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Rh,Pd/CeO2 nanocatalysts exhibit excellent activity and stability for ethanol steam reforming 

(ESR) at 400
o
C. This thesis encompasses experimental and computational investigations of 

this nanocatalyst. The activation mechanism of Rh,Pd/CeO2 nanocatalysts under ethanol 

steam reforming conditions is unclear, though it has been previously suggested that oxidic 

forms of Rh and Pd initially present on the surface of CeO2-x are reduced to metallic form 

under the reducing environment of the ESR reaction. Here we report X-Ray Photoelectron 

Spectroscopy (XPS), X-Ray Absorption Spectroscopy (XAS) and High Resolution 

Transmission Electron Microscopy (HRTEM) studies on the catalytic activation of 

Rh,Pd/CeO2 nanocatalysts during ethanol steam reforming (ex-situ), as well as EXAFS and 

HRTEM studies of catalyst activation under reducing H2 (ex-situ) and in-situ EXAFS under 

CO atmospheres. The studies reveal the catalyst auto-activates under ESR conditions, with 

metallic Rh and Pd being the dominant noble metal species present after catalyst activation. 

By comparison, attempts to activate the catalyst using H2 proved ineffective. XAS and 

HRTEM showed the formation of the Rh2O3 clusters from RhCl3 after H2 reduction at 400°C. 

CO reduction showed different behaviour depending on the temperature. Bimetallic Rh-Pd 

cluster formation occurs within 80 minutes at 400°C during CO reduction. At lower 

temperatures, no transformation occurred. 

The metal/support interaction of Rh,Pd/CeO2 is investigated using DFT calculations for 

tetrahedral M10 clusters on the reduced and oxidised CeO2 support. A differing interaction 

with the supports is traced to the occupancy of the 4f states of ceria. The metal displays 

differing behaviour on the support, Pd10 does not show the donation to the support of Rh10. 

The bonding mechanism was seen to be different for both metal clusters where Pd10 shows a 

partial ionic mechanism while Rh10 shows only inter-metallic bonding. Rh4Pd6 is found to 

exhibit a bonding mechanism similar to Rh10. The interfacial Ce 4f display occupancy in the 

Ce-Rh interaction but remain empty for Ce-Pd interface. Both rhodium containing clusters 
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show significant distortion as compared to their structure in the gas phase where Pd10 does 

not.  

The electronic and geometric properties of the interface are presented in delving the stability 

and activity of the bimetallic clusters. 
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Chapter 1 
 
Introduction 
 
 
Replacing fossil fuel with sustainable energy carriers is one of the most challenging problems 

facing society today.  Hydrogen was touted as the energy carrier of the future over a century 

ago
1
 by Jules Verne, yet, its development and use have been limited because the practical 

application of hydrogen energy systems requires development of a stable process from 

renewable sources such as ethanol.  Such a process must be efficient and durable as well as 

easily implemented. In addition the chemical process should be one-step and should not 

produce unwanted by-products; in particular CO. Catalytic hydrogen production from 

ethanol, and close reactants, has received considerable attention in the last few years
2
. Among 

the many processes proposed for this catalytic reaction, steam reforming of ethanol has the 

advantage that it requires a limited amount of additional infrastructure for implementation. 

There are two major hurdles related to steam reforming of ethanol (or higher carbon 

containing compounds) (i) the presence of the carbon-carbon bond that needs to be efficiently 

dissociated and (ii) the presence of CO in the reaction products.  This work presents a 

detailed study of a novel catalyst that overcomes these difficulties based on the 

phenomenological method for matter investigation; by this is meant a way to negotiate 

between induction and deduction or between experiment and theory
3
.  

This first chapter covers the introductory aspects of the consitituents and aspects of the 

structure before analyzing the Rh,Pd/Ceria nanostructures. Cerium dioxide is a unique 

support and is reknown for its oxygen transport properties. The active VIIIb metals this 

catalyst contains are the second and third most catalytically active atoms in the periodic table. 

The activity of Palladium for oxidation and hydrogenation and Rhodium particularly 
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interesting in its dehydrogenation capabilities; needless to say that the combination bears a 

lively Fermi surface so important for low energy activated adsorption in Ethanol Steam 

Reforming. This thesis elucidates the interfacial activity of Rh,Pd/Ceria following the 

development of a highly active catalyst for Hydrogen production from Ethanol
4
. The catalysts 

are investigated at the fundamental level by ab-initio calculations, High Resolution 

Transmission Electron Microscopy (HRTEM), X-Ray Photoelectron Spectroscopy (XPS) and 

X-Ray Absorption Spectroscopy (XAS) to study the electronic properties of the nanocatalyst. 

The stability of the interface is considered in terms of the electronic structure including the 

semiconductor heterojunction, metallic bonding, reduction of the support and electronic 

contribution from the Ce-4f states. The bimetallic clusters appear as stable even under the 

formidable experimental conditions of Hydrogen rich atmosphere, elevated temperature and 

structurally lenient support. The active metal constituents however exhibit remarkably 

different behaviour in their metal support interaction with ceria.  

1.1 Rhodium and Palladium 
 

Rhodium has no known biological role, the metal is the 79
th
 most abundant element; it is 

extremely rare. Rhodium compounds are known to exhibit slight toxicity although there are 

no reported cases of effects on humans. Rhodium has been used in industry primarily for 

catalytic converters for the oxidation of nitrogen. The most stable oxide is Rh2O3 but RhO 

and RhO2 are also known
5
. Rhodium is not affected by air or water up to 600°C and not 

affected by acids below 100°C. Palladium is the 76
th
 most abundant element it is also very 

rare but there is approximately three times as much Pd (0.6 ppb) as Rh in the Earth’s crust. 

Palladium has the unusual ability to absorb up to 900 times its own volume of H2 and forms a 

semiconductor at composition of about PdH0.5
5
. H2 enters the metal lattice after 

chemisorption at the surface and the α and β-phase hydrides are formed where the basic 

lattice structure is not altered
5
. The hydrogen gas is emitted on heating. 
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Both rhodium and palladium exhibit FCC structure (space group Fm3̄m). Rhodium-palladium 

alloys show allotropy with altering composition
6
, the lattice parameter of the unit cell is 

found to change according to Vegard’s rule linearly with Rh content of the solid solution. A 

miscibility gap below 845°C
6
 is also found most likely due to the very high temperature 

exciting the alloy structure to a point where thermodynamic considerations (interfacial 

energy, Eseg) are no longer valid.  

 

 
 

Figure 1.1: (a) Dependence of lattice parameter on atomic percentage rhodium in Rh/Pd 

alloy at 1300 °C; (b) The miscibility gap in the Rh/Pd alloy
6
. 

 

No significant intermetallic solubility is observed at the temperatures studied in this work of 

0-400°C. A Pd/Rh system shows a shift in intermetallic bond strengths and lengths at 1300 

°C and according to the trends a lowering of adsorption capacity of Pd and raising of capacity 

of Rh. A difference of about 5 kcal/mol in strength of CO adsorption on Pd-Rh (weaker) and 

Pd-Pd is observed
7
. 

Alloys of d-metals, for example the bimetallic alloy Rh-Pd, exhibit an electron occupancy 

consistent of the average of the two metals. Electronic fluctuations are features of metal 

alloys and the metal support interface. As more defects are introduced (higher 

polymetallicity) more fluctuations can be observed. Fluctuations in energy levels of Pd alloys 
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occur by the heteronuclear M-M bond reducing the electron population of Pd, inducing an 

increase in the binding energy of the core electrons and valence band
8
. 

Extensive research has been performed on the intermetallic bonds and the effects on 

electronic structure and adsorption of the bimetallic alloys of Palladium with Rh, Al, Re, Ru, 

Mo, W, Pt and Ni
7,9

. The core level shifts observed are theorised to be due to initial state 

effects, such as charge transfer, orbital rehybridisation (d → s,p) volume perturbations and 

changes in chemical environment
10

, (shown by calculated
11

 and experimental
11

 Pd 3d5/2 core 

level shifts). Stronger intermetallic bonds in Pd bimetallic systems show larger electronic 

perturbations in Pd atoms
7
. 

Chemisorption and reaction properties of adsorbates on alloys differ to that of pure metals at 

the Fermi level. Metals higher in the transition series contribute more electrons to the d band, 

raising the LDOS and easing electron transfer of the adsorbate to the alloy. Strong 

nucleophilic adsorbates also raise the energy of the metal d electrons by donation raising the 

LDOS further. 

Electronic perturbations are responsible for the strength of the bimetallic M-M bond as well 

as the cohesion of the alloy and additionally influence the chemical reactivity of the surface. 

The cohesion of the alloy is influenced by the strength of the bimetallic bond, the admetal 

having varying effects on the electronic state of Pd causing a subsequent shift in core and 

valence levels, this effect is not so pronounced in the case of Rh-Pd as they are neighbours. 

Bimetallic adsorption capacity is modified by the weakening of the π back-bonding (metal 

band to π of adsorbate) brought about by the Pd(4d) → Pd(5s,5p) rehybridization essentially 

shifting electron density away from Pd to the bimetallic bond
8,9f

. Once again the effect is not 

pronounced in the case of the Rh-Pd alloy, though will be in the Rh-Ce and Pd-Ce case, 

which represents the active interfacial sites. The cause of the rehybridisation is due to 

conservation of the d band occupancy on interaction of metals of differing size and the 
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subsequent strain effects on the metal lattice
12

. Orbital overlap decreases on introduction of a 

dopant to a lattice of shorter parameters, the orbitals rehybridise with the more available 

5s,5p orbitals to conserve d band occupancy causing fluctuations in electronic states effecting 

alteration of chemisorptive capacity of the surface. Complex interactions occur between two 

metals and often produce novel effects that may become more pronounced at the nanoscale. 

Uniqueness in structure and reactivity provide impetus for investigation of the most highly 

dispersed bimetallic catalysts. 

Surface segregation of atomic constituents is a phenomenon observed at alloys and plays a 

role in determining the composition of the surface. Surface segregation is a thermodynamic 

function of the surface energy which can be determined using first principles calculations. 

The transition metals with a half filled d band have the highest surface energies as illustrated 

in figure 1.2. 

 
 

Figure 1.2: The surface energies of the 4d transition series from first-principles
13

. 
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The trends of the surface energy observed are explained in terms of the occupation of the d-

band by the Friedal model
14

. The surface energy γ is proportional to the width of the d band 

W, the number of valence electrons Nd and can be estimated as follows: 

γ = 1/20 [1 – (Zs/Zb)1/2]W Nd (10 – Nd)     (1) 

where Zs and Zb are the coordination numbers at the surface and in the bulk. 

Our bimetallic Rh/Pd alloy will show a diffusion of Rh to the surface of Pd. Pd as the lowest 

of interest in the series has the median role in diffusion through the metallic alloy. 

Platinum group (VIIIb) metals are widely recognised as the most active metals in catalysis. 

The metals Rhodium and Palladium are adjacent in the periodic table but exhibit quite 

distinct interactions with adsorbates, particularly distinct is the interaction with ethanol. This 

is reflective of the respective temperature dependent activities in ethanol decomposition. 

Computational investigations
15

 support experimental evidence that the low temperature 

decomposition of ethanol occurs on the Rh(111) surface via oxametallacycle whereas ethanol 

adsorption on the Pd(111) surface leads to the formation of acetaldehyde species which 

decompose only at high temperatures. The two distinct reaction pathways suggest that the 

metals possess markedly different electronic properties. Along the 4d series the bandwidth of 

the respective metal decreases due to stronger coulombic attraction of electrons to the 

nucleus. 

Bimetallic catalysts show electronic fluctuations at the metal-metal bond attributed to the 

relative individual electron states and bond hybridization. Trends are observed over the d 

block where transition metal alloys with metals lower in the series raise core and valence 

levels subsequently lowering adsorption capacity; alloys with metals higher in the series 

show not such a marked rise in energy levels
8
. Strain in the lattice due to geometric effects in 

the addition of a dopant alters orbital overlap, when the dopant is larger this raises electronic 

levels. A positive change in the electronic state effects adsorption as the lower LDOS of 
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metals lower in the series lowers the contribution of the dopant to the metal – adsorbate bond. 

This is due to rehydridisation lowering the occupation of the d orbitals. Bond hybridization at 

metal-metal bonds shows a flux in electron density to the metal-metal interface
7,9a,9f

. The rise 

in energy levels due to strain on the substrate lattice and less orbital overlap at the dopant 

sites moves the electron density away from Pd
8
.  

Rh in the metallic state shows overlap of s orbital into the d orbitals and Pd shows a full d 

shell and empty outer s shell. In the ground state (M
0
) no covalent bonds are possible as due 

to charge balancing the element is in its ground state and neutral; the d electron occupancy is 

satisfying the nuclear charge. However in the bulk structure, surface and edge states M
II
, M

III
 

and M
IV

 can make two, three and four covalent bonds respectively, through the hybrid s and d 

orbitals. Redox activity has a pronounced influence on the catalytic activity where changes in 

metal electron occupancy alter the Fermi level at the surface. Different oxidation states result 

in different electronic levels of the Potential Energy Surface (PES) consequently altering 

catalytic activity. 

Group 8b and particularly 4d series metals display strong dehydrogenation properties and 

readily form ethoxides on exposure of ethanol. Rh is known for its activity in terminal sp
3
 

bond scission, dehydrogenation and C-C bond scission via the oxametallacycle
16

, Rh is thus 

the ideal catalyst for ethanol decomposition. Variation in electronic states between the 

adjacent elements is due to different energy levels in the respective metallic states. The 

additional proton of Pd causes a stronger coulombic attraction of the d electrons to the 

nucleus and subsequent narrower d band. On increasing atomic weight d levels steadily fall in 

line with the increased Coulombic attraction between nucleus and electrons. Valence 

electrons experience a stronger attraction to the nucleus and adopt a respective set of energy 

levels. The coupled effect of increased electron-nuclear attraction and subsequent narrower d 

band causes the outer electron states to be distinct for respective atoms. Thus valence 
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electronic levels of Pd and Rh are unique and exhibit characteristic interactions with various 

adsorbents. Table 1.1 shows the differing properties of Rh(111) and Pd(111) on adsorption of 

CO. 

Table 1.1: Properties at 0.11 ML CO coverage, bottom values are experimental
17

  
Surface EF 

(eV) 
Φ (eV) Pat  d-band %d-band DOS Eads dCO dM-C 

Pd(111) -6.11 5.35 

-5.4 

10.03 -1.64 88.11 113.2 -32.5 

-28.5 

1.160 

1.25 

1.846 

2.03 

Rh(111) -5.96 5.19 
-5.0 

9.05 -1.9 79.22 53.2 -44.3 
39.4 

1.161 
1.2 

1.84 
1.87 

Ru(0001) -5.97 5.1 8.07 -2.15 81.91 33.9 -44.0 1.165 1.876 
Cu(111) -5.19 4.79 

4.7 
11.2 -2.51 94.87 6.0 -17.1 

-11.3 
1.156 
1.13 

1.845 
1.91 

Electronic properties are: Pat is atomic population in a.u.; d-band centre in eV; DOS at the 

Fermi level; The adsorption properties are: Eads in kcal/mol; bond distances in Å 

   

Studies of the reaction of ethanol on the Pd(111) surface in the presence and absence of 

oxygen
18

 indicate that surface oxygen is required for the formation of acetates. In the absence 

of oxygen the formation of acetaldehyde dominates and no surface acetates are observed. 

Palladium is a well known oxidation catalyst and readily forms PdO. Surface adsorption at 

the termination of a 3D lattice (the surface) is a means of minimising the energy offset at the 

terminal atoms. Oxygen adsorption is thus energetically favourable at exposed sites and 

electronic levels of palladium apparently exhibit states conducive to dissociation of the 

oxygen dimer and stable adsorption of the oxide ion. 

As effective nuclear charge increases 4d orbital energies continue to fall below 5s, 5p energy 

levels. Towards the end of 4d congruency with 6s levels is exhibited. The lanthanides mark 

the start of the f block where the penetrated 4f shell must be filled before the 5d shell. 

Energetic variation across the transition series is remarkable and shows a plethora of states 

and subsequent catalytic activities. Low activation energies for oxygen adsorption and 

desorption at elevated temperature due to favourable energy levels explain the high activity 

of palladium in catalytic oxidation reactions. A Pd-O-C transition state is necessary in the 

catalytic oxidation of carbon. The hydrogen rich reducing atmosphere and the strong oxygen 

donation properties of the CeO2 support compliment the oxidation properties of the palladium 
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surface. The ceria support acts as the oxygen source for palladium whereas Pd acts as the 

medium in the oxidation of carbon species. Palladium has unique oxygenation capacity 

attributed to the electronic states acquired and their interaction with the oxygen molecule. 

Oxygen is readily adsorbed at the metal-gas interface by the fermi surface of palladium. PdO 

is a stable compound that may undergo reduction. The electronic states of palladium are of 

correct energy level to accept and readily donate an oxide ion on the occurrence of a strongly 

reducing species (CO, CH4)
8
. The platinum group is largely renowned for the oxidation 

properties of group 10, palladium is the dominant oxidation catalyst as it provides PdO 

intermediates. 

As mentioned before rhodium, palladium, platinum form stable oxides where the stability 

increases in the order d
8
 < d

7
. Physical characteristics and alloying phenomena of Pt, Pd and 

Rh are central to this work and an in depth review will be presented. Pt, Pd and Rh are 

reknowned oxidation catalysts, they form stable, readily reducible oxides.        

Palladium oxide readily forms from Pd metal at elevated temperature
5
, whereas Rh2O3  may 

be produced by heating Rh or the RhCl3 to 600°C
5
.  

Theoretical studies using DFT methods were performed to study the oxygen adsorption and 

absorption for the 4d transition series
19

. Oxygen was found to first occupy surface hollow 

sites in Ru, Rh, Pd and Ag as a continuation of the bulk stacking sequence. By calculations of 

the critical coverage a trend was observed in the penetration of oxygen to the bulk material; 

Ru requires an almost full surface coverage (0.89 ML) for a stable bulk oxide while the 

surface coverage for a stable bulk oxide decreases for Rh, Pd and Ag, where critical coverage 

equals 0.59, 0.50, 0.24 ML respectively. The stability of bulk oxides is proposed to correlate 

with the cohesive energy or bulk modulus of the metal lattice
19

, the decrease in the bulk 

moduli from Ru – Ag compensates for the weakening of the O-M bond strength accounting 

for the similar stability in all four bulk oxides. 
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Palladium chloride (PdCl2) can be obtained from passing chlorine gas over elemental 

palladium and rhodium chloride (RhCl3) by heating the metal sponge with KCl in Cl2 
5
. The 

respective chlorides are largely used in preparative chemistry of other metal containing 

compounds as they are used as the metal precursor in the synthesis method used in this thesis. 

The oxides and chlorides are introduced as they appear in the experimental sections. 

1.2 Metal Oxides 
 

Transition metal oxides exist with metallic nature, as semiconductors, insulators and as 

superconductors. The electronic properties are derived from the size of the band gap where 

the metallic or conducting nature shows no band gap, the semiconductor shows a small band 

gap (up to ~4 eV) and the insulator shows a large band gap. The range of electronic 

properties stems from the diverse range of structures of the metal oxides and the small 

overlap of the metal d with oxygen p orbitals. The size of the band gap determines the 

electronic properties and this in turn is determined by the narrow electronic bands and the 

symmetry of the structure. The structures of binary transition metal oxides may be identified 

by seven basic structure types, rock salt (BaO, CaO, CoO, NiO, SrO), rutile (CrO2, IrO2, 

PbO2, RuO2, TiO2), cuprite (Cu2O), fluorite (CeO2, ZrO2), corundum (Al2O3, Rh2O3), 

perovskites (ReO3, ABO3) and spinel (B3O4) type structures
20

. Amoungst these basic types 

periodic vacancy formation and deviations from the standard stoichiometric structure type 

exists. More complex structures exist including pyrochlores, lamellar oxides, hexagonal 

ferrites and three dimensional mixed structures. 

Semiconducting metal oxides fall into two general categories p-type and n-type where the 

type indicates how the charge is carried. Semiconducting transition metal oxides display 

conducting properties with applied energy indicative of the energy barrier that must be over 

come in the band gap. Semiconducting metal oxides are used for a variety of purposes 
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including electronics, as diodes, transistors, optoelectronics as solar cells and in catalysis as 

the catalyst and catalytic support. 

