Au LIII edge, corresponding to the data in 

Figure 10a-10d. 

+0.20 V vs. (Hg/HgSO4)  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.33 ± 

0.75 

2.85 ± 

0.01 

0.0085 ± 

0.0005 

3.72 ± 

0.45 

0.033 

Au-Au2 0.68 ± 

0.75 

4.04 ± 

0.01 

0.0015 ± 

0.0036 

Au-Au3 11.27 ± 

6.49 

4.95 ± 

0.01 

0.0094 ± 

0.0034 

Au-Au4 7.19 ± 

1.78 

5.71 ± 

0.01 

0.0632 ± 

0.2060 

 

-0.21 V vs. (Hg/HgSO4)  

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.05 ± 

0.64 

2.85 ± 

0.01 

0.0081 ± 

0.0004 

5.03 ± 

0.39 

0.023 

Au-Au2 1.43 ± 1.39 4.03 ± 

0.01 

0.0082 ± 

0.0071 

Au-Au3 21.26 ± 

13.10 

4.93 ± 

0.01 

0.0150 ± 

0.0048 

Au-Au4 6.76 ± 1.51 5.70 ± 

0.01 

0.1005 ± 

0.4462 
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Table 1b:  Structural parameters for room temperature 4 wt% Au/C nanoparticles at -

0.42 and -0.51 V in 0.5 M H2SO4 acquired at the Au LIII edge, corresponding to the data in 

Figure 10e-10h. 

-0.42 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.23 ± 

0.74 

2.85 ± 

0.01 

0.0086 ± 

0.0005 

4.57 0.42 0.026 

Au-Au2 0.64 ± 0.97 4.03 ± 

0.01 

0.0032 ± 

0.0063 

Au-Au3 21.15 ± 

12.42 

4.93 ± 

0.01 

0.0137 ± 

0.0042 

Au-Au4 7.34 ± 1.78 5.70 ± 

0.01 

0.0849 ± 

0.3253 

 

-0.51 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 9.74 ± 0.66 2.85 ± 

0.01 

0.0078 ± 

0.0004 

4.25 ± 

0.42 

0.027 

Au-Au2 1.17 ± 1.35 4.02 v 

0.01 

0.0061 ± 

0.0055 

Au-Au3 21.46 ± 

13.84 

4.93 ± 

0.01 

0.0148 ± 

0.0049 

Au-Au4 6.17 ± 1.44 5.69 ± 

0.01 

0.0657 ± 

0.2423 

 

The first shell coordination number (Table 1a and b) is 10.01 averaged over all four 

potential measurements.  This is significantly larger than the average measured for the 

untreated 4 wt% Au/C sample obtained using the standard method (first shell 

coordination = 8.13) and the MD method (first shell coordination = 8.38) in Chapter 

Four.  This increase is attributed to the effects of cycling the electrode prior to 

collecting the EXAFS data.  Prior to the EXAFS measurements the prepared electrode 

was cycled in 0.5 M H2SO4 until there was no change in the oxide forming or stripping 

peaks (i.e. the scans overlaid).  The cycling process can either cause aggregation of 
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nanoparticles in close proximity or dissolution of the smaller particles resulting in the 

increase in coordination numbers observed.  

The ratio between the first and third shell coordination numbers at +0.20 V is near 1 

due to the low third shell coordination.  This low ratio is attributed to a flattening of the 

particles on the surface of the support33.  At all negative potential measurements the 

third shell coordination number increases, with the ratio being above 2 which is 

attributed to a return to an approximately spherical particle shape. 

The second shell proved difficult to fit in all cases, with both amplitude and disorder 

terms being small, and the respective errors large.  As has been the case for most 

measurements reported in previous chapters, the disorder in the fourth coordination 

shell is abnormally large, attributed to termination effects caused by the under-

coordination of the fourth shell. 

Both Au-O and Au-S scattering paths could not be fitted to the data; therefore the cause 

of the poor fit could not be attributed to these paths.  These scattering paths were 

considered because of the thiol used during the nanoparticle synthesis (that provided 

an improved fit for the untreated nanoparticles – Chapter Three), and the H2SO4 

electrolyte. The lack of an Au-S scattering contribution indicates that the cycling 

removed all traces of thiol from the surface of the nanoparticles. 