There is not one general theory that explains the trends of electronic structure for the oxides 

of the transition metals. The two main theories of valence electrons are the localized electron 

theory and band theory. Valence s and p electrons have a weak attraction to the atomic core 

and a strong interaction with neighbouring atoms as is described by the band model of 

extended structures. Between the existing theories is the cluster model which considers the 

interaction of the metal with oxygen ligands. The cluster model is essentially molecular 

orbital theory applied on a cluster. Ligand field theory and subsequent molecular orbital 

(localized) theory considers the oxides as coordination complexes using the cluster model and 

describes localised (non-metallic) electrons. The band theory describes delocalised, metallic 

states and the formation of bands which results in the conjoining of metallic states. In 

comparison the band theory may be considered as the large-scale limit of the molecular 

orbital theory. We utilise the linear combination of metal d orbitals and oxygen p orbitals 

(LCAO) in constructing band structures in transition metal oxides, though this is superseded 

by Augmented Plane Wave (APW) method. The many electron problem of band theory may 

be reduced to a single electron in a periodic potential by Hartree-Fock hypothesis. The 

Hartree-Fock hypothesis however fails to describe electron correlation effects found in 

transition metal oxides. D electrons in transition metals are generally delocalised (except in 

coordination complexes) in narrow d bands that overlap the broad s-p bands. A small overlap 

of metal d orbitals with oxygen p orbitals gives narrow electronic bands of about 1-2 eV, with 

both localised and itinerant d electron behaviour. These narrow bands give rise to electron 

correlation effects where interaction between electrons causes electronic perturbations. 

Electron correlation explains the inability for simple band theory to account for the properties 

of the transition metal oxides. These effects can be treated using post-HF and DFT methods 
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in combination with the plane wave (APW) methods, which allows the description of the 

three dimensional potential experienced by electrons. Nanoparticles of small dimensionality 

present difficulties with lattice distortion (Peierls distortion) affecting the Fermi surface. 

Lattice distortion results in charge density waves in which electron density varies with the 

distortions in the lattice. 

The problem of electron correlation was addressed by Hubbard in terms of the parameter U 

and the relation of U with the bandwidth W. The parameter U describes the repulsive energy 

between electrons in correlated systems. The result is the overlap of upper and lower 

Hubbard states and subsequent disappearance of the band gap as shown in figure 1.3. The 

Hubbard model is a simple explanation for Mott insulators (eg NiO). Mott insulators 

generally occur when U is large enough to create an energy gap at a designated band-width. 

The Upper-Hubbard sub-band in many transition metal oxides has more oxygen p character 

than metal d character and gives rise to the concept of charge transfer insulators. The Mott 

transition from magnetically insulating to metallic behaviour is said to occur with increasing 

W/U ratio. However in practice this must occur at a lattice constant where the Bohr exciton 

radius becomes too large for interaction. The anderson localization describes the disordered 

electronic structure of doped oxides that have localized electronic states. For an Anderson 

localisation to occur the bandwidth must be smaller than the energy difference between 

localised sites; electrons in localised sites move by a phenomenon known as variable-range 

hopping. 

The relative values of U & W determine the electronic structure of oxides. However, it is 

difficult to obtain reliable values of U and the Hubbard model only takes the d orbitals of the 

transition metal into account. Oxygen p orbital and metal d orbital mixing, or the effects of 

mixed valency in the metal are not considered. 
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Figure 1.3: Hubbard model showing variation of U with band-width
20

 

A large U value(large energy transfer between valence orbitals) characterises localized 

electrons with a small band width (U >> W). With sufficient overlap between neighbouring 

atoms the band theory of Bloch and Wilson applies. In simple band theory the Hubbard 

parameter U is small in comparison to W and we have U << W and in the extreme case U = 

0. If U is in the same energy range as W (U~W) strong electron correlation in solids can be 

observed. The ratio W/U is approximately equivalent to the transfer energy bij which is 

derived from the interaction between localised orbitals ψi and ψj (on neighbouring like atoms 

i and j) where H is the interaction term and εij is the one-electron energy. 

bij = (ψiHψj) ≈ εij (ψiψj)       (2) 

In metal oxides cation-anion-cation interactions are important. In this case bij is related to λ, 

the covalent mixing parameter of the cation-anion orbitals, with bij ~ λ
2
. The electronic 

properties of the metal oxides are mainly influenced by the nature of the d electrons. For 

small values of b the electrons are localised and for large values they are itinerant. 

Antiferromagnetic ordering temperature (Néel temperature) TN and bandwidth (z – the 

number of nearest neighbours) can be related to the transfer energy:  

TN ~ b
2
/U         (3)  

W = 2zb         (4)  



Chapter 1. Introduction 

14 

 

. 

During these studies the oxides PdO, Rh2O3 are detected on our catalyst; and CeO2 is used as 

support material. 

The local electronic structure can be described by atomic states (eg: Rh
3+

 d
4
, Pd

2+
 d

6
) as in the 

Heitler-London limit. The polarizability of oxygen atoms allows the presence of the O
-
 anion 

this occurs especially in the solid state. The O
-
 species has the p5 configuration and can be 

mobile and correlated. 

The formation of metal oxides is important in catalytic redox processes as the metal oxides 

play an intermediate role in the catalysis through the uptake or donation of oxygen or 

hydrogen via the hydroxyl ion. Further important properties of the metal oxides in catalysis 

include the generation of cationic metal sites allowing both ionic and covalent interactions, 

this is an important feature for surface adsorption particularly where metal clusters are 

supported on the oxide and additional adsorbates interact with the support by a different 

mechanism. Metal oxides allow the presence of both surface acidity and basicity that exists in 

well defined structural relationships. The formation of oxygen vacancies is another important 

attribute to catalysis which is intrinsic to the oxygen transport properties so critical in 

selective oxidation processes. The mobility of lattice oxygen is an important feature of the 

ceria support and a primary reason why this support has been chosen in the partial oxidation 

process of ethanol steam reforming.    

1.3 Ceria 
 

Cerium is one of 15 Lanthanide elements that extend from 57 to 71 in the f block. Cerium is 

found as a trace element in the human body and the food chain, although it has no known 

biological role. It is not considered a health risk and is regarded as non-toxic. Cerium dioxide 

(CeO2, ceria or ceric oxide) is by far the single most important utility for cerium as the metal 
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readily undergoes surface oxidation and reacts rapidly with water to the more stable form of 

CeO2. 

Calculations using DFT have been used to model the (110), (100) and (111) surfaces of 

CeO2
21

. Based on the energetic criteria displayed relative stability of the surfaces of ceria was 

found to be in the order (111)>(110)>(100) consistent with earlier findings and experimental 

observations. The (111) surface is terminated with a O anion plane, the (110) surface is 

oxygen terminated and the (100) surface is oxygen terminated in Figure 1.4. 

 
Figure 1.4: Stoichiometric ceria surfaces for the  (a) (111) surface, (b) (110) surface and     

(c) (100) configurations (large atoms cerium, small atoms oxygen). 

 

As the lattice oxygen of ceria are facile, CeO2 is a highly active oxide for the oxidation of CO 

to CO2 and for water gas shift reactions (including the reduction of water). CeO2 is also 

active when used as a metal support material in hydrogen gas production from ethanol by 

steam reforming or oxidation processes. The redox properties of ceria and the high lability of 
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the lattice oxygen atoms are reliant on structural features (ie: local crystallinity) and 

contribute to the catalytic activity of ceria in total oxidation processes. Ceria is known for its 

ability to maintain high dispersion of the active metal and for its activity as a support material 

for catalytically active metals. The high dispersion is predominant with low metal loadings. 

Ceria displays both electronic and ionic conduction behaviour. The electrical properties of 

ceria are strongly dependent on temperature, oxygen partial pressures and the presence of 

impurities or dopants. These variables affect the charge carrier concentration which 

ultimately determine electrical conductivity when coupled with charge carrier mobility. At 

high temperatures and low oxygen partial pressures, ceria behaves as an n-type 

semiconductor and the electrons liberated following reduction process are the primary charge 

carriers. The diffusion of oxygen gas O2 from the ceria lattice leads to non-stoichiometry and 

is instigated by thermal energy. For the electronic defects resulting, the presence of free 

electrons can be regarded as equivalent to the presence of Ce
3+

 ions. 

Cerium dioxide is the most widely used of the f block oxides in catalysis. Cerium metal is 

thermodynamically unstable in the presence of oxygen and the Ce2O3 and CeO2 oxides are 

easily formed; intermediate oxides in the composition range Ce2O3-CeO2 can also be formed 

and final oxide stoichiometry is strongly dependent on temperature and oxygen partial 

pressure. Ceria promotes noble metal reduction and oxidation, stores and releases oxygen at 

the surface and is exceptional in its outstanding properties amoungst catalytic oxides. One of 

the most important catalytic properties of ceria is total oxidation and according to its oxygen 

transport properties ceria is considered an n-type semiconductor. Ceria is amoung the most 

efficient catalysts for CO oxidation. 

Cerium dioxide crystallises in the fluorite structure (CaF2) a cubic close packed array with 

face centred cubic unit cell (space group Fm-3̄ m) of metal atoms in which all the tetrahedral 

holes are filled by oxygen atoms. Each cerium cation is coordinated by eight oxygens at each 
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Figure 1.5: Unit cells of a) CeO2 
 
and b) Ce2O3. 

 

corner of a cube; each anion is tetrahedrally coordinated by four Cerium atoms. 

The structure posseses large vacant octahedral holes which participate in the transport of 

oxygen ions through the structure. Oxygen is removed from a tetrahedral site creating an 

anion vacant site (denoted □) and balance is maintained by reduction of two cerium cations 

from +4 to +3, 2 electrons for every oxygen ion must be introduced to maintain charge 

balance, the reaction scheme occurs as such
22

:  

4 Ce
4+

 + O
2-

 → 4 Ce
4+

 + 2 e-/□ + 0.5 O2 → 2 Ce
4+

 + 2 Ce
3+

 + □ + 0.5 O2                (5) 

 

Two cerium ions change charge from +4 to +3 neutralizing the negatively charged new 

oxygen vacancies.  

Ce2O3 (Space Group R-3̄ c) possesses the Ce
3+

 cation with an electron configuration 

KLM4s
2
4p

6
5s

2
4d

10
5p

6
6s

0
4f

1
 and structure obtained by the ordered removal of one quarter of 

the oxygen ions from fluorite CeO2. This changes the metallic cations to adopt the La2O3 

structure type a sevenfold coordination, the so-called A rare earth sesquioxide structure
23

 

where the cerium metal is surrounded octahedrally by six oxygen anions and one further 
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oxygen sitting above the octahedron. A partial reduction with numerous oxide vacancies will 

retain the fluorite structure. 

When treated in a reducing atmosphere at elevated temperature ceria forms oxygen deficient, 

non-stoichiometric CeO2-x oxides (0 < x ≤ 0.5) and retains the fluorite structure even when 

considerably depleted of oxygen; the lattice is readily re-oxidised. At low temperature these 

oxygen deficient phases show ordering of the oxygen vacancies in a regular fashion. 

Electrical conduction and other transport properties such as oxygen diffusion are determined 

by the presence, concentration and mobility of lattice defects. 

The phase diagram of CeO2 is shown in figure 1.6. Above 685°C in the CeOx (1.714 < x < 2) 

composition range can be described by the generic formula CenO2n-2m. The so-called α phase, 

a disordered non-stoichiometric fluorite-related phase stable at all temperatures. High 

temperature X-ray diffraction patterns of this phase do not show a continuum in the structure 

and the lattice parameter a of the cubic phase increases as x decreases
22

. A lattice expansion 

as a consequence of the reduction of Ce
4+

 to Ce
3+

, as the radius of the Ce
4+

 is larger than the 

Ce
3+

, can be found. At lower temperatures the α phase transforms into a series of ordered 

fluorite related phases. Continuous variation of x at low temperatures is due to the co-

existence of two phases with different stoichiometries (n, n+1), pure CenO2n-2m exists only in 

a narrow composition range between about 1.7 and 1.85. There is some disagreement in 

literature concerning both the composition and structure of the intermediate phases and 

several anion deficient structures remain unexplained. Two major problems are that it is 

difficult to obtain single crystals of the reduced ceric oxides and secondly the utility of X-ray 

powder diffraction techniques is limited by the modest X-ray scattering factor of oxygen, 

making the details of the oxygen sublattice structure unattainable. Both problems may be 

overcome using neutron powder diffraction. The formation of at least three other CeOx 

phases has been determined
22

; the β phase 1.805 < x < 1.812 , the γ phase 1.775 < x < 1.785, 
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and the δ phase 1.710 < x < 1.72. Evidence for the formation of Ce7O12 (similar to the δ 

phase), Ce9O16 and Ce11O20 (composition close to that for γ and β phases) and Ce10O18 has 

been found. However the details of the phase diagram are still incomplete. At an O/Ce ratio 

lower than 1.714, the phase diagram is dominated at high temperature by the σ phase Ce2O3+δ 

that crystallises with the body-centred cubic type-C rare-earth oxide structure
22

. There is a 

narrow σ-α miscibility gap between the σ and α phases above 1000°C. 

 

 

Figure 1.6: Phase diagram of oxygen deficient CeO2
22

. 

 

 

Ceria (CeO2) is an active component of the three way catalytic converters that make a 

significant contribution to reducing emission levels by simultaneously converting 

hydrocarbons, carbon monoxide and nitrogen oxides into non-toxic products. Ceria acts as an 
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oxygen storage component, promotes water gas shift activity, acts to promote CO oxidation, 

is associated with the dispersion of active noble metal phases and acts as an oxygen transport 

component in the enhancement of catalytic oxidation
24

 in catalytic converters and oxidation 

catalysts. Previous investigations using CeO2 comprise the methanol oxidation over ceria 

containing catalysts
25

. Further studies investigate the activity of the reactions of ethanol over 

reduced and unreduced ceria
26

. It has been shown that the ethanol reaction on the surface of 

ceria produces acetaldehyde, acetone and methane as well as CO2 and CO via the adsorbed 

ethoxide
26

. The ceria surface exhibits both acidity and basicity at the metal centres and oxide 

centres respectively. The Ce centre readily exhibits O-H σ bond scission and the subsequent 

formation of the surface ethoxide, which on heating is oxidised further to adsorbed 

acetaldehyde and surface acetates. 

Electrical conduction and other transport properties of oxides such as oxygen diffusion are 

mainly determined by the presence, concentration and mobility of lattice defects. The 

application of these oxides in catalysis relies on the transport properties, which are embedded 

in the redox couple of Ce
4+

/Ce
3+

 with the loss of the 4f
1
 electron. 

 An interesting feature of the interaction of ceria with water is that water oxidizes Ce
3+

 to 

Ce
4+

 with the production of hydrogen
27

, the influences of water on ceria subsequently affect 

the reducibility of ceria by hydrogen. The thermodynamic conditions for reduction of Ce
4+

 

are altered when water is present
27b

, H2O as well as an oxidizing effect has a stabilising effect 

on Ce
4+

. The OSC is related to the formation and migration of oxygen vacancies, these 

vacancies corresponding to Ce
3+

 are preferentially found at the surface of the lattice
28

 at low 

coordination sites. 

The 4f states of cerium are localised in the reduced oxide and an accurate description of this 

situation can be given by DFT
29

 calculations. These first-principles calculations approximate 

the 4f state as either part of the core or as a valence state. The core model approximates the 4f 
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state as strongly localised but fails to describe other environs of cerium. The core model 

which is also implemented in the work presented in this thesis, is used to determine the 

occupancy in the reduced surface states of cerium. The 4f state also adds the difficulty of the 

on-site Coulomb interaction which has been implemented as the Hubbard parameter in the 

DFT calculations by using the GGA + U approach. It was found by different groups that this 

presents an accurate representation of the electronic properties of oxygen deficient ceria
29

.  

1.4 Nano-Structures  
 

Needs for sustainable energy have fueled the drive for research into catalysis and catalytic 

nanostructures. Nano scale systems are a contemporary research area with importance from 

areas of fundamental physics to technology and industry. Nanostuctures offer the potential as 

the link between atomic properties and bulk structures with properties that allow fine tuning 

of technological features. Smaller free clusters display atom-like properties. Electronic levels 

at various scales are shown in figure 1.7. The figure details the development of the 

conduction band from atoms to nanoclusters and bulk systems. It can be seen how the 

discrete quanta known at atomic level are maintained in a nanosystem and how the addition 

of electronic levels develops into a conduction band. Nanoparticles exhibit properties quite 

distinct from their bulk counterparts. Dramatic changes in the temperature dependent physical 

properties occurs as cluster size is reduced. Smaller d metal clusters show a higher affinity for 

polarization and electron flux from external influences (adsorbates, interfacial hybridization) 

which may result in fluxional structural adaptations. Late transition (group VIIIb) metal 

clusters are unique both collectively and individually. Coulombic forces attracting electrons 

to the nucleus bestow remarkably active wavefunctions on the valence electrons as is well 

established in effective medium and chemisorption theory. 
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Figure 1.7: The development of the conduction band

30
. 

 

 

With enhanced energetics of the nanostructures,  nano-catalysis has distinct advantages to 

traditional surface reactions. The advantages of nano-catalysis are manifold including greater 

surface area, higher energy states, greater structural disorder, and many aspects of 

technological importance remain unresolved due to the restrictions on investigations at the 

nano-level. On the other hand what is understood about metallic nanostructures is they 

possess higher energy quanta than their bulk counterparts. Nanostructures are subject to 

confinement effects and possess a high surface to volume ratio. Low coordination and the 

high surface to volume ratio has a pronounced effect on surface adsorption as on average 

higher energy states are found at the surface of nanoclusters. The smaller size, greater 

proportion of low coordination and higher energy edge and surface atoms and subsequent 

lower homogeneity of the bulk in nano-particles explains increased activity at the nanoscale. 

Small nanoclusters show a variance in electronic state relative to larger clusters due to the 

narrowing of the band and more discrete available electronic levels. Effects on the surface 

adsorption can also be attributed to cluster size (i.e.: coordination number and electronic 
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state) and topography (ie: steps and holes, geometry). The adsorbate and reaction 

environment can have effects on the cluster size (i.e.: reduction of a metal oxide) in what is 

described as adsorbate induced segregation. 

Melting temperatures decrease markedly from the bulk to the nanoscale as does stability for 

oxide formation. This is true for both metals and semiconductor nanoparticles. 

Synthesis is a key issue in nanosystems, in these studies metal particle size is dependent on 

metal loading due to the high stability of the ceria surface. 

 

1.5 Junction Theory 

The region of contact of the metal with the support is a complex region of charge fluctuation 

that is inhomogeneous and creates a zone of electronic fluctuations known as the ‘Interface 

Specific Region’ (ISR). The ISR spans a few lattice spacings either side of the metal 

semiconductor contact
31

. This region essentially contains the structure that equilibrates the 

transition from semi-conductor to metal not only at the contact but either side of the contact 

from sub-surface semiconductor to sub-surface metal. In considering the ISR we shall cover 

the various aspects of the junction and the bulk like structure of the constituents. The ISR is 

considered in conceptualising the junction. We shall here aim at the theory of the junction 

and consider these aspects from theory pertaining to chemistry rather than map the ISR in 

detail. The Schottky junction is the underlying component of this metal support contact the 

formation of which is illustrated in Figure 1.8 for an n-type semiconductor where 

workfunction of the metal is greater than the workfunction of the semiconductor. The figure 

shows the valence and conduction bands before and after contact of the metal with the 

semiconducting support.    
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Figure 1.8: The formation of the Schottky barrier at the metal support contact. 

 

 

It also illustrates the dipole pinning occurring with the contact of the metal and 

semiconductor. The figure shows the formation of the Schottky barrier (Φb) and the charge 

build up at contact resulting from the equilibrium of the Fermi level with the mid gap energy.  

At the metal support junction electrons are transferred from the support to the metal on 

contact due to difference in workfunction and an electrostatic barrier is attained. A band 

bending is established to stabilise the depletion region in the semiconductor. The relative 

band positions are pinned by the interface electrostatics and illustrated here as the mid band 

energy equal to the Fermi level of the metal. This occurs assuming the region of the 

semiconductor where the bands are bent is completely devoid of conduction electrons. The 

electrons freed from the creation of oxygen voids in the support find a lower energy state in 

the Fermi level of the metal relative to the conduction band
32

. This lowering of the energy is 

equal to the familiar Schottky barrier found in MOS (Metal Oxide Semiconductor) devices.
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The rapid equilibration occurs by quantum mechanical tunneling and allows oxygen 

abstraction that is not limited by time rate. This significantly lowers the energy for oxygen 

abstraction at the interface. The junction theory as postulated by Frost in 1988
32

 represented a 

step for catalytic science in the description of the physical chemistry of the interface. 