 

 

3.3.2 Au LIII edge – 0.5 M H2SO4 with 2 mM CuSO4 electrolyte 

The data collected at the Au LIII edge during the Cu deposition stage were fitted as in 

the previous section, with the exception of the +0.20 V measurement having a reduced 

k range of 3-14 Å-1. 

 

 

 



Chapter Six:  EXAFS Studies of the Underpotential Deposition of Cu on Au Nanoparticles 
 

181 
 

4 6 8 10 12 14

-6

-4

-2

0

2

4

6

k
3
 

(k
)

k / Å
-1

 a) 

1 2 3 4 5 6

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10


(R

)

Å




R / Å

 b) 

4 6 8 10 12 14

-6

-4

-2

0

2

4

6

k
3
 

(k
)

k / Å
-1

 c) 

1 2 3 4 5 6

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10


(R

)

Å




R / Å

 d) 

4 6 8 10 12 14

-6

-4

-2

0

2

4

6

k
3
 

(k
)

k / Å
-1

 e) 

1 2 3 4 5 6

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12


(R

)

Å




R / Å

 f) 

4 6 8 10 12 14

-6

-4

-2

0

2

4

6

8

k
3
 

(k
)

k / Å
-1

 g) 

1 2 3 4 5 6

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10


(R

)

Å




R / Å

 h) 
Figure 11:  k3 weighted  Au LIII edge experimental data (black) and fit (red), along with k3 

weighted magnitude and real Fourier transform for 4 wt% Au/C on 1.32 cm2 electrode in 

0.5 M H2SO4 with 2 mM CuSO4, in situ EXAFS cell used, at a-b) +0.20 V,  c-d) -0.21 V, 

e-f) -0.42 V and at g-h) -0.51 V.   
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Table 2a:  Structural parameters for room temperature 4 wt% Au/C nanoparticles at 

+0.20 and -0.21 V in 0.5 M H2SO4 and 2 mM CuSO4  acquired at the Au LIII edge, 

corresponding to the data in Figure 11a-11d. 

+0.20 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.48 ± 

0.66 

2.85 ± 

0.01 

0.0082 ± 

0.0004 

4.46 ± 

0.39 

0.018 

Au-Au2 1.74 ± 

1.68 

4.03 ± 

0.01 

0.0099 ± 

0.0083 

Au-Au3 13.83 ± 

7.17 

4.94 ± 

0.01 

0.0107 ± 

0.0032 

Au-Au4 7.92 ± 

1.54 

5.70 ± 

0.01 

0.0754 ± 

0.2228 

 

-0.21 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.33 ± 

0.75 

2.85 ± 

0.01 

0.0081 ± 

0.0005 

4.28 ± 

0.49 

0.029 

Au-Au2 3.67 ± 3.96 4.03 ± 

0.01 

0.0183 ± 

0.0179 

Au-Au3 22.18 ± 

14.88 

4.94 ± 

0.01 

0.0158 ± 

0.0053 

Au-Au4 7.60 ± 1.76 5.70 ± 

0.01 

0.0926 ± 

0.4229 
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Table 2b:  Structural parameters for room temperature 4 wt% Au/C nanoparticles 

at -0.42 and -0.51 V in 0.5 M H2SO4 and 2 mM CuSO4  acquired at the Au LIII edge, 

corresponding to the data in Figure 11e-11h. 

-0.42 V vs. (Hg/HgSO4) in 0.5 M H2SO4 / 2 mM CuSO4 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 10.39 ± 

0.75 

2.85 ± 

0.01 

0.0079 ± 

0.0004 

3.67 ± 

0.46 

0.028 

Au-Au2 2.14 ± 2.09 4.03 ± 

0.01 

0.0090 ± 

0.0065 

Au-Au3 18.55 ± 

13.13 

4.94 ± 

0.01 

0.0136 ± 

0.0051 

Au-Au4 6.83 ± 1.65 5.70 ± 

0.01 

0.0685 ± 

0.2584 

 