Supported clusters offer surface defects of both constituents at the interface that show a 

tendency to lower the activation for catalysis. For oxide vacancy formation at the interface 

this has been described in terms of the Schottky barrier height
32

 as postulated in the rectifying 

theory
33

. These effects are prevalent for supported nanoclusters and as the adlayer increases 

in area a change in electronic interaction is theorized to occur (ie: Schottky to Mott). 

1.6 Metal Support Interaction 

Strong metal support interaction was first coined to describe the effects of Pt group metals 

supported on titania
34

. SMSI is now the term that generally describes a change in adsorption 

capacity upon high temperature reduction of a supported metal. Strong Metal Support 

Interactions (SMSI) describe the interaction of metal particles on certain reducible oxide 

supports (TiO2, Nb2O3, Ta2O3, V2O5) or non-reducible supports (Al2O3, SiO2, MgO). The 

SMSI effect is expected to occur for ceria supported 8b metals. The strength of interactions 

actually vary considerably for different substrates as the SMSI effect generally refers to a 

lowering of chemisorption capacity of the active metal above 427°C
35

. On Pt/TiO2 the effect 

shows reduced H2 and CO chemisorption, unchanged chemisorption for O2, decreased 

activities for hydrocarbon hydrogenolysis, isomerization, and hydrogenation, but an enhanced 

activity in Fisher-Tropsch synthesis and methanation reactions. Two groups of theories 

attempt to explain the SMSI; one proposes the electron transfer from the support to the metal 

particle leads to negatively charged metal particles with reduced activity
35

. Another 

explanation claims the migration of partially reduced support moieties and partial 

encapsulation of reduced metal particles lower overall activity
36

, this explanation has been 
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determined experimentally. The SMSI effect for several platinum metals on nonreducible 

oxides is caused by the formation of intermetallic compounds (eg: AlxPty) upon extensive 

heat treatment in hydrogen at elevated temperatures
35

. Studies of the metal-oxide support 

interfaces have been performed for palladium on various oxide supports, the metal support 

interaction is found to be dominated by the formation of these intermetallic bonds
35

. In the 

case of Pd-Ce alloy multi-intermetallic (Pd7Ce3) bonds occur lowering the partial positive 

charge of Pd at the interface. These strong interfacial intermetallic phases are stable only at 

temperatures above 427°C
35

. The strength of these bonds is controlled by the reducibility of 

the support and influences the nature of the interface particularly in oxygen transfer 

capability. In some cases (eg: Rh-Ce ) alloying does not occur and the interface is dominated 

by ionic interactions where oxygen features as a key substituent.      

There is variation in literature regarding the nature of the metal/support interaction in noble 

metal/ceria catalysts
35

. A peculiar behaviour is exhibited by noble metal/ceria catalysts upon 

increasing the reaction temperature. The so-called SMSI effect is characterised by four 

features; firstly it is associated with reducible supports, secondly it is induced by high 

temperature (Tredn ≥ 450°C) reduction, thirdly the onset of the SMSI state effects great 

disturbance in the chemical properties of the dispersed metal phase. A strong inhibition of the 

chemisorptive properties and significant changes in the catalytic behaviour occur. Fourthly 

the effect is reversible, high temperature reoxidation (Treoxn ≥ 450°C) followed by a mild 

reduction treatment may recover the conventional behaviour of the supported metal phase. 

The SMSI effect has previously been used strictly for metals supported on oxides with TiO2 

rutile structure
35

. The existence of well defined epitaxial relationships of noble metal/ceria is 

proof of a coherent interaction. However this interaction is independent of reduction 

temperature. Both Pd and Rh exhibit epitaxial crystallites on the ceria support
35

.  
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As mentioned before ceria is a distinct type of support as an f block metal and the only 

lanthanide to exhibit the +3/+4 redox couple. Ceria possesses previously unoccupied f states 

and f states exhibit novel effects on the band. Although it may fit into the general category 

the metal support effect is more specific than the type of the Strong Metal Support 

Interaction. Predominantly the redox properties and subsequent oxygen transport coupled 

with a unique electronic structure including the f states bestow this support and metal support 

interaction with a uniqueness that deserves a class of its own. In understanding this 

interaction we delve the fundamentals of the metal support contact starting with Schottky 

junction formed at the metal-semiconductor interface. 

A classification needs to be made in describing the metal-support interactions as falling into 

two categories, main group oxides and transition metal oxides. Amongst these categories 

trends arise owing to the formation of covalently bound compounds. Deposition of Pd and Pt 

on ceria involves electronic effects that do not occur in oxides earlier in the periodic table
37

. 

It should also be taken into account that ceria is unique in the rare earth elements. The 

particle size is also a reason for variation in the metal-support interaction, larger particles are 

more anchored to the lattice
37

, however in this project we are considering primarily cluster 

sizes of less than 50 atoms in the experimental work and 10 atoms in the theoretical work. 

This metal support interaction is characterised by the redox potential of the oxide support and 

the cationic species of the deposited metal observed on the interfacial monolayer. This 

cationic species is a distinction in the metal-support interaction and can be attributed to a role 

in determining catalytic activity. The origin of the cationic species lies in the induced 

electrostatic forces at the metal-support interface when an active metal is deposited on an 

oxide support. It is proposed that the interfacial cationic metal species is propagated and 

stabilised by neighbouring anionic oxygens at the metal-support interface.  



Chapter 1. Introduction 

28 

 

The metal/support interaction phenomena was investigated by high resolution transmission 

electron microscopy (HTREM) and characterised at various reduction temperatures for Pt, 

Pd, Rh/CeO2
35

. Of particular interest for this thesis is the change in chemical properties 

(deactivation) and the reversibility of the deactivation. Significant differences were observed 

in the behaviour of the noble metals. Pd alloying was observed to occur and confirmed by X-

Ray Diffraction (XRD)
35

. No stoichiometrically well defined Pd-Ce phase was observed, the 

formation of a solid solution of Ce in a Pd lattice is suggested. This Pd-Ce alloy is postulated 

at reduction temperatures as low as 500°C, it becoming the major phase after reduction at 

600°C or 700°C
35

. Alloy formation of Rh with Ce is not observed. Rh, Pt and Pd display 

decoration effects where the ceria migrates to the top of the metal crystallites during 

reduction. These decoration effects are observed upon reduction at 600°C (Pd) and 700°C 

(Rh, Pt) however these effects are of no concern in our studies as these temperatures are not 

investigated, catalytic activation in our system was found to occur at 400°C. Reoxidation at 

500°C does not allow recovery of the noble metal NM/CeO2 catalysts from the decoration or 

alloying phenomenon. Much higher reoxidation temperatures are required to achieve this 

objective
35

. 

Additionally the HTREM studies have excluded the metal decoration and alloying 

phenomenon as factors in determining the chemical behaviour of the NM/ceria catalysts 

reduced at 500°C or less
35

. At temperatures above 500°C alloying and decoration has 

deactivation effects on the chemisorptive properties of the catalyst. Electronic effects are 

thought to be responsible for the observed chemical changes at the lower temperatures. 

Electronic effects may also be responsible for the deactivation at the higher temperatures
35

. 

An ultraviolet photoelectron spectroscopy (UPS) study of rhodium on a ceria (111) oriented 

thin film shows a remarkable change in surface band bending when the reduction temperature 

is increased to 500°C. This electronic perturbation causes drastic changes in the occupation 
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of the electronic states near the Fermi level with the subsequent loss of hydrogen adsorption 

capability of the metal. The electronic phenomena are correlated with the presence of oxygen 

vacancies in the ceria support
35

.  

Metal support phenomenon related with ceria appear at temperatures higher than investigated 

in this project (max 400°C). The catalytic activation of the Rh,Pd/ceria catalyst appears under 

reaction conditions at 400°C and the onset of the metal support phenomena occurs at 500°C. 

The SMSI effects are not regarded to occur in this thesis however the occurrence of this 

phenomenon with both metals supported on Ceria indicates the potential of the metal support 

interaction to undergo a reversible elevated temperature induced deactivation.    

Studies of Au on stoichiometric TiO2
38

 show that Au atoms are preferentially bound to the 

bridging oxygens of the surface. On addition of CO to Au/TiO2 the Pauli repulsion of the 5σ 

orbital destabilises the 6s states of Au which is pushed to the 3d state of TiO2. A Au cation is 

formed on the loss of the 6s electron and a strong bond with CO arises
38

, close to that of a gas 

phase Au
+
-CO species. Indeed it has been proposed that the high activity of Pd in catalysis 

can be accounted for by cationic centres
39

. Moreover, the metal support interface has long 

been proposed to be the active site for interfacial catalysis. The role of the chloride precursor 

used in the preparation in charge transfer is also under scrutiny. A Ce
III

OCl phase is proposed 

to form in the presence of Cl
40

 which reduces the ceria surface and contributes to the 

formation of cationic palladium at the interface. As shown in figure 1.9 the higher energy of 

Pd shown in the XPS results of the Pd-DP (deposition precipitation) catalyst in which PdCl2 

was used as the interface evidences the existence of a cationic palladium species
25

. The Pd-

IMP (impregnation) method used Pd(NO3)2 as the precursor.   

Deactivation by the metal support interaction occurs by two mechanisms, either decoration of 

the active metal clusters by a support moiety or electronic effects that act to build up the 

negative charge on the metal cluster. These deactivation mechanisms are studied by high 
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temperature hydrogen or CO reductions. At which point for M/CeO2 the decoration effects 

are considered not reversible where the electronic effects are reversible
35

. This electronic 

activated state is intrinsic of the precipitation deposition preparation method and electronic 

deactivation occurs by reduction at temperatures below 500°C
35

. 

 
 

Figure 1.9: XPS of 3  wt.% Pd/CeO2 after reaction at 180°C
25

 

 

1.7 Supported Clusters 

Supported nanoclusters are a contemporary area of research and theoretical techniques form 

the starting point for research and development of the nanosystems. This work implements 

the DFT based computational methods to study supported metal nanoclusters, free metal 

nanoclusters and the bare support. It is the structure of the supported metal nanocluster and 

the metal-support interface this project investigates to gain insight into the real catalyst. This 

project also presents a number of characterisations of the Pd/Rh nanocatalyst revealed in the 

following chapters. Coupling of theoretical studies with experimental work is the leading 

edge of research in supported clusters and researchers are building knowledge of the 

supported nanosystems using this approach. However computational techniques can be ill 

equipped for the challenges of studying nano-scale behaviour and in many cases the links 
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between theory and practice are incomplete
41

. Nanosystems and hence supported 

nanoclusters are a most difficult area of investigation as the nanoscale possesses properties 

that are not attributed to the bulk systems. Moreover the interface of the nanosystem with the 

support bestows further complications on the task. Interaction of the support with nano-

clusters influences the clusters in ways that are not fully understood. This project forms a 

contemporary research area of ceria supported noble metal clusters in attempts to elucidate 

the metal support interaction and catalytic capability of the system. The supported clusters 

bear semblance to similar systems in their character although again the exact nature of these 

systems remains yet to be resolved. Supported nanoclusters have been investigated for 

Pt/Alumina
41

, Ag/Ceria
42

, and Au/Ceria
43

, Rh/Ceria
44

, Pd/Ceria
44b,c

 and Pt/Ceria
44b

. Studies 

of the model Pt10/Alumina system
41

 serve as a preview of the complexity of the nanocluster 

support interaction with nonbulk properties arising at the nanoscale. Unusual properties 

including large structural disorder, negative thermal expansion and temperature induced 

electronic fluctuations are observed. These novel properties are traced to a transient metal 

support interaction and subsequent flexibility in the structure of the nanocluster. Studies of 

Ag/Ceria
42

 indicate the affinity of the ceria support to maintain a strong metal support 

interaction with nanoclusters of the late transition metals. This affinity is found to be rooted 

in the adsorption of the metal to the defect sites of the support namely oxygen vacancies, 

kinks, steps and edges. A comprehensive review of computational studies of Au supported on 

ceria is given
43

. The authors focus on the choice of Hubbard value U, level of theory and the 

geometric and electronic interactions at the interface. Charge transfer is found to be 

predominant at the interface and preferential binding of Au atoms to oxygen vacancies the 

defining factor in cluster formation. Au atoms adopting oxygen vacancy positions are found 

to take on negative charge whilst subsequent adatoms in contact with the oxide are found to 

adopt net positive charge. M4 clusters adsorbed on the ceria surface were studied
44b

 where it 
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was found that the clusters had preferred resting position with oxygen bonds at the vertices 

but no cerium atoms directly beneath. Bader charge analysis shows a net positive charge 

develops on the interfacial metal atoms.  

In DFT studies of the adsorption of atomic gold at various ceria sites it has been found that 

the support can act as both the electron donor, as in the reduced support and the electron 

acceptor as in the stoichiometric oxidised support
45

. In the reduced support the Ce(4f) states 

are occupied and on contact with an impinging metal transfer charge to the metal forming a 

polarised interface that exhibits a net ionic attraction. In the oxidised interface the f states are 

not occupied and act as the acceptor state. It is proposed that the transfer of charge of the 

metal to the support occurs via the antibonding states of the Au-O interaction which tunnel 

into the empty f states
45

. Thus the bonding interaction is profoundly different on the reduced 

and oxidised surface. On the reduced surface a strong ionic attraction exists whereas in the 

oxidised surface the bonding mechanism is dominated by Ce-O-Au interactions.        

In studying the ceria supported nanoclusters in this project we first take a look at 

characterisation techniques by x-ray photoelectron spectroscopy (XPS), x-ray absorption 

spectroscopy (XAS) and high resolution transmission electron microscopy (HRTEM). 

Initially we characterise the post reaction catalyst, before looking at hydrogen treated catalyst 

and CO reduced catalyst and moving to computational studies. The supported nanoclusters 

form a mid point between atomic and bulk like properties and are quite unpredictable without 

high performance computing power. The nanoclusters and the support are composed of 

transition metal elements and hence interactions can be predicted by one’s knowledge of the 

transition metals and oxides.  

Late d metals display a unique interaction with the earlier metals of the group. The latter of 

the group can be considered as electron rich when interacting with the relatively electron poor 

earlier metals of the d series. The latter of the group donate to the bond with the electron 
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deficient typically supporting earlier metals
8
. The earlier of the group are typically more 

stable as an oxide due to weaker d-d interactions and the low energy s,p-d hybridization. Bulk 

d metals display sp-d hybridisation as a function of energy favourable structural stability, this 

hybridisation leads to the formation of the BCC structure type in the earlier of the transition 

metals. However this sp-d hybridisation is less influential in nanoclusters as the mean 

coordination is lower. The latter d block exhibit higher d band occupancy and properties 

concomitant with the greater influence which this exerts in the formation of FCC structures. 

It can be seen in computational studies later in this work that an FCC structure is maintained 

in the tetrahedron shaped clusters. Active metals deposited on early transition metal oxides 

effectively attain a Schottky junction. The oxide has a lower workfunction than the metal 

making electron transfer from the metal to the oxide unfavourable, bounded by the Schottky 

barrier. Fundamental physics of the contact aside impinging electrons from the active metal 

encourage reduction of the surface of the supporting oxide and the Schottky junction aids in 

oxygen abstraction; and in the case of facile oxygen transport an oxygen deficient 

intermetallic phase is formed. The interfacial active metal is known to show a positive 

charge
25

 which is particularly active for σ bond activation. The positive charge on the active 

metal is regarded as the active site in interfacial catalysis. As mentioned before supported 

clusters show high surface to volume ratio as size decreases. The ratio of surface to volume 

and strong fluctuations at the interface effectively raises the electron flux of the active metal 

clusters. The interface plays a dominant role as a region of high electronic fluctuations in 

influencing the charge distribution over the cluster. The interface is the dominant feature in 

the supported nanocluster and understanding the electronic structure of the interface is a 

daunting task. The interface can be described by simplistic electron transfers but these fall 

short of developing a theoretical working model of the supported cluster. The interface 

possesses large charge fluctuations but the uncertainty remains in the effect of the interface 
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on the nanocluster. Indeed the interfacial contact is a region of complex electronic structure 

consisting of various electronic fluctuations and the underlying quantum dipole pinning. A 

region of such complex charge undoubtedly bears a remarkable effect on the supported 

nanocluster. In properly understanding the supported nanocluster one must strive to 

appreciate the effects of the interface and its influence on the nanocluster.  

Recent focus on the Au supported clusters as potentially active for oxidation processes shows 

Au is remarkable as it has catalytic activity at the nanoscale where it has no activity in the 

bulk. Reasons attributed to this nano-activity include structural effects, electronic effects and 

support effects. These are the main considerations when investigating supported nanoclusters.  

The support effects prove to be particularly difficult to determine and play the role of 

stabilizing the interface for designated reaction processes. The ceria support is known for 

stabilization of the deposited metal clusters, and interfacial activity in ethanol decomposition 

and water gas shift reaction. The facile reduction capability of the ceria surface appears as the 

obvious factor in this stabilization of the interface however more fundamental processes are 

at work in forming the interfacial contact.  

1.8 Aims 

This thesis aims at elucidating the metal support interaction and catalytic activation of the 

Rh,Pd/CeO2 nanocatalyst. The metal support interaction includes contribution from the f 

states of cerium and effects due to these states will be investigated. Interactions of the 

constituent metals with the support is also an area of interest as is the effects of the 

interaction under reducing and oxidising conditions. Understanding the mechanism of 

catalytic activation and subsequent bimetallic cluster formation is the predominant aim of the 

thesis as is characterising the bimetallic clusters and elucidating the structure of these 

activated metal clusters. Overall the thesis aims at a fundamental understanding of the ceria 

supported bimetallic nanoclusters. 
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Chapter 2 

Experimental and Theory 

In an investigation of catalytic activity this project delves the interface and metal 

nanostructure of the Rh,Pd/CeO2; a catalyst found to be highly active in ethanol steam 

reforming. Low loadings of the active Rh and Pd metals prove to be most active due to the 

corresponding higher metal-support peripheral boundary. This high activity can be traced to 

the stability of the metal-support interface and the added activity of the nanostructure. The 

project investigates the fundamentals of the catalyst by experimental and theoretical 

techniques aiming to understand the catalytic activity to aid in catalyst design. The techniques 

utilised in this thesis are discussed in this chapter. 

2.1 Catalyst Preparation 

 

The catalyst is comprised of Rh,Pd nanoclusters on CeO2 nanocrystallites. The catalyst is 

prepared by the precipitation deposition method. Cerium dioxide is precipitated from aqueous 

cerium nitrate hexahydrate (12 g in 250 mL deionised water) by addition of ammonia to pH 

9. The white and opaque cerium nitrate crystals are dissolved in an excess of milli-q water 

and aqueous 25 vol.% ammonia is added with constant stirring. A creamy slurry of cerium 

hydroxide is formed and expands until pH 9 is reached. The solution is then filtered to collect 

the cerium hydroxide, which is dried overnight at 60°C. The dried material is then transferred 

to a ceramic vessel and calcined in air at 500°C for at least 6 hours to obtain pure cerium 

dioxide. The cerium dioxide crystals are then ground to a fine powder using a mortar and 

pestle.      

The active metal is then deposited on the cerium dioxide by deposition from solution using 

metal chloride salts. Stock solutions of the designated metal chloride precursor were prepared 
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by dissolution of the RhCl3 or PdCl2 in 36 vol. % HCl, typical metal concentrations are of the 

order of 0.5 g/L. The Rh stock solution has a strong orange colour and the Pd stock solution a 

strong yellow colour. Designated volumes of stock solution are added to designated amount 

of cerium dioxide to obtain specified weight percentage loading on evaporation of liquid and 

salt. Stock solutions of metals are added simultaneously to ceria powder in a beaker, the 

liquid is evaporated on a hot plate at ~180°C with constant stirring until a slurry was formed. 

The slurry is then heated at 60°C overnight to fully evaporate all liquid, then transferred to a 

ceramic vessel and calcined at 400°C for three hours to yield fresh ‘as prepared’ catalyst. 

After calcinations the fresh catalyst was ground to a fine powder in a mortar and pestle. 

In the hydrogen reduction process a portion of the as-prepared catalyst was exposed to a flow 

of hydrogen gas (15 mL/min) in a borosilicate flow tube placed in a tube furnace. The 

furnace was heated to the designated temperature and hydrogen flow was maintained for the 

specified time, typically four hours. The vessel containing the catalyst was then removed 

from the flow tube and the catalyst was collected and reground to a fine powder.  