-0.51 V vs. (Hg/HgSO4) in 0.5 M H2SO4 / 2 mM CuSO4 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Au-Au1 11.01 ± 

0.71 

2.85 ± 

0.01 

0.0087 ± 

0.0004 

4.39 ± 

0.39 

0.023 

Au-Au2 2.02 ± 1.98 4.03 ± 

0.01 

0.0097 ± 

0.0071 

Au-Au3 20.56 ± 

9.88 

4.94 ± 

0.01 

0.0126 ± 

0.0033 

Au-Au4 8.16 ± 1.79 5.70 ± 

0.01 

0.0981 ± 

0.3770 
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As was the case with the Au LIII edge measurements in acid, the particles appear 

flattened out on the support at positive potentials, and more spherical at negative 

potentials, although the errors associated with the third shell coordination number are 

somewhat higher.  Again the second shell coordination number proves difficult to fit 

and the error in the fourth shell disorder remains high.   

Au-O and/or Au-S scattering paths were fitted to all data sets again, but made no 

physically realistic improvements to the fits (i.e. negative amplitudes or disorder 

terms), but much more interestingly, the addition of an Au-Cu first shell scattering path 

also failed to produce a physically realistic fit.  The upper k limit was reduced to 

minimise the Au relative contribution and increase Cu relative contribution to the 

backscattering amplitude (in case the Au-Au signal was dominating any Au-Cu 

contribution) but this also resulted in no change to either the overall fit quality or the 

physical viability of the scattering path.  The absence of a Cu contribution will be 

discussed in more depth after the Cu K edge data is presented below. 

 

3.3.3 Cu K edge – 0.5 M H2SO4 with 2 mM CuSO4 electrolyte 

The data were fitted using the standard method detailed in Chapter Three, between 1-3 

Å in R, 3-11 Å-1 in k, with multiple k-weighting.   A Cu foil reference was measured, as 

was a 2 mM CuSO4 reference sample.  An S02 of 0.82 ± 0.20 was determined from 

solution reference sample and 0.89 ± 0.05 from the Cu foil.  Fitting models were based 

on a fcc Cu foil and a fcc 1:1 Cu:Au alloy for the potentials corresponding to Cu UPD, and 

an octahedral Jahn-Teller distorted Cu(H2O)6 solvated copper ion34-36 for the Cu2+ in the 

electrolyte.  
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Figure 12:  k2 weighted  Cu K edge experimental data (black) and fit (red), along with k2 

weighted magnitude and real Fourier transform for 4 wt% Au/C on 1.32 cm2 electrode in 

0.5 M H2SO4 with 2 mM CuSO4, in situ EXAFS cell used, at a-b) +0.20 V, c-d) -0.21 V 

e-f) -0.42 V and at g-h) -0.51 V.   
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Table 3:  Structural parameters for room temperature 4 wt% Au/C nanoparticles at 

+0.20 to -0.51 V in 0.5 M H2SO4 and 2 mM CuSO4  acquired at the Cu K edge, corresponding 

to the data in Figure 12a-12h. 

+0.20 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Cu-Oeq 4.52 ± 1.82 1.96 ± 

0.02 

0.0070 ± 

0.0031 

-7.45 ± 

2.59 

0.010 

Cu-Oax 2.26 ± 0.91 2.33 ± 

0.04 

0.0063 ± 

0.0065 

 

-0.21 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Cu-Oeq 3.22 ± 0.34 1.94 ± 

0.01 

0.0046 ± 

0.0014 

-5.76 ± 

1.38 

0.010 

Cu-Oax 1.96 ± 0.17 2.50 ± 

0.04 

0.0058 ± 

0.0063 

 

-0.42 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Cu-O 2.32 ± 0.91 1.93 ± 

0.02 

0.0219 ± 

0.0047 

-0.97 ± 

2.18 

0.037 

Cu-Cu --- --- --- 

Cu-Au 6.44 ± 2.41 2.60 ± 

0.03 

0.0219 ± 

0.0053 

 

-0.51 V vs. (Hg/HgSO4) 

Shell N R / Å σ2 / Å2 ΔE0 / eV Rf 

Cu-O --- --- --- -4.25 ± 

3.08 

0.024 

Cu-Cu 2.63 ± 1.07 2.49 ± 

0.02 

0.0104 ± 

0.0039 

Cu-Au 2.20 ± 1.09 2.59 ± 

0.03 

0.0073 ± 

0.0038 
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Figure 13: Cu K edge XANES.  2 mM CuSO4 reference solution (∙∙∙), +0.20 V (―), -0.21 V (―), 

-0.42 V (―), -0.51 V (―) and Cu foil (―).  Black arrows indicate change in edge features 

with decreasing potential . 