Catalyst preparation for the in-situ XAS experiments under CO atmosphere was made in a 

similar fashion to the method described above with the exception that an attempt was made to 

minimise the chlorine content in the catalyst. This was achieved in two ways, firstly the stock 

solutions were prepared using minimal HCl to dissolve the chloride salt and secondly the 

impregnated support was hydroxylated with distilled water before the deposition of the metal 

chloride. This step is thought to allow the abstraction of chlorine by reduction with the 

hydrogen of the hydroxyl
46

. Premade ceria was also used in this batch where precipitation of 

the ceria was omitted from the synthesis technique. A portion of ceria was weighed into a 

beaker and distilled water added to cover the powder. The resulting slurry was mixed before 

the desired amounts of aqueous precursor were added. The mixture was then heated on a 

plate with a stirrer bar and evaporated to a slurry. The slurry was transferred to a drying oven 
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at 60°C overnight (about 12 hours). The powder was then transferred to a ceramic vessel and 

calcined at 400°C for three hours before being ground finely in a mortar and pestle.     

 

 

2.2 X-Ray Photoelectron Spectroscopy 
 

 

X-ray Photoelectron Spectroscopy (XPS) is a soft X-ray analysis technique that allows the 

identification of most elements in the periodic table with the exception of hydrogen and 

helium. The method allows the determination of the oxidation state of an element, its vicinal 

species and provides information about the electronic structure. XPS can be used to analyse 

the surfaces of solids qualitatively, however it has limited applications in quantitative surface 

analysis and bulk analysis. A primary beam of X-ray photons interacts with the surface and 

the kinetic energy of the emitted beam of electrons is recorded.  

The X-ray beam (hν) of an anode displaces an electron e
-
 from an orbital with binding energy 

Eb. The kinetic energy of the displaced electron Ek is measured with an electron spectrometer 

and the binding energy can be calculated by the formula  

Eb =  hν – (Ek + Φ)          (6)  

 

 
 

Figure 2.1: Emission of a photo-electron by excitation from impinging X-Ray. 
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The binding energy of an electron is characteristic of the element and the orbital from which 

the electron is emitted. The spectrum consists of a plot of the number of emitted electrons as 

a function of their binding energy. Thus on the spectra we obtain distinct peaks for each of 

the various valence orbital electrons of the atoms in the surface being analysed. 

The XPS instrument in the Faculty of Engineering at the University of Auckland is a Kratos 

Axis UltraDLD system equipped with a hemispherical electron energy analyser.  

 
 

Figure 2.2: The Kratos Axis UltraDLD X-Ray Photoelectron Spectroscope in the Faculty of 

Engineering at the University of Auckland 

 

The instrument is equipped with an Al (K 1486.69 eV) X-ray source operating at 100 W. 

The main chamber (figure 2.2) is attached to a prechamber, followed by a loading bay and 

transfer arm, where samples are loaded through to a rotatable carousel in the main chamber. 

The three chambers of the system can be isolated with two manual drive gate valves. The 

sample is mounted onto a stainless steel stub and placed onto a rotatable carousel x,y,z 

manipulator in the main chamber. This transfer process is performed using the motorized 

transfer arm originating in the loading bay. The instrument illuminates a large area on the 

surface and using hybrid magnetic and electrostatic lenses collects photoelectrons from
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 a specified location on the surface. Charge neutralization was used to alleviate sample charge 

build up during X-ray irradiation, and resulted in a shift of approximately 3 eV to lower 

binding energy. The binding energy scale was subsequently corrected using adventitious 

hydrocarbon referencing (C 1s = 285 eV). Survey scans were collected with a 160 eV pass 

energy, core level scans were collected with a pass energy of 20 eV. A base pressure of 10
-9 

Torr was present in the analysis chamber throughout data collection. The samples were 

placed in the transfer arm in the loading bay and the arm was extended to the main chamber 

and fitted to the carousel. 

 
2.3 X-Ray Absorption Spectroscopy 
 
X-ray Absorption Spectroscopy is a technique where the absorption of X-rays of the sample 

is used to determine the fine structure, local structure, electronic structure including the 

oxidation state of the given atomic type. Synchrotron XAS uses a wiggler source providing a 

broader spectrum of radiation. XAS is performed by tuning the photon energy using a 

monochromator to a range where core electrons can be excited. The monochromator is 

composed of single crystal Si at the specified surface orientation where different crystal 

surfaces provide a different energy range. 

XAS data for the used catalysts was collected by collaborators at the NIST beamline X23A2 

at Brookhaven National Laboratory 2.8 GeV Synchrotron (BNL); XAS data from foils that 

are displayed in the following analysis were collected independently in transmission mode. 

Data were collected for the samples in fluorescence mode using a passivated implanted 

planar silicon (PIPS) detector and reference data were collected in transmission mode 

simultaneously downstream from the samples using Rh and Pd foils. Normalized and 

background subtracted XAS data was transformed from energy to momentum space to obtain 

the χ(k)function. χ(k)was then multiplied by k and by a Bessel function, B(k), to correct for 

high-k amplitude decay and termination broadening effects, before Fourier transforming χ΄(k) 
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= [χ(k) · k · B(k)] to real space. The magnitudes of the Fourier transform, | FT χ΄(k)|, is 

proportional to the distribution of atomic neighbors.  

 

 
 

Figure 2.3: A schematic of the experimental hutch at the Australian Synchrotrons XAS 

beamline courtesy the Australian Synchrotron. 

 
 

Figure 2.4: Photo of the experimental hutch at the Australian Synchrotrons XAS beamline. 

The large dome with the red stripe is the fluorescence detector. 
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Data for the hydrogen treated catalyst were collected at the Australian Synchrotron. 

Australian Synchrotron is a third generation 3 GeV Synchrotron that opened in July 2007. 

The XAS beamline is comprised of a 1.9 T Wiggler with an available energy range of 4-50 

keV. The beamline offers the choice of either Si(111) or Si(331) monochromator for 

optimising beam focus to either 4-22 keV or 5.5-37 keV respectively. The beamline currently 

offers the choice of transmission detection or fluorescence by the 100 element solid state Ge 

detector. 

The focussed beam then enters the experimental hutch and passes through a harmonic 

rejection mirror before passing a set of slits. These so-called JJ slits are recommended to trim 

the diverged tails off the focussed beam and centering of the slits is made with high precision. 

The beam then passes through the first ionisation chamber to measure the incoming radiation 

before passing through the sample and second and third ionisation chambers measuring the 

sample and reference as is the set up for a typical transmission experiment. The current in the 

ionisation chambers is monitored and controlled by the Keithley controllers which must be 

optimised before a sample scan is made. Once the sample is fixed in place it is adjusted 

remotely and quick XAFS is used to determine optimal sample measurement. For 

transmission the samples are typically diluted to obtain the ideal total absorption and edge 

jump required for an optimal signal and analysis.  

In fluorescence measurements approximately 10 mg of the catalyst sample was sprinkled 

over kapton adhesive tape which was fixed into a sample holder. The sample was prefrozen 

in liquid nitrogen before being placed in the sample holder under cryostat for measurement. 

The sample position was then digitally optimised for the pixel value before the fluorescence 

detector was initiated and a full scan was taken.    

There are three main regions in the XAS range the pre-edge, the rising edge investigated as 

(XANES) and the EXAFS, collectively referred to as XAFS or XAS. Studying the atomic 
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fine structure with x-ray absorption spectroscopy allows the determination of the subtleties of 

the nano-structure of the catalyst. The fundamental quantity measured in XAFS is the X-ray 

absorption coefficient µ(E) which describes how strongly a material absorbs X-rays at a 

certain energy. XAFS reveals the fine structure of the absorber in question by scattering of 

the photo-electron by neighbouring species. This effectively causes a variation in the 

absorption probability χ which is proportional to µ(E), which is realised in the full spectra 

(EXAFS). Green’s function separates the contributions from the central atom and scattering 

neighbours so that  

µ= µ0(1+ χ)          (7)  

where µ0 is the contribution from the central atom, the effects of the neighbours are 

represented by χ and seen in the extended ‘wiggles’ of  the absorption. When interpreted by 

Fourier Transform these modulations µ provide information about the order, structure and 

atomic number of the atoms. 

Data for the in-situ CO reduction process were collected at SPring8 beamline BL01B1. This 

beamline provides the facilities for in-situ investigation of the CO reduction of the catalyst 

under investigation. The beamline also offers the utility of the Lytle detector; a detector ideal 

for metal concentrations of the order of those studied in this system. SPring8 is the world’s 

largest synchrotron and has a storage ring containing an 8GeV electron beam. The name is an 

acronym of Super Photon ring 8 GeV. Synchrotron radiation ranging from photon energy 300 

eV (soft X-ray radiation) to 300 keV (hard X-ray radiation) is available with the highest 

brilliance in the world, high energy gamma rays (1.5 - 2.9 GeV) and infrared radiation are 

also available. The beamline BL01B1 is used for XAFS measurements, the optical bench of 

which is shown in figure 2.5. 
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Figure 2.5: Schematic of the optical bench of SPring8 BL01B1 courtesy SPring8 

 

This experiment utilises the Lytle detector of which provides the detection specifications for 

the sample under investigation. The Lytle detector or fluorescence ion chamber detector is an 

ionisation chamber of different geometry with a large detection area. The use of slits allows 

the collection of photons over a large detection area and the use of filters allows the rejection 

of the elastically scattered background.  

The ion chamber gas was set before the beamline optics. In setting the beamline optics 

Si(111) was choosen as the monochromator first before the Bragg angle was set. The 

glancing angles (mrad) of the mirrors was then set using the formula θ = (50/Emax)-0.15 

where Emax represents the maximum energy of the XAFS scan. The desired slit widths were 

then set before the program was started. 
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Figure 2.6: Photograph of the Lytle detector used in this experiment. 

 

Supplied standards of Rh foil, Pd foil, Rh2O3 and PdO were measured in transmission mode 

before the in-situ experiment was commenced. The in-situ experiment required careful set up 

of experimental table including gas flow of He, CO and O2 through the reaction vessel. A 

specialised cell was used in the experiment and the powdered sample was manually pressed 

into the specified sample holder which was subsequently positioned in the reaction cell. The 

cell was closed with several layers of aluminium foil before being sealed with a screw on 

face. The Lytle detector was then positioned accordingly and the hutch closed. Scans were 

then commenced measuring the room temperature, untreated sample before a program was 

implemented with preset automatic temperature control. The gas flow was also controlled on 

the desktop. Both rhodium and palladium were measured sequentially in the same scan (20 

minutes total) and later separated by a data smoothing and conversion tool implemented as a 

macro on the software IGOR Pro. The in-situ measurements were complimented by a real 

time mass spectrometer allowing observation of the gaseous products in the cell containing 

the catalyst.  
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Figure 2.7: The experimental bench of the BL01B1, at centre of the image is the in-situ cell, 

on its opposite face the catalyst is placed. 

  

Collected data were manipulated with Athena and analysed with Artemis both included in the 

XAS data analysis software package Horae
47

 based on the IFEFFIT libraries
48

. Fits of the 

experimental data with the theoretical crystal structure were carried out using Artemis. Fitting 

parameters were extracted including the bonding distance R, the coordination number CN, a 

mean square disorder σ
2
 and an energy shift E0. The coordination number was calculated by 

setting the amplitude (A) to an experimentally obtained value and setting the passive electron 

reduction factor (S02) to CN x A. On occasion varying of the amplitude within reasonable 

values (1-0.8) was required to obtain a reasonable coordination number.  
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2.4 High Resolution Transmission Electron Microscopy   
 
Transmission Electron Microscopy is an imaging technique where a beam of electrons is 

transmitted through a specimen, interacting with the specimen as it is transmitted. An image 

is formed as the electrons pass through the sample and the image is magnified, focussed and 

passed onto an imaging device. High Resolution Transmission Electron Microscopy as the 

name suggests is a high resolution imaging mode of TEM that allows atomic resolution of a 

crystallographic sample. HRTEM is an imaging technique that obtains atomic scale 

resolution of up to 0.8 Å. HRTEM is an invaluable tool in studying the surface nanostructure 

of crystalline materials.  

The HRTEM results presented in chapter 3 were carried out at the Universitat Politècnica de 

Catalunya, Barcelona, Spain, with a JEOL JEM 2010F electron microscope equipped with a 

field emission gun at a voltage of 200 kV.   

Powdered samples of both fresh and used (~ 15 hours of catalysis) ½%Rh,½%Pd/CeO2 were 

prepared for HRTEM by dispersion in ethanol in an ultrasonic bath. A drop of this 

supernatant solution was poured onto a porous carbon coated grid which was dried before 

measurements. Magnification and lattice constants were calibrated with appropriate standards 

under the same conditions. 

The HRTEM measurements presented in chapter 4 were carried out at the Monash Centre for 

Electron Microscopy, Melbourne, Australia. The Double Abberation-corrected FEI 

Titan 80-300 TEM with a 300 kV field emission gun was used. The Titan is equipped with a 

EDAX 30 mm
2
 retractable Si(Li) X-ray detector/analyser and Gatan Tridiem 863 P image 

filter with a high stability tomography goniometer. The Titan 80-300 instrument is the first 

aberration corrected microscope in Australia and the fourth double-abberation corrected 300 

keV Titan microscope world-wide. The aberration correctors are complex electron-optical 

devices that correct aberrations in the microscope lenses. 
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Figure 2.8: The innards of the Titan 80-300 HRTEM,  

sample stick is placed in the central tower. 

 

The correctors require an extremely stable environment to operate at their best, the instrument 

is installed in an approximately 20 tonne steel Faraday cage to filter out unwanted magnetic 

fields and has multiple levels of mechanical, acoustic and thermal insulation. As a result the 

instrument has a resolution of under 0.1 nm. The microscope configuration includes electron 

tomography for three dimensional imaging of structures and an energy imaging filter for 

composition and bonding measurements.   

The powdered sample was ground to a fine powder and a carbon coated copper TEM grid 

was dipped directly in the powder and fine sample powder adhered to the sample holder. The 

sample holder was then searched under low magnification and areas of interest were marked 

for investigation under higher magnification. 

Lattice spacings were calculated from crystal structure data with the software package 

PowderCell 2.4
49

 and image manipulations were made with the software package ImageJ
50

. 
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2.5 Density Functional Theory 
 
Computational techniques have gained impetus as methods of predicting the properties and 

behaviour of materials and modelling nano-structures. These techniques use complex 

algorithms to define the ground state quantum mechanical interactions between electrons and 

nuclei. State of the art codes such as the Vienna Ab initio Simulation Package (VASP) allow 

accurate prediction of the structure and properties of materials by using molecular dynamics 

simulations. Catalysis is a contemporary topic moving to the nano-scale and increasingly 

relying on utilisation of computational techniques. The efficiency in nano-catalysis can be 

conceptualised by using DFT simulations of the various stages of the catalytic process. 

Simulations of the surface sites can gain an understanding of the geometric and electronic 

effects dictating the catalysis and lend insight into improvement of catalyst design. 

These studies implement the Vienna Ab-initio Simulation Package for theoretical 

investigations of the nano-structure of the solid-state. Studies have become directed at the 

behaviour of metal clusters on semiconductor metal oxides
44b,c,51

 and the reduction capacity 

of active metal dopants in metal oxide supports
45,52

. This thesis includes DFT studies of the 

metal-support interaction of the supported clusters in the monometallic and bimetallic Rh and 

Pd-CeO2 catalyst.  

VASP uses an all electron Density Functional Theory approach combined with a Plane Wave 

basis set and psuedopotentials or the projector augmented wave (PAW) method for the core 

electrons. PAW is a general approach to describing the electronic structure that unifies 

pseudopotentials and linearised augmented plane waves. The PAW approach is an accurate, 

computationally efficient method for treatment of the difficult highly polarised case of ceria. 

All calculations in this work are at the PAW GGA PBE level of theory with the standard 

PAWs used in all cases. The VASP PAW used in these calculations for Ce is the tetravalent 

PAW and treats the f shell as core electrons.  
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Competition between the core like and band like behaviour of 4f states of cerium 

compounds
53

 is an important factor in determining the physical properties. Rehybridisation at 

the surface and doping is another important factor in shifting 4f energy states. Even the 

difference in atomic and bulk cerium exhibit energy shifts due to radial extension, overlap 

and band like behaviour. The argument of the mode of 4f orbital being itinerant or localised is 

continuing and the mode differs between different cerium compounds and phases. Itineracy 

explains the physical difference between the gamma and alpha phase of ceria. At the interface 

and surface of the ceria slab the 4f electrons formed in the oxygen vacancies are considered 

to be localised states, however as the calculations show they also bear some delocalised 

character. 

VASP uses the Kohn-Sham formalism to solve the ground state orbital energy of the valence 

electrons moving in the effective potential at the designated exchange correlation functional. 

Optimisation proceeds via self-consistent ab initio local-density-functional calculations to 

obtain the electronic and structural minima. This technique is based on pseudopotentials, an 

iterative algorithm for the calculation of the electronic ground-state and of the Hellmann-

Feynman forces, and another choice of algorithm for the optimization of the atomic structure. 

In calculation of the electronic ground state VASP uses matrix diagonalisation techniques as 

in the residual minimisation method with direct inversion of the iterative sub space (RMM-

DIIS) algorithm.  

VASP allows the use of various functional such as LDA
54

, GGA-PW
55

, GGA-PBE
56

, 

LDA/GGA + U
57

 and the hybrid functionals B3LYP
58

, PBE0
59

 and HSE
60

. Local Density 

Approximation or LDA depends on the electron density at a point in space ρ(r) and the 

exchange potential εXC: 

 

 drrrrE XCXC )]([)()]([                                                                                            (8) 
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LDA based functional were the first and most simplistic exchange correlation of DFT and is 

also perhaps the most successful in the case of solid compounds. The Generalised Gradient 

Approach (GGA) is a more recently implemented level of theory that also uses the gradient 

of the electron density as well as the electron density and improves on LDA particularly in 

areas of low electron density. GGA is defined as such with     
    and     

    being the exchange 

potential at the LSDA and GGA levels respectively: 
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Various gradient corrected exchange correlation functional have been developed including 

that of Perdew and Wang (PW)
55

 and Perdew, Burke and Ernzerhof (PBE)
56

. The inclusion of 

the electronic correlation effects as a Hubbard penalty factor in GGA + U
57

 has also proven 

fruitful in modelling strongly correlated systems including f orbitals. The hybrid functionals 

as the name suggests are hybrids of DFT functionals with exact exchange energy obtained 

from Hartree-Fock theory. The hybrid used in VASP include Becke, 3 parameter Lee, Yang, 

Par (B3LYP)
58

,  Perdew, Burke and Ernzerhof with zero parameters (PBE0)
59

 and Heyd, 

Scuseria, Ernzerhof (HSE)
60

. The hybrid functionals are computationally more demanding 

than conventional techniques and are mitigated by lowering the degree of the Hartee-Fock 

exchange. B3LYP is defined by:  
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Where a,b and c were optimised to 0.20, 0.72 and 0.81 respectively.
61

 

GGA + U performed at the PBE level of theory is largely used in this work. U describes the 
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strong correlation of the f states of cerium in cerium dioxide
29

. The U value acts as an 

energetic penalty disfavouring doubly occupied 4f orbitals. The inclusion of U in DFT has 

corrected previous calculations for transition metal oxides possessing strongly correlated d 

and f states and correctly predicts the electronic properties of ceria. GGA PBE + U is 

implemented to yield the best accessible modelling of ceria dependent on the choice of U 

value. U values for oxygen deficient ceria have been calculated self consistently to yield a 

value of U = 4.5 eV
62

, however this value is disputed for Ce2O3 by more recent studies
29

. This 

project concentrates on CeO2 of which a U value of 5 eV has been chosen fitting with more 

recent studies of noble metals supported on CeO2
44a,52

.   

When considering the fundamentals of nanotechnology and atomic interactions evaluation of 

the electronic structure by DFT is a fundamental tool.  

The VASP code offers state of the art capacity for simulations of the structure of solid-state 

materials. The analysis of the interface at the metal-support junction is perhaps one of the 

most complicated regions of electronic structure owing to the manifold charge transfers and 

fluctuations. 

VASP offers theoretical insights into deciphering the physics of the interface in this most 

complex metal support interaction which include the f states of Cerium and active metal 

nanostructures. The analysis of the interface is made in parts and encompasses variables of 

the nanostructure of the active metals and interactions henceforth. Chapters 6 and 7 describe 

the VASP computations made in this thesis and links the output to aiding in catalyst design. 

 
2.5.1 VASP Input 
 

The VASP code requires the input of four files, POTCAR, POSCAR, INCAR and KPOINTS. 