The XANES region of the Cu K edge spectrum shows a clear change in the oxidation 

state of the Cu as the potential is decreased, corresponding to reduction from Cu2+ to 

Cu0 (Figure 13).  Linear combination fitting (LCF) was performed using Athena37 

between -50 and +200 eV over the Cu K absorption edge (8979 eV) and between 50 to 

400 eV beyond the edge (Table 4).  The presence of a pre-edge shoulder (attributed to 

metallic Cu) required a Cu foil for LCF of the XANES; however beyond the absorption 

edge, the relative proportions determined by the LCF changed corresponding to less 

Cu0 than that inferred by the pre-edge peak.  The lack of a CuAu alloy reference sample 

hinders the fitting to standards for the -420 mV and -510 mV measurements where Cu-

Au neighbours are expected, however the Cu foil was still used to account for the 

presence of metallic Cu.  The intensity of the EXAFS oscillations for a few atomic layers 

of Cu is far less than that for bulk Cu.  Consequently, the amplitude of the EXAFS 

oscillations for the -510 mV measurements are more similar to those of the CuSO4 

reference sample, even though EXAFS analysis only fits to metallic Cu.  Therefore such 

LCF analysis is presently limited in its usefulness for this system.  It has previously 

been reported13,14 that the adsorption of the Cu2+ ion onto the metal surface does not 

fully discharge to Cu0, and therefore XANES analysis alone won’t be able to quantify the 

relative amount of metallic copper on the surface. 



Chapter Six:  EXAFS Studies of the Underpotential Deposition of Cu on Au Nanoparticles 
 

188 
 

Table 4:  Linear combination fitting results for Cu K edge data showing relative weighting 

to each reference sample 

Potential XAS 

measured at / 

V vs. 

(Hg/HgSO4) 

Fitting range 

-50 to 200 eV (XANES) 50 to 400 eV (EXAFS) 

2 mM CuSO4 in 

0.5 M H2SO4 

Cu Foil 2 mM CuSO4 in 

0.5 M H2SO4 

Cu Foil 

+0.20 >0.99 <0.01 >0.99 <0.01 

-0.21 0.69 0.31 0.95 0.05 

-0.42 0.21 0.79 0.87 0.13 

-0.51 0.03 0.97 0.56 0.44 

 

Previous EXAFS studies of Cu UPD on bulk Au surfaces have focussed only on the Cu K 

edge since the Au-Au first shell contribution from bulk Au would dominate over any 

Au-Cu contributions, making determination of the Au-Cu coordination impossible.  

Even for nanoparticles that are expected to have a reduced first shell coordination 

number (and therefore the detection of an Au-Cu scattering path becomes more likely) 

the lack of any Au-Cu contribution in the Au LIII edge measurements highlights the 

difficulties. 

The ordered structures proposed for Cu deposition on Au single crystal surfaces2,14 

were used as the initial fitting models, however these did not give realistic EXAFS fit 

results.  On a single crystal surface (for example Au(111)) a mixed Cu and SO42- adlayer 

is expected to form14 at around -0.21 V.  This adlayer would have no Cu-Cu first shell 

neighbours but Cu-O (from the sulphate) and Cu-Au would be present.  Decreasing the 

potential to -0.42 V would result in a complete Cu monolayer forming on the crystal 

surface, with sulphate atop the Cu2,3.  Theoretically there should now be Cu-O, Cu-Cu 

and Cu-Au contributions to the first shell.  Finally, at the bulk deposition potential, 

Cu-Cu contributions will begin to dominate over any Cu-O and Cu-Au contributions.    