The POTCAR contains the pseudopotentials as impletemented for and by VASP. The 

POSCAR contains the input geometry and atomic positions. The INCAR tells the code what 

sort of calculation one is carrying out and can contain a great variety of different parameters. 
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KPOINTS specifies the number of k points for the calculation in the coverage of the Brillouin 

zone.  

The Projector Augmented Wave pseudopotentials at the generalised gradient approximation 

of Perdew-Wang and Bennet were utilised for all calculations comprising the POTCAR input. 

Cerium shows the difficulty of the 4f orbital which is regarded as localised in the reduced 

ceria
29

 surface but is delocalised in Cerium-metal bonding interactions
63

. The PAW POTCAR 

implemented in this work is that of the highly localised 4f electron as treated as frozen in the 

core.   

Input geometries were largely built and manipulated with a GUI WXdragon
64

, comprising the 

POSCAR file. Calculation parameters were systematically determined. A large number of 

input parameters can be used and were used for the INCAR input; the most important of 

which will be henceforth described. Typical INCAR used for these calculations included 

parameters to speed up the calculations and parameters for linear mixing for surface 

calculations. Choice of ALGO influences the speed of the calculation; throughout these 

computations the choice of ALGO=FAST was widely used as it is the recommended 

algorithm, occasionally the choice of ALGO=Normal was used purportedly to have greater 

stability, but be slower. Broydens method with an initial linear mixing showed the best 

convergence behaviour for systems investigated. The cut off energy of the plane waves 

ENCUT was set at 550 eV throughout. The convergence criterion is specified by the flag 

EDIFFG, the following integer determines the maximum criterion for convergence; this can 

be specified as an energy (positive value) or as a force (negative value). ISPIN determines the 

treatment of spin polarisation, the parameter can take the value 1 for non-spin polarised 

calculation or 2 for spin polarised calculations. Non-spin polarised calculations were largely 

performed in this project, attempts at spin polarised calculations in the larger systems did not 

converge satisfactorily. The ceria support was modelled using a GGA + U level of theory; in 
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the implementation of GGA + U calculations several extra input tags are required by VASP 

(the tags actually indicative of LDA + U). Firstly the LDAU tag must be set to true, the 

choice of on-site coulombic interaction technique is specified with LDAUTYPE. 

LDAUTYPE implemented in these calculations was the default approach of Dudarev
65

. The 

correlation interaction in ceria is in the f state of cerium, this is implemented in VASP by use 

of the L quantum number for the f shell for cerium by setting LDAUL=3. Then the effective 

on-site Coulombic interaction parameter is added by setting LDAUU=5. The effective 

coulombic interaction of 5 is a satisfactory representation of the energetic penalty in electron 

correlation in cerium f states
44a,52

. LDAUJ or the effective on-site exchange interaction 

parameter was set to zero typical of the approach of Dudarev. In allocating the ISMEAR 

parameter for determination of the partial occupancies it is considered the structure has 

predominantly semiconductor character (thus ISMEAR=0 was chosen). Throughout the many 

calculations the ISMEAR value was changed between 0, 1 and -5 intermittently and as 

required.  

The KPOINTS typically used in these calculations was restricted to 1 1 1 in the larger 

systems. It should be noted that in surface calculations the recommended choice of KPOINTS 

in the interfacial direction (z) is limited to one. These systems are quite large and any larger 

KPOINTS settings at such high energy cutoff would require an immense amount of 

computation time. The high capacity computational resources available for this work are in 

demand and one must restrict calculations to reduce time. However for unit cells of ceria and 

metals the KPOINTS are set at a much finer mesh of 11 11 11. Consistently throughout the 

project the gamma centred mesh has been chosen for large cells . The gamma centred mesh is 

reported to allow faster computation time. The gamma point lies at the center of the Brillouin 

zone and odd numbered meshes are best centered on the gamma point. 

Following the standard procedure for the VASP code initial requirements in cell optimisation 
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are determination of the optimal lattice constant, this is best done using a loop script. Such a 

script performs energy calculation at varying lattice constants; interpolation of which allows   

determination of the lowest energy lattice constant. The output data is fitted with a quadratic 

curve and solving the derivative for y=0 yields the optimal lattice constant. Unit cells at the 

specified level of theory are tabulated with their optimal lattice constant. Standard PAW's as 

recommended for general use were utilised throughout this thesis. The standard Ce PAW was 

used in which the 4f states are frozen in the core. The standard O PAW was used and the 

standard Rh and Pd with both the semi core p and s states frozen.  

 
2.5.2 VASP Output 
 

Manipulation of data output by VASP has been made by a variety of methods. The output 

yields charge analysis, electron localisation function, density of states and ground state 

structures that must be manipulated by individual utilities. VASP charge analysis is output by 

the program on convergence and lists the charge analysis of the valence orbitals and the total 

electronic charge as a function of the Wigner-Seitz radius, RWIGS. The charge analysis is 

made using the sphere surrounding the atom as a function of the Wigner-Seitz radius 

specified by RWIGS. The charge analysis is a function of the RWIGS value and is thus quite 

subjective. The analysis does not fill the full space of the cell as the volumes of the spheres 

propagate interstitial space between them, thus the full charge of the cell is not realised in the 

summation of the spheres. Bader analysis
66

 is another charge analysis technique available that 

operates a script based algorithm in analysis of the charge density file CHGCAR. Bader 

analysis uses a grid method which is centred on atomic charge maxima to approximate total 

electronic charge. Thus the total charge of the cell is realised in the summation of the Bader 

atomic charges. Charge minima of the grid represent cut off points between charge maxima 

and effectively separate atomic species in approximation of atomic charge. The electron 

localisation function file ELFCAR is produced by VASP if requested. ELFCAR is visualised 



2.5 Density Functional Theory 

55 

 

using the structure visualisation program XCRYSDEN
67

 and first must be converted into the 

XCRYSDEN format using a seperate conversion script xsfconvert, the VASP CHGCAR file 

may also be visualised as such. WXDragon
64

 is the GUI used for structure illustrations and 

DOS diagrams.  
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Chapter 3 
 
Catalyst Characterisation Before and After 

Steady State Reaction 

   
This chapter covers the characterisation of the Rh,Pd/CeO2 catalyst used in the steady state 

reaction of the ethanol steam reforming process. Studies of the efficacy of low loadings of the 

Rh,Pd/Ceria have previously been made
4c

, the characterisation of these materials is shown in 

this chapter. The catalyst is characterised by XPS, XANES/XAFS, and HRTEM and presents 

an in depth set of findings for relating to the structure of the catalyst. Each technique presents 

its contribution to the understanding of the activity of the catalyst and the formation of the 

active phase of the supported nanoclusters. By unifying the findings of the three techniques a 

concept of the active catalyst is developed and this is related to the further studies of the 

active catalyst.   

 
3.1 X-Ray Photoelectron Spectroscopy 
 

XPS spectra of the catalyst as recorded are shown in the following pages. Typical binding 

energies of electrons in the metals are shown in the table below for various states encountered 

in this study including the metals, chlorides and oxides. The survey spectra are shown first 

with quantification of the species present (Figure 3.1 and 3.2). Survey spectra are recorded 

for the fresh and used catalysts and quantification of the atomic species are presented. 

Comparison of the metal states in the fresh and used catalysts is made for both rhodium and 

palladium metals. Analysis of the change of metal states over the reaction period lends initial 

insight into the activation of the catalyst.  
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Table 3.1: Typical binding energy for 3d5/2 electrons in Rhodium and Palladium
68

 

Element Compound 3d5/2 binding energy (eV) 

Rh Rh metal 307.1 – 307.2 
Rh

3+ 
Rh2O3 308.2 

Rh
3+ 

RhCl3 309.3 

Pd Pd metal 335.1 
Pd

2+ 
PdO 336.3 

Pd
2+ 

PdCl2 338.0 

 
 
3.1.1 XPS Data for Ceria Supported Catalysts (Fresh Catalysts) 
 
XPS spectra of various ceria supported Rh and Pd nanocatalysts are shown in figure 3.1. 

Elements identified in the near surface region of the samples were Ce, O, C (mostly 

adventitious), Cl, Rh and Pd. Their relative concentrations in the samples were determined 

from peak areas of the Ce 3d, O 1s, C 1s, Cl 2p, Rh 3d and Pd 3d signals, and quantified 

using sensitivity factors based on instrument modified Schofield cross sections. The results of 

the quantification procedures for the different samples are summarised in table 3.2.  

Rh and Pd loadings determined by XPS are in reasonable agreement with nominal metal 

loadings. Evidence for chlorine was found in all cases, the presence of chlorine is to be 

expected in the metal containing samples as the active metal precursor is the metal chloride. 

The presence of chlorine in pure CeO2 (in low concentrations of ~1%) cannot be explained 

and is most likely cross contamination from metal containing species.  

Freshly prepared ceria is predominantly Ce
4+

, but also shows some Ce
3+

 as expected for 

nanocrystalline ceria (e.g. CeO2-x). Distinguishing Ce
4+

 and Ce
3+

 is less obvious in the Ce 4d 

region than in the Ce 3d region. Ceria supported noble metal catalysts generally show less 

Ce
3+

. This is most likely due to the high metal loadings and the tendency of the 

deposited metal to aggregate at surface defects and vacancies. More metal at the surface 

effectively lowers the amount of reduced ceria on the surface. The intense peak at 529.2 eV is 

characteristic for lattice oxygen in ceria. The weaker feature at higher binding energy 

(~531.7eV) is due to either surface carbonates or hydroxyls. The C 1s response in figure 3.1 
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(a) CeO2

(b) 1%Rh/CeO2

(c) 1%Pd/CeO2

(d) 0.5%Rh,1%Pd/CeO2

(e) 2%Rh,2%Pd/CeO2

Ce 3d

Ce 4d

O 1s

C 1s

Rh 3d

Pd 3d

Cl 2p

 
 

Figure 3.1: XPS Survey spectra for freshly prepared catalysts; (a) CeO2; (b) 1 wt.% 

Rh/CeO2; (c) 1 wt.% Pd/CeO2; (d) 0.5 wt.% Rh,1 wt.% Pd/CeO2; (e) 2 wt.% Rh,2 wt.% 

Pd/CeO2. 

 

Table 3.2: Quantification based on peak areas of Ce 3d, O 1s, C 1s, Cl 2p, Pd 3d and Rh 3d 

for freshly prepared catalyst. 

 
 Atomic Concentration (%) 

Sample Ce O C Cl Rh Pd 

CeO2 15.24 39.41 43.95 1.40 - - 
1% Rh 18.38 45.67 30.93 4.13 0.89 - 
1% Pd 18.08 40.73 36.54 3.37 - 1.27 

0.5% Rh + 1% Pd 16.82 43.16 33.52 5.12 0.40 0.99 
2% Rh + 2% Pd 16.99 44.3 31.04 3.99 1.53 2.15 
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shows evidence for a surface carbonate species. The intense peak at 285 eV is due to 

adventitious hydrocarbon, and used for binding energy scale calibration. The weaker feature 

at higher binding energy (~289.0 eV) is typical for surface carbonates. Peak responses for 

rhodium are shown to occur around 310 eV and for palladium around 335 eV. Active metal 

species in the fresh catalyst are found to consist of the chloride and the oxide and shall be 

elaborated on in figure 3.2, figure 3.3 and figure 3.4.  

 

3.1.2 XPS Data for Ceria Supported Catalysts (Used Catalysts) 
 

As shown for the fresh catalyst the nominal metal loadings for the used catalyst are also in 

reasonable agreement with metal loadings as determined by XPS. The intense peak at 529.2 

eV is characteristic for lattice oxygen in ceria. The weaker feature at higher binding energy 

(~531.7eV) is due to either surface carbonates or hydroxyls. The C 1s response in figure 3.2 

also shows evidence for a surface carbonate species. The intense peak at 285 eV is due to 

adventitious hydrocarbon, and used for binding energy scale calibration. 

Reasonable agreement can be found in metal loadings as determined by XPS in both the fresh 

and used catalysts. The chlorine content of the fresh in comparison with the used catalysts 

differs significantly indicative of the action of the catalysis on the chloride ion. We see a 

decrease in chlorine content over the period of the catalysis for all rhodium containing 

catalysts. A persistence of chlorine is observed in the used catalyst and a complete resistance 

of palladium to total chlorine abstraction is determined. Rhodium and Palladium peak 

responses in the used catalyst were found to consist for rhodium of the metallic state and 

some oxide and for palladium of the metallic state, the oxide and some remaining chloride. 

These shall be discussed further in following pages. 
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(b) 1%Rh/CeO2
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Figure 3.2: XPS Survey spectra for used catalysts; (a) CeO2; (b) 1 wt.% Rh/CeO2; (c) 1 wt.% 

Pd/CeO2; (d) 0.5 wt.% Rh/1 wt.% Pd/CeO2; (e) 2 wt.% Rh/2 wt.% Pd/CeO2. 

 

Table 3.3: Quantification based on peak areas of Ce 3d, O 1s, C 1s, Cl 2p, Pd 3d and Rh 3d 

for used catalyst. 

 
 Atomic Concentration (%) 

Sample Ce O C Cl Rh Pd 

CeO2 18.63 45.55 34.82 1.00 - - 
1% Rh 16.09 40.69 39.97 2.49 0.75 - 

1% Pd 18.47 43.89 31.52 5.15 - 0.98 
0.5% Rh + 1% Pd 14.46 39.40 43.60 1.39 0.36 0.80 
2% Rh + 2% Pd 17.13 46.60 31.74 1.25 1.45 1.83 

 

 

The weaker feature at higher binding energy (~289.0 eV) is typical for surface carbonates. 
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3.1.3 Comparison of XPS Data for Ceria Supported Catalysts  

(Fresh and Used Catalysts) 

 

Spectra taken from Rh containing fresh catalysts show two distinct Rh environments. The 

main doublet at 309.3 and 314.1 eV (3d5/2 and 3d3/2, respectively) is typical for RhCl3 or 

perhaps a surface RhOxCly species, and the weaker doublet at 308.2 and 313.0 eV is Rh2O3. 

Evidence for chloride was also found in the survey spectra. 
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Figure 3.3: Rh 3d XPS spectra for fresh and used catalysts; (a) Fresh 0.5 wt.%Rh,1 

wt.%Pd/CeO2; (b) Used 0.5 wt.%Rh,1 wt.%Pd/CeO2 (c) Fresh 1 wt.% Rh/CeO2; (d) Used 1 

wt.% Rh/CeO2; (e) Fresh 2 wt.% Rh,2 wt.% Pd/CeO2; (f) Used 2 wt.% Rh,2 wt.% Pd/CeO2. 
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Spectra taken from Rh containing used catalysts also show two Rh environments. The main 

doublet at 307.2 and 312.0 eV (3d5/2 and 3d3/2, respectively) is typical for Rh metal, and the 

weaker doublet at 308.2 and 313.0 eV is Rh2O3. Evidence for remaining chloride is also 

found in the survey spectra. 
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Figure 3.4: Pd 3d XPS spectra for fresh and used catalysts; (a) Fresh 0.5 wt.%Rh,1 

wt.%Pd/CeO2; (b) Used 0.5 wt.%Rh,1 wt.%Pd/CeO2; (c) Fresh 1 wt.% Pd/CeO2; (d) Used 1 

wt.%Pd/CeO2 (e) Fresh 2 wt.% Rh,2 wt.% Pd/CeO2; (f) Used 2 wt.% Rh,2 wt.% Pd/CeO2. 

 

The reaction process evidently abstracts chlorine from the rhodium of the catalyst and the 

catalyst is activated in this abstraction. The presence of rhodium in the metallic state in the 
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used catalyst is a first indication of catalytic activation involving the formation of the pure 

metal sites on the support. The formation of the metallic state is an important point and this 

proof is re-iterated on when considering further characterizations in this chapter.    

Fresh ‘as-prepared’ catalysts show two distinct Pd environments. The intense doublet at 

338.0 and 343.3 eV (3d5/2 and 3d3/2, respectively) is likely due to PdCl4
2-

 or a surface 

PdOxCly species, while the weaker doublet at 336.35 and 341.6 (3d5/2 and 3d3/2, respectively) 

is due to PdO. In contrast used catalysts show three distinct Pd environments. The main 

doublet at 335.1 and 340.3 eV (3d5/2 and 3d3/2, respectively) is typical for Pd metal. The 

doublet at 338.0 and 343.3 eV (3d5/2 and 3d3/2, respectively) is likely due to PdCl4
2-

 or a 

surface PdOxCly species again, while the weaker doublet at 336.35 and 341.6 (3d5/2 and 3d3/2, 

respectively) is PdO. Evidence for chloride is also found in the survey spectra. 

Overall these XPS results show an activation of the catalysts is occurring over ethanol steam 

reforming period. The fresh catalyst has been prepared by precipitation deposition method 

where the ceria has been precipitated from Cerium Nitrate and the metal has been deposited 

via the metal chloride. For this reason the presence of chloride could be expected in the fresh 

metal containing catalyst. Indeed XPS results indicate the presence of the metal chloride and 

metal oxide only for the two metals rhodium and palladium. The oxide is a further product of 

the preparation as a final calcinations procedure is carried out after deposition of the metal. In 

the final step of the synthesis the catalyst is calcined at 400°C for six hours to drive off 

excess surface hydroxides and chlorides. The results obtained for used catalyst are somewhat 

more revealing. XPS of used catalyst indicate a change in states over the period of catalysis. 

Rhodium exhibits the most marked change of states with transition from chloride and oxide 

to the metallic state and further oxide as Rh2O3. It can be seen from HRTEM 

characterizations in chapter 3.3 as well as XANES/XAFS in chapter 4 and chapter 5 rhodium
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 undergoes a significant change from the as prepared state to the used catalyst corresponding 

to the almost complete loss of the chloride precursor. The reduction to rhodium metal over 

the catalysis is first indication of the existence of metallic clusters in the used catalyst. 

Palladium also undergoes reduction over the period of catalysis, the fresh catalyst consists of 

only the chloride and the oxide where the used catalyst also shows the presence of palladium 

metal. The persistence of chloride in palladium is an issue in the activation of the catalyst that 

need be overcome. Further studies will aim to address possible resolution of this issue. 

 
3.2 X-Ray Absorption Spectroscopy 
 

In preparation of the samples of 1% Rh on CeO2, 1% Rh-Pd on CeO2 and 1% Pd on CeO2 for 

XAS, powdered samples were spread over adhesive Kapton tape. X-ray absorption data were 

collected from the samples in fluorescence mode using a passivated implanted planar silicon 

(PIPS) detector. Reference data were collected in transmission mode downstream from the 

samples using Rh and Pd foils during Rh and Pd K-edge measurements.  

The nearest neighbor environments of Pd and Rh, represented by the respective |FT χ΄(k)| 

functions, are shown in figure 3.5. and figure 3.6. The insets within the figures show the χ(k) 

· k function and are provided as indicators of the quality of the raw spectra.   

On the other hand, the much smaller amplitude of the peaks in the nanoparticles is due to 

their higher number of low-coordinated surface atoms in comparison to their corresponding 

bulk metals. 

Adding a typical backscattered phase shift correction of 0.4 Å would increase the positions of 

the peaks due to oxygen neighbours to a range of 1.4-1.9 Å, a distance too short for metal-

metal bond distances in these samples. These peaks in both the Pd and Rh environments are, 

therefore, due to scattering from oxygen neighbors. 

The solid lines indicate the locations of the first 5 shells of neighbors in the Pd simple cubic 

structure.  
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Figure 3.5: The local atomic configuration around Pd centers in Pd foil (red), Pd catalyst 

(blue), and Rh-Pd catalyst (green) 
4c

. 

 

The cubic close packed structure of the metal are consistent for both the foil and 

nanoparticles, however the catalyst samples show inconsistencies in the oxide neighbours. 

The solid lines mark the simple cubic structure atomic positions in bulk Pd (Pd foil).  It is 

evident through comparison of |FT χ΄(k)| peak positions of both Pd-containing nanoparticle 

samples with that of bulk Pd (Figure 3.5), that the nanoparticle Pd environment is face 

centered cubic out to at least the 5
th
 coordination shell. We see the surface oxide clearly in the 

metal foil. The Rh-Pd catalyst particularly shows three peaks indicated as oxygen neighbours 

perhaps due to the distortion due to the inclusion of rhodium in the lattice; the three peaks are 

however not so distinct in the Pd only catalyst. Rh metal is influencing the electronic 

structure and neighbouring oxygen of Pd in the bimetallic catalyst. Electronic fluctuation in 
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the composite nanoparticles may allow some sort of bonding fluctuations in M-O-Ce. In the 

Pd-only catalyst the peaks appear not so well defined, probably due to electronic fluctuations 

in the nanocluster conceptualized as a Rh-Pd intermetallic state. The oxide peak of the metal 

foil shows the typical PdO bond distance of about 2 Å, the supported clusters show bond 

distances dissimilar to the reference value. The oxide peak of the bimetallic cluster centred at 

around 1.8 Å is most likely the oxygen neighbor of the nanoclusters corresponding to the 

reference peak of 2 Å.  