4 Discussion 

The initial aim of the study presented in this chapter was to measure the surface 

disorder of the Au nanoparticles by capping the surface with a second metal.  The lack 

of any Cu neighbours in the Au LIII edge EXAFS means this is not possible.  It is possible 

that the Cu solution was not able to penetrate the electrode fully and therefore the 

bottom layers of the Au nanoparticles remained un-capped by Cu.  A much lower Au 
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loading on the electrode would decrease the thickness and therefore any contribution 

to the EXAFS from un-capped Au nanoparticles, and increase the sensitivity towards 

Au-Cu scattering.  The shape of the Au nanoparticles is potential dependent, with 

reorganisation of the Au nanoparticles between +0.20 V and -0.21 V.  This restructuring 

may result in a loss of structural sensitivity from the Au perspective as the surface of 

the nanoparticle may be different between one cycle and the next. 

Analysis of the Cu K edge EXAFS measured at +0.20 V is consistent with an octahedrally 

coordinated Cu2+ ion.  The analysis at -0.21 V reveals the presence of Cu-O first shell 

neighbours but no Cu-Au or Cu-Cu, in contrast to previously reported studies for bulk 

Au2.  The Cu-O contributions fitted reasonably well to the octahedral solvated Cu2+ 

model, although the pre-edge region of the XANES has a Cu0 component – up to 30% 

based on the LCF.  No Cu0 could be fitted to the EXAFS, suggesting that the proportion 

of Cu0 deposited on the surface was too small to be detected in relation to the Cu2+ in 

solution.  Attempts to fit Cu-Au and Cu-Cu failed resulting in negative coordination 

numbers and/or disorder terms. 

The presence of both Cu-Au and Cu-O first shell neighbours is expected for the EXAFS 

measured at -0.42 V with a Cu monolayer on the Au surface, the sulphate groups 

forming an adlayer with the deposited Cu and solvated Cu2+ still in solution.  The 

quantity and quality of available data prohibits determination of the exact nature of the 

Cu-O environment (limited by the Nyquist criterion). 

  

Figure 14:  Schematic of Cu deposition on Au nanoparticle based on complete outer shell 

(left) and incomplete outer shell (right). 
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Previous Cu UPD studies have used a single crystal surface e.g. Au (111)2,3.  Being a bulk 

crystal, any possible defects have less effect on the overall Cu deposition.  Directly 

transferring the UPD method to nanoparticles, relies on the assumption of a complete 

outer shell of atoms for each nanoparticle (all with perfect crystal faces e.g. Au (111) 

for icosahedral particle).  Real nanoparticles rarely have complete outer shells and 

therefore each face of the nanoparticle surface will contain defects.    The large Cu-Au 

first shell and lack of Cu-Cu first shell coordination numbers for the -0.42 V 

measurement are attributed to the Cu preferentially depositing in these defects, thus 

minimising the surface energy of the nanoparticle by completing the outer shell of 

atoms (Figure 14).  Consequently the Cu will have a far higher Au first shell 

coordination number (Cu-Au contribution) and far lower Cu first shell coordination 

number (Cu-Cu contribution) than if on a perfect surface.  This also means that the 

corresponding Au LIII edge measurement will have a much lower Au-Cu coordination 

number due to the decreased amount of Cu present.  The lack of a detectable Au-Cu 

first shell coordination number for the Au LIII edge measurements taken at -0.42 V is 

consistent with this analysis.  The Cu-Au coordination number of 6.44 ± 2.41 is also 

comparable to that of alloyed Cu-Au, suggesting that a surface alloy may be formed as 

these surface defect sites are occupied.  The charge calculated from the stripping peak 

(Figure 9) equates to only a 44% surface coverage by the Cu, consistent with the 

incomplete coverage observed in the EXAFS data. 

The EXAFS collected with the potential held at -0.51 V corresponds (theoretically) to 

the deposition of more than one layer of Cu atoms.  The corresponding Au-Cu 

coordination numbers should therefore be the same as the Cu-Au first shell, if coverage 

was complete in 3-fold sites; the surface even of a perfect icosahedral nanoparticle 

however does not consist of only 3-fold sites.  A Cu-Au first shell coordination number 

of 3 would be expected if deposition occurred in a 3-fold site; a coordination number of 

2 would be expected if in a 2-fold bridged site and a Cu-Au first shell coordination 

number of only 1 if directly atop an Au atom.  The uncertainty in the coordination 

numbers measured (Table 3) could put the actual value between 1 and 3 for both Cu-

Cu and Cu-Au making it not possible to distinguish between the various possible Cu 

deposition sites on the surface of the Au nanoparticle.  However a reduced coverage on 

a larger Au nanoparticle would result in a marked decrease in Au-Cu first shell 

coordination number.  Given the inability to fit an Au-Cu first shell neighbour for the Au 

LIII edge measurements, it is concluded that the Cu coverage, even at the bulk 

deposition potential, is very low.  The number of counts for the Au measurements is at 
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least four times the number recorded for the Cu measurements confirming that much 

more Au is present than Cu, even at -0.51 V where bulk deposition of Cu is occurring.   

The inability to fit an Au-Cu scattering path to the EXAFS collected at the Cu bulk 

deposition potential, and the Cu-Cu first shell coordination number of 2.63 ± 1.07 

indicate that the Cu may be clustering together in areas on the Au nanoparticle surface 

instead of forming a more evenly distributed shell around the Au.  When combined 

with the charge calculated from the stripping peak in Figure 9, it is concluded that 

enough Cu was deposited to completely cover the Au surface.  However if bulk 

deposition had occurred, the Cu-Cu first shell coordination number would be far higher.  

Therefore it is concluded that the Cu deposition did not form a uniform monolayer but 

partially covered the Au nanoparticle surface, initially as clusters of Cu atoms.  

5 Conclusions 

The use of UPD was initially intended as a means to investigate the contribution of the 

surface disorder to the EXAFS signal.  Although a Au-Cu bond is not identical to an 

Au-Au bond, complete coverage would ensure all Au atoms were fully coordinated to 

metal atoms and therefore behave in a similar way to atoms in the core of the 

nanoparticle.  The difference in the Au-Au disorder calculated from the EXAFS between 

the Au core and the Au with a Cu capped surface would be attributed to the surface Au 

atoms, giving an indication of the extent of the surface disorder contribution to the 

overall EXAFS signal determined.  

This was based on several assumptions, all of which have been challenged by the 

results reported in this chapter:  a) deposition on nanoparticles occurs in the same 

manner as on a single crystal surface, and b) the nanoparticles are all evenly sized, 

geometric structures with complete outer shells and therefore defined crystal faces.  

Before starting out these assumptions were known to be ideal cases, but the degree to 

which the results indicate the assumptions are overly-idealised was not expected, and 

illustrates the need for far more detailed studies into underpotential deposition on 

nanoparticles. 
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CHAPTER SEVEN:   

CONCLUSIONS AND FUTURE WORK 

The principal aim of this thesis has been to improve the characterisation of 

nanoparticle catalysts in order to aid in the understanding of the particle size effect, 

beginning with an initial assessment of three key techniques (TEM, XRD, EXAFS), 

highlighting their strengths and weaknesses and to provide a framework to enable 

quantitative comparison of the particle size (distributions) obtained using each method.  

Several of the assumptions underlying EXAFS analysis were then addressed in depth 

through the application of molecular dynamics to both monometallic and bimetallic 

systems. 

Chapter One described the particle size effect, the importance of understanding 

nanoparticle catalyst size and how it is determined.  The need for cross-correlation of 

analytical techniques if one wishes to fully understand a nanoparticle system was 

highlighted in Chapter Three.  Each technique offers a different approach to imaging a 

given sample, each with its own strengths and limitations.  Understanding how TEM, 

XRD and EXAFS may be used to calculate average particle size allows for a rational 

comparison between the techniques, particularly useful if only one technique has been 

used for size determination.  XRD is limited as a method of size determination for 

nanoparticles below 5 nm, as a result of the lack of long range order.  In particular, the 

amorphous surface layer present on oxidised or core-shell nanoparticles is not directly 

detectable by XRD.  TEM coupled with EDX proved to be a useful technique to 

compliment the XRD analysis, in particular for identification of amorphous regions and 

the composition of surface layers.   Recent studies have shown the degree of surface 

contraction present in nanoparticles1-3; the current standard method of EXAFS analysis 

does not account for the degree of distortion present and, therefore, introduces a 

systematic error into the determination of coordination number, underestimating 

particle size.  The effect of this was highlighted by comparing the average particle sizes 

determined by the three techniques used. 