The Pd only catalyst shows shorter bond lengths due to contraction of bond lengths noted in 

nanoclusters. However for the bimetallic catalyst we see a shift in the opposite direction. 

Bimetallic nanoparticles show longer bond length due to weakening of the homoatomic 

bonding as the heteroatomic intermetallic bond shifts electron density away from the metal to 

the bimetallic bond. Bimetallic nanoparticles show longer bond length as the M(4d) → 

M(5s,5p) rehybridization essentially shifts electron density away from the transition metal to 

the Pd-Rh bond
8
. The cause of the effect of the rehybridisation can be traced to preservation 

of the d bond occupancy on interaction of d metals of different size. Orbital overlap decreases 

on introduction of a dopant to a lattice of shorter parameters, the orbitals rehybridise to 

conserve d band occupancy causing fluctuations in electronic states. A shift in peak response 

may be observed in such a rehybridised bond. 

In Figure 3.6 we see the nanoparticles have nearest oxygen neighbours closer than the bulk 

metal, and subsequent neighbours as compared with the bulk. Though a comparable order in 

the two types of nanoparticle can be expected. The Rh environment in the Rh-containing 

nanoparticles does not form the face centered cubic arrangement of bulk Rh.  In fact, there 

appears to be no significant structure in these nanoparticles beyond 3Å.  The starkly different 

atomic environment around Pd and Rh atoms in the Rh-Pd catalyst tells us that the Rh and Pd 

atoms are segregated into different atomic environments. 
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Figure 3.6: The local atomic configuration around Rh centers in Rh foil (red), Rh catalyst 

(blue), and Rh-Pd catalyst (green) 
4c

. 

 

In the case of the Rh nanoparticles, the amplitude of the nearest-neighbor (nn) Rh peak is 

significantly smaller than the corresponding Rh nearest-neighbor peak amplitude in Rh-Pd, 

which could be due to increased structural disorder at Rh sites in Rd-Pd catalysts in 

comparison to pure Rh ones. The Rh peak for Rh-Pd is 1.5 times as high the Rh catalyst 

alone, explained by the Rh-Pd catalyst having Rh mainly only on the surface of the 

nanoparticles in a composite form a less ordered structure of Rh overall. The foil has an 

oxygen neighbour attributed to the surface oxide, whereas the nanoparticles have oxygen 

neighbours at varying distances; the Rh-Pd sample shows nearest oxygen closer than Rh only 

particles, but next nearest neighbour at equal distance, this could be due to electronic 

fluctuation in the Rh-Pd catalyst. The Rh catalyst also shows a third peak attributed to noise
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that the bimetallic nanoparticles do not show. 

Bond distances for Rh-Pd to O of 1.4 Å and 1.9 Å are consistent with typical oxide bond 

lengths as shown by DFT. Figure 3.6 shows a lack of structure in both the monometallic 

catalyst and bimetallic clusters conforming with the solubility of rhodium in the support and 

surface energies dictate Rh forms a crust on Pd (Figure 1.2). When compared to the foil 

standard, the nearest oxides indicate the metallic nature of Rh in the bimetallic environment 

and the sub-metallic nature in the mono-metallic environment. Rhodium is not seen to 

develop a cubic close packed structure in either catalyst samples, not even a second nearest 

neighbour is detected in either sample.  

It is obvious from these results coupled with surface energies as indicated in chapter 1 and 

HRTEM in the following section 3.3, palladium forms the core of the bimetallic clusters and 

rhodium forms a composite crust on the cluster that has minimal cubic close packing 

structure. Rh bond lengths vary in the bimetallic cluster due to the existence of rhodium as a 

shell on the palladium clusters and therefore exhibit no s,p-d mixing and a weaker d-d 

interaction. Rh only catalyst exhibits solubility in the support due to similar sesquioxide 

structure of the oxides this also can be assumed to be responsible for the increase of bond 

length observed. Also the shift in the peak of the nearest neighbours could be due to a change 

of lattice constant observed for nanoparticles or an electronic fluctuation in the interfacial 

alloy.  

 
3.3 High Resolution Transmission Electron Microscopy 

 
HRTEM was carried out at Universitat Politècnica de Catalunya, Barcelona, Spain with a 

JEOL JEM 2010F electron microscope equipped with a field emission gun at a voltage of 200 

kV
4c

. Powdered samples of both fresh and used (~ 15 hours of catalysis) ½%Rh,½%Pd/CeO2 

were prepared for HRTEM by dispersion in ethanol in an ultrasonic bath. A drop of this 
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supernatant solution was poured onto a porous carbon coated grid which was dried before 

measurements. Magnification and lattice constants were calibrated with appropriate standards 

under the same conditions. 

In addition to well-defined CeO2 crystals, HRTEM characterization of the ‘as–prepared’ 

catalyst indicates that the sample contains two types of particles that differ strongly in size. 

On one hand, there are particles of size around 1.0-1.2 nm. One of these particles is shown in 

profile view in figure 3.7 and marked by an arrow. There is a strong contact between the 

particle and the CeO2 support. Unfortunately, it has not been possible to obtain direct 

structural information about this second type of particles, but from the information gathered 

by HRTEM in the sample after reaction, they may correspond to metal particles. The second 

type of particles present in the sample corresponds to particles that are larger with sizes 

centered at 5-7 nm like those shown in figure 3.8. These particles are not well-faceted and 

exhibit lattice fringe spacings corresponding to Rh2O3. From figure 3.8 it is evident that there 

is no apparent epitaxial growth of Rh2O3 crystallites on CeO2. Also, the edges of the Rh2O3 

crystallite are poorly defined with respect to the edges of the CeO2 supporting particle. This 

could be related to the presence of a thin amorphous envelope around Rh2O3 crystallites. In 

Figure 3.7 the (111) facet of ceria is indicated as the face supporting a small particle. With 

dimensions around 1 nm and having been detected in the side on profile it is not possible to 

obtain a diffraction pattern for this particle. Thus no structural information of this particle can 

be determined. Given the size of the particle and the semblance to the type of particle 

identified in the used catalyst it is apparent this is a palladium cluster on the support. XPS has 

identified the presence of Pd metal and PdCl2 species in the fresh catalyst thus this supported 

cluster can be attributed to an aggregate of Pd metal and PdCl2. 

The particle identified as Rh2O3 may be exhibiting an oxide crust after calcination. XPS has 

identified the presence of both RhCl3 and Rh2O3 in the as-prepared catalyst, the particle thus 
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likely contains RhCl3 in its bulk. The crystallite is not particularly well defined perhaps 

indicative of a composite nature. 

 
 

Figure 3.7: As-prepared catalyst sample. The arrow marks what is likely the deposited Pd
4c

. 

 
 

Figure 3.8: As-prepared catalyst sample shows the pre-reaction state of rhodium
4c

. 
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Figure 3.9: Post-reaction Rh/Pd nanoparticles
4c

. 

 

Figure 3.9 and Figure 3.10 indicate the clusters present in the used post-reaction catalyst
4c

. 

No Rh2O3 particles are detected indicating the Rh2O3 has most dissipated and apparently 

rhodium has formed a composite structure with palladium. Growth of the clusters over the 

reaction period has been identified by HRTEM where pre-reaction metal clusters are found to 

be of smaller dimensions than the post reaction clusters.  

When coupled with the above XPS and XAS analyses it can be deduced that the clusters of 

the used catalyst are composed of palladium core with a rhodium shell. The existence of Rh 

with metallic type oxide neighbour in the used catalyst is further evidence of the bimetallic 

nature of the clusters, indeed XPS indicates both metallic Pd and Rh exist in the post reaction 

state. Rhodium exists as a metal on the Pd metal core in the bimetallic cluster. The clusters 

can be seen to appear like raised knots on the ceria surface, Fourier transform imaging takes a  
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Figure 3.10: HRTEM of the post reaction nanoclusters, arrows marked a and b denote 

nanoclusters. Increased magnification and fourier transform images are shown
4c

. 
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Figure 3.10: HRTEM of the post reaction nanoclusters, arrows marked a and b denote 

nanoclusters. Increased magnification (right) and Fourier transform images are shown
4c

. 

 

closer look at the clusters. A general, low-magnification high-resolution transmission electron 

microscopy view of the sample after reaction is shown in figure 3.9 CeO2 particles are well- 

faceted and exhibit sizes mostly in the range 10-15 nm. Small particles depicting higher 

electron contrast can be recognized in thin areas of CeO2 particles (like that corresponding to 

the left side of figure 3.9). These particles under higher magnification appear to be crystallites 

of 1.2 - 1.4 nm in size, two of these crystallites are marked “a” and “b” in figure 3.10. The 

corresponding Fourier Transform images of the crystallites show the presence of spots at 2.2 

Å and in the crystallite labeled as “b” two spots at 2.2Å are separated by about 70°. This is a 

clear indication that the crystallites are oriented along the (110) crystallographic direction. 

Palladium and rhodium metals exhibit (111) crystallographic planes at 2.246 Å and 2.196 Å 

respectively. The determined value of 2.2 Å indicates the presence of either or both palladium 

and rhodium. No oxide particles have been detected by HRTEM in the used catalyst nor has 

any carbon deposition been observed. It should be emphasized that palladium and rhodium
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 metal crystallites are encountered in close contact with the support and always  well 

dispersed,, but the presence of smaller particles that escape HRTEM detection is possible. 

These clusters represent the root of the high activity of the nano-catalyst. It has been 

determined in earlier work
4c

that steady state reaction of Ethanol Steam Reforming is the key 

to activation of the catalysts to form these bimetallic clusters. The bimetallic clusters seen in 

these HRTEM images form the basis of the high catalytic activity of the Pd,Rh/CeO2 for 

ethanol steam reforming. The clusters are believed to aggregate at vacancies and defects at 

the ceria surface
42

, and their high activity is in the stability of the interface they form with the 

support. The catalyst of low loadings of active metal obtains the highest activity due to the 

formation of these nanoclusters with the stability of the metal support interface.  

This project delves further into the activation of the catalyst by formation of these clusters; 

their structure and interfacial bonding mechanism. 

 

3.4 Summary 
 
XPS shows the states of the metals before and after the catalysis. Of main interest is the 

presence of chloride disappearing from the rhodium species and persisting in palladium. The 

reduction of the metal chloride to the metallic state is evidenced by XPS and the presence of 

both rhodium and palladium metal in the used catalyst is initial insight into the bimetallic 

clusters as shown in HRTEM. XAS elucidates the local atomic configuration of the metals in 

the used catalyst and indicates the structure of the clusters is of palladium comprising the 

core of the cluster with rhodium forming the outer shell. The configuration is consistent with 

the surface energies of the metals and the known lack of solubility of the metals with respect 

to one another. The HRTEM images collected show examples of the bimetallic clusters. 
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Chapter 4 

XANES and HRTEM of Hydrogen Reduced 

Catalyst 

In this chapter characterisations of the hydrogen treated ½%Rh,½%Pd/CeO2 catalyst are 

presented. Hydrogen reduction is a typical pre-treatment procedure associated with reduction 

of the surface and modification of the active site. The hydrogen treatments are conducted to 

identify the effects of such a pretreatment on the active metal clusters under elevated 

temperature. X-ray Absorption Spectroscopy in both transmission and fluorescence mode as 

well as High Resolution Transmission Electron Microscopy were used to characterise the 

catalyst. The effects of elevated temperature hydrogen reduction on the ‘as-prepared’ catalyst 

are elucidated. 

 
4.1 X-ray Absorption Spectroscopy in Transmission Mode 
 

X-ray absorption spectroscopy measurements in transmission mode were performed on 

hydrogen treated catalyst at the Australian Synchrotron XAS beamline. For hydrogen 

treatment the ‘as-prepared’ catalyst was ground to fine powder and reduced in a 15 mL/min 

flow of H2 at the indicated temperature. Hydrogen reduced catalyst samples of 150 mg were 

pressed in the 13 mm die set without binder; 60 mg BN binder was used for the 20 mg 

reduced Rh metal standard. XAS measurements show the behaviour of Rh over the 

temperature regime of 100°C - 400°C. In the 100°C reduced catalyst a strong absorption 

feature due to rhodium is observed, this feature disappears in the 200°C reduced sample, 

remains elusive in the 300°C reduced sample and reappears in the 400°C reduced sample. 

Studies of the Rh/CeO2 interaction using H2 gas temperature programmed reduction indicate 

that the reduction of the Rh2O3 occurs at temperatures as low as 60°C
69

. In this system it is 
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believed that the metal support interaction maintains cationic Rh
3+

 until the reduced 

aggregate has formed. It has been reported that at 300°C Rh2O3 has diffused into the reduced 

Ce2O3 structure under hydrogen atmosphere
69

. Two types of CeRhOx intermetallic compound 

have been identified
70

 and these types of compound are proposed to be present during the 

activation period. The XANES spectra shown in figure 4.1 confirm that on reduction at 

elevated temperature rhodium oxide nano-particles dissipate over the ceria surface and 

become dissolved in the CeO2 support. The metal dispersion is too low for transmission 

detection at 200°C and 300°C and higher local concentrations are detected at 100°C and 

400°C when the metal aggregates into clusters. At 100°C the clusters are composed of Rh2O3 

and RhCl3 and at 400°C the clusters are most likely composed of aggregates of RhCl3, PdCl2, 

Rh2O3, and PdO. The low signal/noise ratio is due to sample inhomogeneity, such 

concentrations are more suited to measurements in fluorescence mode. The XANES results 

obtained from the sample reduced at 100°C shows a distinct Rh K edge absorption 

evidencing the presence of rhodium aggregates. However at higher temperatures of 200°C 

and 300°C rhodium has been dispersed and integrated into the CeO2 support. 

At 400°C regions of high local concentrations of rhodium are established, it can be assumed 

that this is due to composite cluster formation. Energy dispersive spectroscopy (EDS) 

measurements were used to confirm the rhodium concentration. The quantification of 

rhodium content shows consistency in the samples reduced at 100°C, 200°C and 300°C 

(Table 4.1). It also can be seen that an inconsistency in overall rhodium concentrations in the 

400°C sample is observed. This sample was fetched from an earlier batch of equal metal 

loading. Rhodium concentrations are more inhomogeneous over the entire sample after a 

400°C reduction as the rhodium metal re-agglomerates in the form of composite clusters. 

These clusters are not likely to be the pure metal bimetallic clusters as what have been 

observed in the activated catalyst, but agglomerates of the two metals in various oxidation 
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states in the form of the metal chloride and metal oxide. It should also be noted that 

measurements are noisier than normal because of experimental difficulties at the time of the 

experiment and the experiment could not be repeated afterwards. 

 
Figure 4.1: Rh K-edge XAS spectra of the ex-situ Hydrogen reduced catalyst. 

 

Table 4.1: Rhodium concentrations as determined by EDS. 

 
Temp(°C) Weight (%) Atomic( %) 

100 0.66 0.44 
200 0.73 0.47 
300 0.80 0.48 

400 1.89 1.03 

   

 
4.2 X-ray Absorption Spectroscopy in Fluorescence Mode 
 

Following the previous measurements made in transmission mode a full experiment was 

performed using the 100 element Ge fluorescence detector. ½%Rh,½%Pd/CeO2 catalyst was 

treated as indicated in figures 4.2 - 4.8, an unreduced sample was measured and samples 

reduced in hydrogen for four hours at the temperature indicated. PdCl2, RhCl3 and metal 

standard samples have been diluted in BN as filler in a ball mill to approximately ½ wt.% 

metal. For fluorescence mode measurements about 10 mg sample was sprinkled between 
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sheets of Kapton adhesive tape and fixed in a sample holder. The holder was then fixed on 

the sample stick and prefrozen in liquid nitrogen before being placed in the beamline under 

cryostat. Samples temperature was reduced to about -253°C before measurements were taken. 

All collected spectra were manipulated with the Athena program and the theoretical spectra 

were calculated using Artemis both included in the XAS data analysis software package 

Horae
47

 and based on the Ifeffit libraries
48

. 

 

4.2.1 Rh K-Edge Measurements 

Figure 4.2 shows the Rh K-edge spectra over the reduction period from 100°C up to 400°C. 

No difference can be seen between catalyst reduced at any temperature and unreduced.  

 

Figure 4.2: XAFS spectra at the Rh K-edge of the ½%Rh,½%Pd/CeO2 catalyst reduced at 

temperatures indicated, 400°C, 300°C, 200°C, 100°C and unreduced. The RhCl3 sample and 

Rh metal are included for reference. 
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The comparison with RhCl3 standard indicates a large presence of chloride in the catalyst 

both before and after reduction. The metal standard shows a deviation from the chloride type 

spectra concomitant with the different structure of the metal compared with the chloride. 

The bulk metal crystallizes in the cubic Cu-structure type (Space Group Fm-3̄ m) whereas 

RhCl3 crystallises in the monoclinic RhBr3 structure type (Space Group C2/m) and Rh2O3 in 

the rhombohedral corundum of Al2O3 (Space Group R-3̄ c). 

Theoretical spectra of RhCl3 and Rh2O3 have been calculated based on their crystal structure 

data
71

. The calculated spectra show good agreement with the experimentally obtained spectra. 

The peak corresponds to the first path of chlorine in the calculation and represents the Rh-Cl 

bond of the first shell of nearest neighbours. Adding a phase shift correction of 0.4 Å shifts 

the bond length to that typical of the Rh-Cl distance of about 2.2 Å, the peak is therefore due 

to scattering from chlorine neighbours. Noise deems Rh-Rh distances undeterminable. 

 

Figure 4.3: Calculated spectrum for RhCl3 in R space fitted with experimentally determined 

RhCl3 spectrum. 
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Table 4.2: Fitting parameters for RhCl3 and Rh2O3 

 
Shell R(Å) σ

2
 (10

-3
) E0 (eV) ΔR  CN 

Rh-Cl 2.299 7.521 -4.520 0.007 4.770 

Abs error 0.01 2.172 1.346 0.001 1.137 

Rh-O 2.077 12.081 2.924 0.045 5.333 
Abs error 0.01 4.580 2.673 0.034 1.479 

 

The calculated spectrum of Rh2O3 shows good agreement with the experimentally obtained 

spectrum after the 400°C reduction, implying the 400°C reduction produces the Rh2O3 

species. Adding a typical phase shift correction of 0.4 Å shifts the bond length to that of the 

Rh-O distance, the peak is therefore due to scattering from neighbouring oxygen.   

 
   

Figure 4.4: Calculated spectrum for Rh2O3 in R space fitted with experimentally determined 

spectrum of the 400°C reduction. 

 

 

The χ(k) function found and Fourier transformed to a function of radial distribution at a k
3
 

weighting best describes the data for rhodium measurements and the pre-activation of 

rhodium found at 400°C. The radial distribution functions show the gradual disappearance of 

chlorine over the reduction period and the formation of a Rhodium oxide species (figure 4.5). 
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The peak at 1.9Å corresponding to the metal chloride lessens from the unreduced catalyst to 

the 100°C reduced catalyst and lowers still from 100°C to 200°C to 300°C; at 400°C the peak 

disappears and moves to a bond distance of ~1.7Å. Adding a typical correction factor of 0.4Å 

gives a bond length indicative of the metal oxide. The experiment shows evidence of a 

change in state of rhodium at 400°C. It also identifies an anomaly at 400°C where it is likely 

to find the formation of a bimetallic composite. 

 
 

Figure 4.5: The radial distribution function of the ½%Rh,½%Pd/CeO2 catalyst reduced at 

400°C, 300°C, 200°C, 100°C and unreduced; the RhCl3 sample is included for reference. 

 

The fluorescence experiment above clarifies the transition as formation of a rhodium oxide 

compound from the oxide supported chloride species. This is proposed to be a Rh2O3 cluster 

forming on palladium metal impurities on the ceria surface. Palladium crystallites shown by 

HRTEM in chapter 3 present surface defects where migrating species are likely to aggregate. 