Chapters Four and Five moved on to tackle the challenge posed by non-uniform bond 

length distributions, and proved that the consideration of surface disorder and 

termination effects must be considered to interpret accurately EXAFS data for 

nanoparticles.  The RDF outputs from molecular dynamics simulations were 
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successfully introduced into the EXAFS analysis, resulting in changes in the quality of 

fit.  On the whole there was an improvement in the quality of fit; however in some cases 

the quality decreased.  One notable example would be the worse fit given by the use of 

the Gupta potential to model the Pt-Pt interactions.  Both semi-empirical potentials 

used were derived from modelling bulk metal behaviour rather than nanoparticle 

behaviour and the worse fit from the Gupta potential was attributed to the potential 

failing to accurately model nanoparticle behaviour.  The molecular dynamics approach 

to EXAFS analysis may be used as a means to evaluate the effectiveness of other semi-

empirical potentials at modelling nanoparticle behaviour by simulating the same 

structural input and applying it to the data.  As previously stated, the approach may be 

taken further still by using quantum mechanical modelling of nanoparticles to provide 

improved structural inputs. 

 

Figure 1:  Hemispherical (387 atom), cuboctahedral (309 atom) and icosahedral (309 

atom) Pt nanoparticles. 

Figure 1 illustrates several potential nanoparticle geometries, and Figure 2 the radial 

distribution functions corresponding to the nanoparticle structures (simulated using 

the Sutton-Chen potential).  The icosahedral geometry in particular has a greatly 

distorted distribution with three clear peaks whilst the hemispherical and 

cuboctahedral geometries are less distorted (although still non-Gaussian).  Use of these 

RDFs as inputs for the EXAFS analysis would be of great interest as an improved quality 

of fit from any one particular input would give an indication of particle geometry as 

well as size from the first shell alone.  This could be taken further still by simulating the 

different geometries with other potentials to see the effect on the quality of fit. 
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Figure 2:  Radial distribution functions for hemispherical (―), cuboctahedral (―) and 

icosahedral (―) Pt nanoparticles based on diameters of approximately 2.50 nm. 

Currently only the first coordination shell may be fitted using the input from the 

molecular dynamics simulations.  The inclusion of higher coordination shells and 

multiple scattering effects would allow more structural information to be determined 

from the analysis and would extend the potential usefulness and number of 

applications of the approach.  

The application of the approach to bimetallic systems is more complicated but possible.  

The implementation of the structural input is very similar to that for monometallic 

systems, the main difference being the number of different atom-atom interactions (i.e. 

four for a bimetallic system; Pt-Pt, Pt-Pd, Pd-Pt and Pd-Pd).  However, as a result of the 

increased number of interactions, more so than with monometallic systems, the 

structural input for the molecular dynamics simulations is critically important.  The 

bimetallic nanoparticles investigated were reasonably well defined core-shell 

structures, although they were neither completely spherical nor uniformly covered.  

This complicated the modelling of the interactions between the two metals.  More work 

needs to be done investigating the effectiveness of other semi-empirical potentials at 

modelling the interatomic interactions, and also simulating different bimetallic 

structures, such as those proposed by Beale4, and using these as structural inputs for 

the EXAFS fit. 
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With the UPD technique being increasingly used in the synthesis of core-shell 

nanoparticles5,6, there is still very little structural characterisation of these structures.  

Similar to the assumptions in the standard analysis of EXAFS data, the understanding 

of the mechanism of UPD on nanoparticles is based on perfect crystalline structures 

and this clearly is not the case for real nanoparticles.  Consequently the UPD of Cu on 

Au nanoparticles reported in Chapter Six failed to cap the core to provide an insight 

into the contribution to the disorder from the surface atoms, as was initially intended.  

The non-uniform nature of the surface structure of the nanoparticles was apparent 

through the EXAFS analysis, indicating that structural characterisation UPD on 

nanoparticles merits further investigation.  One potential route is AFM characterisation 

of the UPD adlayers on nanoparticles, similar to the characterisation of Cu UPD on the 

Au (111) surface by Toney et al.7  AC-STEM coupled with EDX would help provide 

direct information on the location and uniformity of the Cu coverage for both the 

monolayer and bulk deposition (cf. Pt/Pd/C nanoparticles in Chapter Five). 

This work has shown that nanoparticles are more structurally complex than their bulk 

material counterparts, and this complexity needs to be accounted for to ensure 

accurate structural characterisation.  The application of molecular dynamics to the 

interpretation of EXAFS data has been practically demonstrated, resulting in an 

improved quality of fit to the data.  The further development of this technique holds 

promise for more complete morphological determination from EXAFS data alone. 
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APPENDIX 

1 XANES Observations 

An interesting change in the white-line was observed in the XANES regions of all the Pt 

measurements run using the cryostat.  There was a reduction in intensity and a 

broadening of the white line when comparing the spectra between the 300 K 

measurements and the cooled measurements (Figure 1, dotted arrows between black 

and red lines).   

Theoretical studies by Ankudinov on the multiple scattering contributions to the 

XANES region of the absorption spectrum have been published1,2.  They proposed that 

a large number of multiple scattering contributions from short bonds (such as the 

“rattle” multiple scattering path where the photoelectron scattering between the 

absorber an atom in the first coordination shell twice - Ptabs-Pt1-Ptabs-Pt1-Ptabs) lead to a 

strong white line intensity.   
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Figure 1:  Change in Pt LIII XANES spectrum as dependent on oxidation state of Pt; 

hydrogen reduced Pt nanoparticles (black line), Pt nanoparticles under vacuum 

conditions (red line), oxidised Pt nanoparticles (blue line), and Pt foil (green line).  Solid 

arrow indicates white line and dotted arrows the observed changes in the XANES shape. 
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Given the termination effects present in the fourth coordination shell, it was initially 

thought the change in the XANES was a result of a change in multiple scattering 

contributions with respect to temperature, i.e. a freezing of the structure at lower 

temperatures enhancing the aforementioned contribution.  A full multiple scattering 

analysis was performed and showed no change, indicating that this was not the case. 

The intensity of the “white line” above the Pt LIII absorption edge correlates to the 

d-band vacancies of the Pt3.  The more oxidised the Pt is, the more intense the white 

line feature.  An intense white line complicates background removal during the EXAFS 

processing stage, and therefore reducing the Pt with H2 greatly reduces the white line 

and amongst other factors helps simplify the background removal.  Figure 1 illustrates 

the change in white line intensity at 300 K between fully oxidised and reduced Pt 

nanoparticle samples, a nanoparticle sample under vacuum in the cryostat with the 

observed difference in the XANES, as well as comparing these with a Pt foil.  The Pt foil 

has a small oxide layer (Pt-O) on the surface, but the proportion of oxidised atoms with 

respect to the whole sample is so small (the majority being metallic Pt) the effect on the 

white line is negligible.  The reduced Pt nanoparticles exhibit a less intense white line 

than a bare Pt foil, with an increased absorption in the region of 11570-11580 eV.  The 

amplitude of the oscillations over and beyond the edge for the nanoparticle is damped 

with respect to the foil, as has been reported by Ankudinov et al4 and Bus5. 

A series of theoretical calculations6-8 have been carried out modelling the XANES of 

both bare Pt and Pt-H; the features present in these spectra are in good agreement with 

the features observed in Figure 1.  It is proposed that the change observed in the 

XANES region is the result of hydrogen desorbing from the Pt surface once the cryostat 

vacuum unit has been activated.  A similar effect has been observed by Ramaker et al9, 

but in their study flowing He (instead of a vacuum) was used to intentionally remove 

the chemisorbed hydrogen.  Whilst there is some debate10,11 as to the exact nature of 

the hydrogen atop the Pt surface, the results presented here confirm the effect 

chemisorbed hydrogen has on Pt XANES. 
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