These palladium crystallites are not detected in the HRTEM study later in this chapter and are 

thus believed to be buried under the reformed Rh2O3 surfaces. XAS by fluorescence allows a 
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more in depth view of the catalyst over the hydrogen reduction period. The measurements 

reveal subtleties in the structural changes over the temperature range studied that relate to the 

activation of the catalysts as observed in the used catalysts. The loss of the RhCl3 species has 

been evidenced by XPS in the used catalyst and XAS bears some insight into the exact mode 

of the fading of RhCl3 from the structure. In chapter 4.3 the as-prepared rhodium states are 

determined by HRTEM to be Rh2O3 and by XPS in chapter 3 to be a mixture of Rh2O3 and 

RhCl3. A mixed state is likely given the abundance of the facile oxygen of the support.  

The metal chloride species bear no order in the fine structure and the signal observed past the 

first nearest neighbour is too noisy to be interpreted. 

 

4.2.2 Pd K-Edge Measurements 

Figure 4.6 shows the EXAFS Pd K-edge measurements over the reduction period. There is no 

significant change in the spectra between the ½%Rh,½%Pd/CeO2 catalyst reduced at 400°C, 

300°C, 200°C, 100°C, the unreduced sample and the PdCl2 standard. The same can be said in 

the similarity to the respective rhodium measurements again where a broad peak for the metal 

chloride and the presence of the chloride in the unreduced sample and hydrogen reduced 

samples can be observed. We have also included the metal standard for reference. PdCl2 

forms four different modifications; α-PdCl2 crystallises in an orthorhombic modification 

(Space Group Pnnm)
72

. This modification is metastable at ambient conditions and contains 

chains formed by square planar PdCl4 units. β-PdCl2 crystallises in the rhombohedral space 

group R-3, forming Rh6Cl12 units
73

. Very recently the two modifications γ- and δ-PdCl2 have 

been described
74

. Both contain PdCl4 squares, similar to α-PdCl2. The theoretical spectrum of 

PdCl2 has been calculated according to the crystal structure of the orthorhombic modification. 

This spectrum shown in R space in figure 4.7 is in agreement with the experimentally 

determined spectra. The peak corresponds to the first nearest neighbour of chlorine in the  
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Figure 4.6: XAFS spectra at the Pd K-edge of the ½%Rh,½%Pd/CeO2 catalyst reduced at 

temperatures indicated. PdCl2 and Pd metal are included for reference. 

 

Figure 4.7: Calculated spectrum for PdCl2 in R space fitted with experimentally determined 

PdCl2 spectrum. 



Chapter 4. XANES and HRTEM of Hydrogen Reduced Catalyst 

86 

 

Table 4.3: Fitting parameters for PdCl2 

 
Shell R(Å) σ

2
 (10

-3
) E0 (eV) ΔR  CN 

Pd-Cl 2.304 5.485 5.336 -0.011 4.575 

Abs error 0.01 1.701 1.484 0.003 0.611 

 

 
Figure 4.8: The radial distribution function of the ½%Rh,½%Pd/CeO2 catalyst reduced at 

400°C, 300°C, 200°C, 100°C and unreduced sample; PdCl2 is included for reference. 

 

PdCl2 structure and is due to scattering by the Cl neighbours. Adding a phase shift correction 

of 0.4 Å shifts the bond length to a typical Pd-Cl bond distance of about 2.2 Å. 

When Fourier transformed from the raw spectra to the radial distribution function it can be 

seen that the metal chloride dominates the spectra for the palladium K-edge. The main peak 

at 1.8 Å corresponds to the first nearest neighbour of Pd, the chloride ion. The PdCl2 standard 

shows a large peak centred at 3.5 Å that may be attributed to Pd-Pd distances and this feature 

was conspicuously absent in the spectra for the Rh,Pd/CeO2 samples. By comparing the fresh 

unreduced and the hydrogen treated samples in the case of palladium no qualitative changes
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 in species present were seen even at temperatures up to 400°C. 

Figure 4.5 and 4.8 demonstrate the inefficiency of hydrogen treatments for reducing surface 

PdCl2 and RhCl3/Rh2O3 species to Pd and Rh metal. This may be due to the high oxygen 

mobility of the nanocrystalline Ceria support used in this study. We do not rule out the 

possibility that the H2 reduction of the Rh and Pd species to the metallic state may occur over 

longer time periods. This is actually expected once the ceria support is sufficiently reduced.
44c

 

 

4.3 High Resolution Transmission Electron Microscopy 

 
HRTEM was used to further probe the surface states of Rh and Pd on the ceria support. 

HRTEM images were taken from the same samples used for the XAS fluorescence 

experiments above, which implied the presence of PdCl2 or PdOxCly and an Rh2O3 surface 

state. The HRTEM images of the Rh,Pd/CeO2 nanocatalyst after H2 treatment at 400
o
C is 

shown in Fig. 4.9 - 4.13. Aggregates of particles typically 10-20 nm across are observed. 

These are mostly nanocrystalline CeO2 and some Rh2O3. No smaller features, which could be 

identified as PdCl2 nanoclusters, were observed; suggesting the PdCl2 identified by XAS is 

probably dispersed as an amorphous phase over the surface of the ceria support or may 

possibly be due to insufficient sampling. Fast Fourier Transform of the facets in the HRTEM 

image produces the electron diffraction pattern, shown as the inset in the images. The spots of 

the diffraction pattern were measured and corresponded to the lattice spacing of the various 

faces present in the material.     

In figure 4.9 the particles on the fringe clearly exhibit uniform facets. No sign of supported 

particles is obvious from this image (figure 4.9.). Ceria particles are seen to maintain uniform  
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Figure 4.9: HRTEM image of the ½%Rh,½%Pd/CeO2 catalyst reduced in hydrogen at 

400°C. 

 
 

Figure 4.10: HRTEM image of the ½%Rh,½%Pd/CeO2 catalyst reduced in hydrogen at 

400°C. 
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particle dispersion and display particle size of dimensions around 15-20 Å. Differing planes 

of the ceria surface can be seen and with overlapping of particles. The Ceria (111) of which 

can be seen in the lower right of figure 4.9 is the most thermodynamically stable face. Moire 

interference patterns can be seen in the central region and in the bottom left corner. The 

remaining particles can be attributed to various facets of ceria. 

Rh2O3 on the ceria support is identified in this image in Figure 4.12 The particulates are seen 

affixed to the carbon coated grid. The top particulate that is indicated as possessing the Rh2O3 

(116) facet d = 1.7 Å shows the apparent growth of Rh2O3 on ceria. This top particulate is 

multi-faceted, where at the fringe of the particulate a different crystal lattice exists. It is 

evident that Rh2O3 forms a second type of particle in the 400°C reduced catalyst. Rh2O3 

aggregates grow on the ceria surface once the RhCl3 has disseminated. 

 

 
 

Figure 4.11: HRTEM image of the ½%Rh,½%Pd/CeO2 catalyst reduced in hydrogen at 

400°C. 
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Figure 4.12: HRTEM image of the ½%Rh,½%Pd/CeO2 catalyst reduced in hydrogen at 

400°C. 

 

Rh2O3 is also detected in Figure 4.13. In this instance the particle is distinct and again does 

not exhibit epitaxial growth on the ceria support. The Rh2O3 (110) face is detected on the 

aggregate as indicated in the image. The presence of the Rh2O3 aggregates confirms the 

existence of the oxide after hydrogen reduction at 400°C as evidenced by XAS. Elevated 

temperature hydrogen treatment acts to dissolve RhCl3 in the CeO2 support full conversion of 

the chloride to oxide is made as shown in the XAS Figure 4.5. The RhCl3 apparently 

dissipates over the surface of the support and by 400°C has re-agglomerated as pure Rh2O3 

particulates. Thus the rhodium signal is lost in transmission mode XAS over the mid 

temperature range and reappears at 400°C. 
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Figure 4.13: HRTEM image of the ½%Rh,½%Pd/CeO2 catalyst reduced in hydrogen at 

400°C. 

 

Rhodium disperses over the support and is seeded by Pd particles for the formation of Rh2O3 

clusters. When cationic rhodium that is dissolved in the support encounters the palladium 

particles (as identified in the earlier chapter 3) the growth of Rh2O3 is proposed on these sites. 

The Rh2O3 particulates identified in HRTEM are grown atop palladium clusters. 

This is evident in trying to rationalise the formation of the Rh2O3 aggregates from the 

dispersed rhodium and the complete lack of detection of palladium in the images. 

 

4.4 Summary 

Overall an anomaly in the behaviour of rhodium is detected in the elevated temperature 

hydrogen treatment of the ½%Rh,½%Pd/CeO2 catalyst. The ‘as prepared’ state exists as 
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RhCl3 on the support, RhCl3 interacting with oxygen of ceria yields Rh-O-Cl species . XAS in 

transmission mode indicates a dispersion of the as prepared particulates that is likely to be 

due to a dissolution of Rh in the CeO2 support, rhodium bears no ordered structure after the 

200°C and 300°C hydrogen reduction however a structure is determined at 400°C. XAS 

conducted in fluorescence mode identifies the change of structure of rhodium to be the RhCl3 

to Rh2O3 transformation. The presence of chloride is seen to diminish over the temperature 

regime 100°C to 300°C and at 400°C the Rh2O3 structure is apparent. The gradual loss of 

chloride occurs as the metal dissolves in the support and the formation of Rh2O3 is spurred by 

the agglomeration of rhodium at the palladium particles dispersed throughout the support. 

The small Pd particles seed the formation of the Rh2O3 particulates. The state of the deposited 

PdCl2 remains unchanged over the period of hydrogen reduction, no change in signal of the 

PdCl2 is observed in the XAS by fluorescence experiment. The PdCl2 is not detected in the 

HRTEM analysis where it is likely to be concealed under the Rh2O3 particles. HRTEM 

identifies Rh2O3 particles of dimensions around 10 nm. 
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Chapter 5 
 
In-situ XAS CO Reduction 

 

This chapter comprises the in-situ CO reduction performed at the Spring8 XAS beamline 

BL01B1. CO reduction is another typical pre-treatment procedure in studying the metal 

support interaction. It is generally seen that the metal states are reduced by the exposure to 

CO gas. The two metals behave differently during the CO reduction process and it is deduced 

that the formation of bimetallic clusters occurs in the migration of rhodium across the 

support. In-situ XAS measurements are presented with mass spectrometry results to 

exemplify the behaviour of the metal clusters over the CO reduction period. CO reduction 

shows a markedly greater efficacy as compared with hydrogen reduction and the change in 

metal structure over the reduction process shows this. 

 
5.1  Theoretical Spectra 
 

Theoretical spectra can be used as an indication of the quality of the fits of the standards with 

theoretical values. These are first shown for the metal oxide materials. Crystal structure data 

is loaded to the Artemis program and fitted with the experimental measurement, the fitting 

parameters are then output from the fitting operation. PdO crystallises in its own tetragonal 

structure type (Space Group P42/mmc)
75

 whereas Rh2O3 adopts the rhombohedral corundum 

 

Table 5.1: Fitting parameters for PdO and Rh2O3 

 
Shell R(Å) σ

2
 (10

-3
) E0 (eV) ΔR CN 

Pd-O 2.0429 3.721 -1.368 0.025 3.690 

Abs error 0.010 1.195 1.313 0.015 0.435 

Rh-O 2.0314 2.220 -5.607 -0.001 4.363 
Abs error 0.010 0.738 1.038 0.000 0.579 
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Figure 5.1: Calculated spectrum for PdO in R space fitted with experimentally determined 

PdO spectrum. 

    

 

Figure 5.2: Calculated spectra of Rh2O3(theor) in R space fitted with experimentally 

determined Rh2O3 spectra. 
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structure of Al2O3 (Space Group R-3̄ c)
71b

.  Calculated spectra show good agreement with the 

experimentally obtained spectra at both the first and second paths. The first path is due to the 

scattering from neighbouring oxygen atoms. A phase shift correction will change the bond 

length to a typical Pd-O distance of about 2 Å. The second and third path is due to Pd 

neighbours (3.0 Å and 3.4 Å) and also shows good quality of fit.  

For Rh2O3 the second shell is distinct in the experimentally observed spectrum and the 

calculated spectra show good agreement. The first path is obviously due to the scattering 

from the oxygen neighbours (~2 Å), the second path (~2.8 Å) and the third path (~ 3.7 Å) is 

due to Rh metal neighbours. 

 

5.2 In-Situ Experiment at 400°C 

In-situ XAS measurements were firstly carried out at 400°C. To study the reduction process 

in detail, the oxygen partial pressure was reduced slowly by replacing the oxygen gas with a 

constant flow of CO gas (3 mL/min). As the reduction of the metal oxide was not seen for a 

40 minutes this ‘initiation period’ must be included in this particular experiment. Significant 

structural changes are observed in both the active Rh and Pd metals. XAFS measurements 

reveal the transition of both oxides to the metallic state in the in-situ experiments overall. 

This experiment offers initial insight into the transformation occurring over the reduction 

process and presents the higher temperature experiment of those performed in this chapter. 

Figures 5.3 and 5.5 show the normalised XANES Pd K-edge and Rh K-edge measurements 

respectively. Figures 5.4 and 5.6 show the radial distribution function which illustrates the 

atomic order within the metal and metal oxide structures. Data presented in the radial 

distribution function clearly shows the oxide neighbours of the metal (as indicated), the 

metal-metal bond distance in the first coordination sphere and the second, third, fourth and 

fifth coordination sphere comprising the FCC structure of the metal. The presence of the pure 
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oxide at 0 minutes is evidence of the effectiveness of the revised synthesis technique in 

excluding chlorine from the interface (see chapter 2.1). The revised preparation technique 

provides an interface that is free from the deactivating effects of chlorine and is thus a step in 

the activation process. The radial distribution function shown in Figure 5.4 indicate a 

transition of the Pd metallic states from the oxide to the metal occurs in the first 20 (+ 40) 

minutes. It is clear from the results presented in figure 5.4 and figure 5.6 that palladium 

undergoes reduction before rhodium and on continued reduction rhodium forms a face 

centred cubic structure as shown in figure 5.6. In figure 5.4 palladium exhibits FCC structure 

out to the third coordination shell after 20 minutes of CO treatment ( + 40 minutes ‘initiation 

period’) whereas figure 5.6 shows FCC structure developing in rhodium after 60 minutes ( + 

40). Palladium is known to maintain a greater oxidation capacity in catalysis in general as 

compared with rhodium
76

 indicative of the faster rate of reduction as observed in this work. 

Rh2O3 also displays added stability by dissolution in the surface ceria reduced to the 

structurally analogous Ce2O3
69

. Rhodium is thus observed to migrate across the ceria surface.  

 

Figure 5.3: XAFS spectra at the Pd K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 400°C for the time period indicated. 
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Figure 5.4: The radial distribution function for Pd of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO at 400°C for the time period indicated. 

 

However palladium clusters are found to not persist on the ceria surface at 400°C and the 

nano-dimensions of these clusters apparently do not display FCC structure beyond the initial 

reduction although in lower temperature runs FCC structure remains. It can be assumed that 

the palladium clusters provide the core on which metallic rhodium forms. The core itself 

becomes an aggregate of palladium and rhodium metal as palladium nanoclusters are not 

adequately ordered and lack FCC structure after sufficient CO treatment. Rhodium is 

deposited on the support as Rh2O3 and shows solubility in the surface reduced support at 

elevated temperature
69

. Rhodium apparently migrates over the ceria surface until it 

encounters the Pd aggregates. The dispersive properties of Rhodium on the support at 400°C 

are great enough to allow the accumulation of the Rhodium metal at the Pd defects. It is 

apparent metal-metal bonding shows a greater strength than the metal support interaction as 

determined in the works of Li et al
44c

 where it is shown the metal-metal bond is more 
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thermodynamically stable as compared with the metal-support bond. In these bimetallic 

clusters the rhodium metal exists predominantly as a skin on the palladium core concomitant 

with the relative surface energies. Rhodium is also seen to diffuse into the palladium 

nanocluster and lower the structural order of palladium accounting for the loss of FCC 

structure. The long period to FCC structure formation of rhodium indicates the gradual 

transition of rhodium from the oxide to the metal followed by the migration of rhodium to the 

palladium clusters. The migrating rhodium may also seed metallic clusters at defects in the 

reduced ceria surface and at these points pure rhodium clusters may grow. This data 

illustrates the preference for palladium reduction and the extended time period for the 

formation of FCC configuration in rhodium. Restructuring of the support at 400°C continues 

and the bulk-like structure of rhodium proves to vary with time. Rhodium continues its 

migration across the support at this temperature evidenced in the continued gain of FCC 

structure in rhodium on continued monitoring.  

 
Figure 5.5: XAFS spectra at the Rh K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 400°C for the time period indicated. 
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Figure 5.6: The radial distribution function for Rh of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO at 400°C for the time period indicated. 

 

Figure 5.7: The radial distribution function showing the development of the FCC structure in 

rhodium on continued reduction. 
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FCC type structure of rhodium has formed to the fourth coordination shell after 60 minutes in 

Figure 5.7. In palladium the FCC structure does not return even after four hours of CO gas 

treatment concomitant with the composite bimetallic core.   

 

5.3 Second In-Situ Experiment at 400°C 

A repeat of the first experiment was performed in a second iteration of the 400°C run. In this 

instance CO gas at 3 mL/min was injected into the system following a helium atmosphere as 

were the experiments performed at 300°C and 200°C. Figure 5.8 and 5.10 show the Pd and 

Rh K-edge measurements. Fluorescence XAS measurements (Figure 5.8) reveal the rapid 

reduction of the surface oxides to the metal during CO reduction at 400
o
C. The corresponding 

radial distribution functions (Figure 5.9) illustrate the atomic order within the metal 

structures. The data presented in Figures 5.8-5.12 show that palladium and rhodium undergo 

immediate reduction in CO atmosphere.  

 

Figure 5.8: XAFS raw data at the Pd K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 400°C for the time period indicated. 
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Figure 5.9: The radial distribution function for Pd of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO at 400°C for the time period indicated. 

 

Figure 5.10: XAFS raw data at the Rh K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 400°C for the time period indicated. 
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Figure 5.11: The radial distribution function for Rh of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO at 400°C for the time period indicated. 

 

Figure 5.12: The radial distribution function for Rh of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO at 400°C for the time period indicated. 
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Figure 5.13: Mass spectrometry of the ions indicated during the reduction process at 400°C, 

the spectra is dominated by the rise and fall of CO species, water response is negligible. 

 

In Figure 5.9 palladium exhibits FCC structure out to the fourth coordination shell after 20 

minutes of CO treatment. As observed in the previous experiment the FCC structure of the 

palladium clusters is progressively lost after the first 20 minutes of CO reduction at 400°C. 

Figure 5.9 illustrates the FCC structure out to the fourth coordination sphere after 20 minutes 

however after 100 minutes the structure exists to the second coordination sphere. It is 

suggested the palladium clusters provide the core on which metallic rhodium forms and in 

this instance palladium nanoclusters lose their order through bimetallic cluster formation with 

rhodium.  

Overall both palladium and rhodium are initially reduced in the CO treatment before the 

integration of rhodium into the surface of the support and subsequent migration over the 

surface ensue. This second run at 400°C also includes the mass spectrometry analysis. An 

elusive feature of the mass spectrometry is the abrupt rise (and return to baseline) of CO2 

with the advent of CO. This feature proves the immediate effects of CO reduction on the 

support in the conversion of CO to CO2 in catalytic oxidation at the active metal interface 
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with the support. This mass spectrometry measurements shown in figure 5.13 provides 

valuable evidence of the processes occurring at the sample and shows further proof of the 

immediate effects of the CO treatment lending credence to the hypothesis formed from these 

results. We also see a rise in elementary carbon species with the exposure to CO, this C is 

likely to be a fragment of the surface adsorbed CO species. The appearance of water is near 

zero 

Both rhodium and palladium metal crystallise to an FCC structure in the first 20 minutes of 

CO treatment. Rhodium gains its FCC structure on further reduction as shown in figure 5.12, 

where the FCC structure of palladium is depleted. 400°C corresponds to the temperature at 

which this transformation to the formation of bimetallic clusters occurs. 

These observations are concomitant to the XAS results shown in chapter 3 where rhodium 

was found as a skin on palladium clusters although these measurements were performed ex-

situ at room temperature. 

 

5.4 In-Situ Experiment at 300°C 

XAFS data collected for the 300°C experiment indicate similarities as for the 400°C 

experiment. The experiment has been conducted where the room temperature scan has not 

been collected. The surface Rh2O3 and PdO appear to reduce immediately at 300°C. Data for 

palladium is shown in Figure 5.14 and Figure 5.15. The scan taken at 40 minutes identifies 

the FCC structure that quickly develops in palladium at this temperature. The development of 

the FCC structure is also observed in rhodium as seen in the radial distribution function in 

Figure 5.17. Both metals exhibit the transition to FCC bulk-like structure within 40 minutes 

of exposure to CO. The experimental run at this temperature was not extended beyond 60 

minutes, so it is not clear whether the FCC structure of Pd would eventually have been lost 

due to bimetallic cluster formation, as was seen with time in the 400
o
C experiment. Rhodium
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Figure 5.14: XAFS raw data at the Pd K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 300°C for the time period indicated. 

 

Figure 5.15: The radial distribution function for Pd of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO. 
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Figure 5.16: XAFS raw data at the Rh K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 300°C for the time period indicated. 

 

Figure 5.17: The radial distribution function for Rh of the ½%Rh,½%Pd/CeO2 catalyst 

reduced in CO. 
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                             Figure 5.18: Mass spectrometry output of the 300°C run 

 

apparently does not exhibit the tendency to migrate across the support at 300°C especially in 

this time period. 400°C appears the critical temperature for rapid activation of the catalyst. 

The formation of the FCC structure in both metals after 40 minutes is indication a different 

mechanism of metal restructuring is imminent at the lower temperature. Rhodium particularly 

shows an alternate restructuring mode at this lower temperature. 

Mass spectrometry shows the presence of the specified species over the exposure period. The 

rise in CO2 with the advent of CO is proof of the immediate reduction of the metal clusters as 

reduction of the metal is corresponding to formation of the CO2 gas. The reduction of the 

metals apparently proceeds very quickly. A rise in C species is also seen corresponding to the 

surface carbon containing species. The features at the start of the graph are indicative of 

difficulties encountered with the gas flow apparatus during the administering of CO.  
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5.5 In-Situ Experiment at 200°C 

An experimental run is also performed at 200°C to ascertain the extent of Rh2O3 and PdO 

reduction that was possible at this temperature (Figure 5.19 and Figure 5.21). A pre-reduction 

scan has been performed and subsequent scans taken every 20 minutes during the CO 

reduction. 

Radial distribution function in Figure 5.20 shows the formation of an FCC palladium 

structure within 40 minutes of exposure. The lower temperature clearly slowed the rate of 

PdO reduction, thus the development of FCC structure is not immediate as was the case at 

higher temperatures.  

Figure 5.22 shows the radial distribution function of the scans of rhodium. The emergence of 

the metallic state after 40 minutes can be seen but the formation of full FCC structure is not 

observed at this stage and this run has not extended to the time period necessary in formation 

of the full FCC structure. Again the rate of Rh2O3 reduction was slower at 200°C compared  

 

Figure 5.19: XAFS raw data at the Pd K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 200°C for the time period indicated.



5.5 In-situ experiment at 200°C 

 

109 

 

 

Figure 5.20: The radial distribution function for Pd of the ½%Rh,½%Pd/CeO2 catalyst 

reduced at 200°C in CO. 

 

Figure 5.21: XAFS raw data at the Rh K edge of the ½%Rh,½%Pd/CeO2 catalyst reduced in 

CO at 200°C for the time period indicated. 
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Figure 5.22: The radial distribution function for Rh of the ½%Rh,½%Pd/CeO2 catalyst 

reduced at 200°C in CO. 

 

Figure 5.23: Mass spectrometry of the 200°C run. 

 

to the higher temperatures. There is also less evidence for rhodium migration at this 

temperature. Mass spectrometry indicates the initial flux of CO corresponds to a rise in CO2 

0.00E+00 

2.00E-09 

4.00E-09 

6.00E-09 

8.00E-09 

1.00E-08 

1.20E-08 

1.40E-08 

0 500 1000 1500 2000 2500 3000 

C
u

rr
en

t (
A

) 

Time (s) 

He 

C 

H2O 

CO 

CO2 



5.6 Summary 

 

111 

 

levels in the cell. The rise in C levels corresponds to the exposure of the surface to CO. 

Lowering of the He levels corresponds to the change in partial pressures on the influx of CO 

to the cell. The appearance of water is negligible.  

 

5.6 Summary 

In-situ measurements show differing reduction behaviour over the temperatures studied. 

Measurements at elevated temperature under He gas flow alone does not affect the structure 

of the as prepared catalyst. The metals are deposited on the support as their respective oxides 

Rh2O3 and PdO. In general PdO is observed to undergo reduction to the metal states before 

Rh2O3 and no Cl- containing species can be observed. Palladium FCC structure is observed to 

form immediately at 400°C. Metallic palladium forms at 300°C and more gradually at 200°C. 

This is apparently due to the reduction of the deposited PdO clusters as they sit on the 

support. However for deposited Rh2O3 the reduction proceeds via different mechanisms at 

different temperatures. At 400°C it is proposed the Rh2O3 clusters dissipate over the support 

and are not reduced to the metal until they find stability at surface defects of the reduced ceria 

or the reduced palladium clusters. Thus the formation of the FCC structure in rhodium is 

gradual at 400°C. At lower temperatures the deposited Rh2O3 clusters do not dissipate over 

the support so readily and are reduced as they sit on the support. Thus at the lower 

temperatures FCC structure formation in rhodium occurs more readily but bimetallic cluster 

formation does not. 
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Chapter 6 
 
Introductory DFT Calculations 
 
 

Calculations using the density functional theory based VASP code are presented in this 

chapter. Studies are becoming increasingly directed towards calculations of supported metal 

clusters and this work aims to clarify the interaction of M10 clusters on ceria. Initial 

calculations were performed to study bulk metals and properties such as the Density of States 

were compared with results obtained for M10 nanoclusters. Further calculations were done to 

investigate the support material CeO2 on different DFT levels of theory (eg: GGA, GGA + U 

and PBE0). The convergence of the surface energy is then determined at GGA + U level of 

theory at which all consecutive calculations are carried out. The oxygen reduced support is 

then studied including the density of states, the charge analysis and the electron localisation 

function.  

 
6.1 Metals 
 

To study supported metal clusters free metal clusters need to be considered first and in 

appreciation of their nanostructure the bulk metals’ structures first need to be described. Bulk 

structures of rhodium and palladium were determined by relaxation of the unit cell with the 

lattice constants as shown in Table 6.1.  

Table 6.1: Experimental and calculated lattice constants. 

  
Level of Theory Material Lattice constant (Å) Literature results(Å) 

GGA (PBE) CeO2 5.467 5.47
29

 

GGA  + U (PBE) CeO2 5.491 5.49
29

 

PBE0 CeO2 5.410 5.39
29

 

Experimental
77 CeO2 5.400  

GGA (PBE) Rh 3.853 3.83*
78

 

Experimental
77 Rh 3.797  

GGA (PBE) Pd 3.966 3.947**
79

 

Experimental
77 Pd 3.880  

*
calculated using GGA-PW91 exchange correlation functional 

**
calculated using WIEN LAPW code 
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First calculations were performed to obtain the density of states of the bulk structures for the 

comparison with nanoclusters. The FCC unit cell was used as the repeat unit in these 

calculations, bulk metals were thus obtained by relaxing the FCC unit cell with the acquired 

lattice constant. Total energies were obtained in these relaxations and a further static 

calculation with no charge update was performed to obtain the Density of States at the GGA 

level of theory. 

     

 
Figure  6.1: Face centred cubic unit cell. 

 

 

The Density of States for both rhodium and palladium metal are very similar as expected. The 

standard and recommended PAWs have been used for the d metals (Rh,Pd) in which the semi 

core s and p states are treated as frozen. Palladium exhibits the electron configuration 

Kr[4d
10

] and rhodium Kr[4d
8
 5s

1
]. The lesser d occupancy of Rh reflects on the Fermi level 

and shape of the DOS, palladium shows greater density of states and a slightly narrower d 

band (figure 6.2). The energy bonus of the full d band of Pd acts to contract the band width 

and causes higher density of states. The major difference can be seen in the width of the d 

band. The band of palladium is full, however it can be seen the Fermi level of rhodium is 

inside the d band, which fits with the 4d
8
s

1
 configuration for rhodium. These bulk metal DOS 

act as a comparison for the DOS of the nanoclusters as seen in the section 6.1.1.  
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The electron localisation function (ELF) of Pd unit cell is shown with the DOS. The colour 

code indicates violet as the highest electron density followed by dark blue, light blue, aqua, 

green, yellow, orange and red as the lightest electron density. The ELF shows greatest 

concentration of electrons is in the violet regions on the first face centred atom this 

constitutes the full d shell. The shell is distanced from the atom as represented by covalent 

radii. Outer electrons of the d shell appear to participate in bonding between metals. We see 

some electron density around the bonds to neighbouring atoms. The ELF shows consistency 

with what is expected for these metals and is an indication of the electronic structure of the 

designated metals.  

 

 

 

Figure 6.2: Density of States of the a) palladium and b) rhodium FCC unit cell and c) PDOS 

of the 4d states of rhodium. 
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Figure 6.3: Visualisation of the ELFCAR of the palladium FCC unit cell. 

 

 

 
 

Figure 6.4: Visualisation of the ELFCAR of the rhodium FCC unit cell. 

 

 

Rhodium shows a different electron localisation function in comparison to palladium. The 

greatest ELF can be seen at the bonds. The electron shell differs somewhat to palladium 

where the lower electron count apparently alters the shell structure, the central atom shows 

lower electron density and the formation of the outer boundaries may imply an open shell.   
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6.1.1. Free Clusters 
 

In comparison to metal atoms in organo-metallics smaller free clusters display atom-like 

properties; smaller transition metal clusters have less s,p hybridization with the d band and 

can adopt the bcc structure type comparable to the alkali and alkaline metals. Rhodium and 

palladium clusters in this thesis exhibit nanostructures that show close packing consistent 

with the FCC type structure. Independent calculations have studied both Rh and Pd metal 

tetrahedral M4 and M10 free clusters
80

. M10 free clusters are presented here with a charge 

analysis of the calculation. M10 clusters have been choosen as they represent the largest 

clusters achievable using the computational facilities available. The clusters have been 

optimised in a vacuum of about 6 Å each direction of the cluster (ie: about 12 Å between 

consecutive clusters in array). The Pd10 cluster is shown in Figure 6.5. 

 
Figure 6.5: Illustration of the M10 free clusters. 

 

 

The charge analysis of the Pd10 cluster shows the electron distribution and difference in 

atomic charge over the atoms in the cluster (Table 6.2). Atoms occupying the vertices (atoms 

3,4,6,7) possess one set of unique atomic charge whilst the remainder of atoms in the cluster 

possesses a different charge set. Vertex atoms  possess greater atomic charges on d bands by 

0.086 electrons, lower p bands charge by 0.074 e
-
 and greater s band charge by 0.05 e

-
. The 

most prominent feature of the charge analysis is the s,p-d mixing in the interior of the cluster 

(atoms 1,2,9,5,8,10). The d occupancy of the ‘bulk’ atoms is lowered as is the s character 
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whilst the p character is raised and total charge is lower relative to the vertice atoms. We are 

seeing charge transfer of the d occupancy into the p band in the interior of the nanocluster. 

Any excess charge is lost as a function of the chosen RWIGS value. The atomic charge 

shown in the VASP charge analysis is a function of the Wigner-Seitz radius (RWIGS as 

specified in VASP); the sphere surrounding the atom corresponding to the specified value of 

RWIGS. Bader charge analysis is also shown and more accurately reflects the trends seen in 

the total charge of the VASP analysis. Mixing of the interior of the clusters causes a charge 

redistribution that moves excess charge to the vertex atoms. 

Charge analysis of the Rh10 cluster shows the same trend as in the Pd10 and s,p-d 

hybridisation. For Rh atoms in the Rh10 cluster the d band charge is 0.121 greater in the 

vertice atoms, 0.16 lower in the p band and 0.063 greater in the s band as in the ‘bulk’ atoms. 

Rhodium shows slight discrepancy in the total charge of the two types of middle atoms 

corresponding to a change in charge of the p occupancy. 

Table 6.2: Charge analysis of Free Pd10 cluster 

 
Atom position 5s 4p 4d total Bader 

Top(7) 0.329 0.075 8.156 8.560 -0.111 

Middle(5) 0.279 0.149 8.070 8.497 +0.067 
Middle(8) 0.279 0.149 8.070 8.497 +0.072 
Middle(10) 0.279 0.149 8.070 8.497 +0.089 

Bottom middle(1) 0.279 0.148 8.070 8.497 +0.070 
Bottom middle(2) 0.279 0.148 8.070 8.497 +0.084 
Bottom middle(9) 0.279 0.148 8.070 8.497 +0.073 

Bottom corner(3) 0.329 0.075 8.156 8.559 -0.115 
Bottom corner(4) 0.329 0.075 8.156 8.559 -0.110 
Bottom corner(6) 0.329 0.075 8.156 8.560 -0.118 

Total     0.001 

    

     

The Bader charge analysis reflects the trends of the total charge with more accuracy. 

ELF provides a specifically comprehensive analysis of the spatial distribution of the electrons 

and dangling bonds of a surface. The electron localisation functions cut through the middle of 

the inner four atoms of the cluster. The ELF of the Pd10 cluster shows a narrow band to the 

central palladium atoms. The ELF shows the lobes formed on the full d shell of palladium. 

An accurate ELF for the Rh10 cluster could not be obtained using the same technique.  The 



6.1 Metals 

119 

 

Rh4Pd6 cluster has central region that is formed by palladium atoms thus the ELF of this 

cluster appears as identical to the Pd10 cluster and is also not shown. 

          Table 6.3: Charge analysis of Free Rh10 cluster          

  
Atom position 5s 4p 4d Total Bader 

Top(7) 0.462 0.122 7.231 7.815 -0.217 

Middle(5) 0.400 0.289 7.112 7.802 +0.138 
Middle(8) 0.401 0.289 7.112 7.802 +0.146 
Middle(10) 0.400 0.288 7.113 7.801 +0.152 

Bottom middle(1) 0.399 0.282 7.110 7.792 +0.139 
Bottom middle(2) 0.399 0.283 7.110 7.792 +0.143 
Bottom middle(9) 0.399 0.282 7.110 7.791 +0.143 

Bottom corner(3) 0.456 0.122 7.239 7.816 -0.213 
Bottom corner(4) 0.461 0.122 7.232 7.815 -0.206 
Bottom corner(6) 0.463 0.122 7.231 7.816 -0.224 

Total     0.001 

 

 

Figure 6.6: Visualisation of the ELFCAR of the Pd10 cluster. 

 

The bimetallic cluster is illustrated in figure 6.7 showing the rhodium atoms occupying the 

vertice positions. This cluster formation fits with relative surface energies (Figure 1.2) that 

dictate rhodium segregates to the surface of palladium in a mixed metal structure. Further 

structures were considered including the inverse of the structure shown in figure 6.7 and the 

upper four atoms being one metal with the lower layer being the other. Given the restrictions 
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on computational resources one type of mixed metal structure was chosen and adhered to that 

of the symmetric Rh4Pd6 cluster.  

Rhodium occupying the vertice sites displays less s,p,d mixing at the low coordination sites. 

The difference in total charge can be seen in the top and bottom corner atoms (1 - 4) and 

noting the degree of s,p-d mixing is more difficult given the symmetry of the mixed cluster 

and the difference in total charge of the constituent atoms. As compared with the Pd only 

cluster the middle (Pd) constituents (5 - 10) display slightly lower 4d occupancy likely due to 

d→d transfer of Pd to Rh in the Pd-Rh bimetallic bond.   

 

Figure 6.7: Illustration of the Rh4Pd6 mixed metal cluster (M1-M4:Rh,M5-M10:Pd). 

 

Table 6.4: Charge analysis of the Rh4Pd6 mixed metal cluster 

 

 
Atom position 5s 4p 4d Total Bader 

Top(1)                        (Rh) 0.432 0.103 7.225 7.760 -0.091 
Middle(10)................(Pd) 0.314 0.192 8.002 8.507 +0.064 
Middle(8)..................(Pd) 0.314 0.192 8.002 8.508 +0.063 

Middle(7)..................(Pd) 0.314 0.192 8.002 8.507 +0.057 
Bottom middle(9)......(Pd) 0.314 0.192 8.002 8.508 +0.059 
Bottom middle(5)......(Pd) 0.314 0.192 8.002 8.508 +0.056 

Bottom middle(6)       (Pd) 0.314 0.192 8.002 8.508 +0.065 
Bottom corner(2)......(Rh) 0.432 0.103 7.226 7.761 -0.096 
Bottom corner(3)......(Rh) 0.432 0.103 7.227 7.762 -0.088 

Bottom corner(4)......( Rh) 0.432 0.103 7.225 7.760 -0.092 
Total     -0.003 

 

As compared with DOS of the bulk metal the M10 clusters possess DOS that are more 

localised. The density of states are somewhat higher as there is a higher proportion of metal 

in the relaxation, the M10 clusters contain 10 atoms where the bulk DOS from the unit cell 
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contain only four metal atoms. Density of States are somewhat narrower too as they are not a 

bulk structure. The nanoclusters have a high proportion of surface and low bulk influencing 

the energetics of the electrons and subsequently the DOS. Smaller d metal clusters exhibit 

properties that differ markedly from the bulk metal. The greater surface to bulk ratio and 

more discrete levels of the nanoclusters provide more energetic available states, bands in the 

nanoclusters are narrower of higher energy, more discrete and show beginnings of a band 

gap. The gap deems the nanoclusters semiconducting on inclusion of a few more electrons. 

The cluster DOS are evenly distributed in energy and show metallic behaviour. The shape of 

the DOS depends on cluster size, symmetry, metal type and inter atomic distances. Due to 

 
Figure 6.8: Density of States of the Pd10, Rh10 and Rh4Pd6 cluster. 

 

high contribution of surface atoms in the nanocluster, the d-d interaction is reduced 

weakening the s-p-d hybridisation
81

. This effect for the small 10 atom clusters is seen in the 

distribution of the discrete states in the DOS. Lowering of the d-d interaction effectively 

lowers the uniformity of the DOS and the more discrete DOS arises. 
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DOS of the Rh10 cluster appears largely similar to the DOS of the Pd10 cluster. Similar 

distribution in energy and metallic like behaviour is seen in the DOS of the rhodium cluster. 

The shape of the DOS is similar showing similar bond lengths and symmetry, the main 

difference is the Fermi level that is dictated by a lower electron occupancy of rhodium. 

The DOS of the Rh4Pd6 shows median Fermi level between that of the pure rhodium and pure 

palladium nanocluster DOS. The mixing of rhodium and palladium character can be seen in 

the distribution of the states. The rhodium character is confined to the low coordination 

vertice sites where higher energy states exist, thus we see a change in the shape of the DOS 

near the fermi level as a different constituent metal dominates this part of the DOS. 

 
6.2 Ceria  
 

Density of States calculations were performed at GGA, GGA +U (U=5) and PBE0 levels of 

theory for bulk ceria in comparison to previously published work
29

.  

 

 
Figure 6.9: DOS for a) GGA, b) GGA + U and c) PBE0 for bulk CeO2
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Non-spin polarised calculations are used throughout this thesis due to high computational 

demand of the spin polarised version, spin polarised calculations are not necessary in bare 

ceria as spin-up and spin-down are identical, however the inclusion of U and choice of U is 

important in modelling the electronic structure
82

. DOS are shown for the various levels of 

theory in Figure 6.9 and the band gap is compared with literature in Table 6.4.  

Typical band gaps are shown using the specified exchange correlation and compared with 

earlier works
29

. The results differ slightly from the research presented in this thesis as 

different PAW have been used for Ce and the referred values have used a Ce(4f) in the 

valence state. Tetravalent GGA_PBE PAW with Ce(4f) frozen in the core has been used in 

this work. This is the standard method of treating the 4f electron as localised as indeed it is 

for cerium. This method has been used consistently throughout the thesis. Results are 

comparable with literature specifically at PBE + U level at which level the remainder of the 

project is calculated. The band gap as shown in the Table 6.5 is the energy difference between 

filled O(2p) and empty Ce(5d) dominated bands. The Ce(4f) bands lie in the gap and for 

CeO2 they remain empty. The occupation of the Ce(4f) orbitals occurs at the reduced sites on 

the surface. GGA gives reasonably accurate representation of the band gap with 

underestimation of 8.3% characteristic of this level of theory.
29

 The band gap is also 

underestimated at the PBE + U level of theory by 11.66% which is slightly greater than the 

PBE approach. However GGA + U has advantages offering the most practical solution to the 

treatment of strongly correlated 4f orbitals. The theoretical band gap energy is nearly 

independent of the U value for CeO2 given that the U value acts on the 4f states only and not 

on the O(2p)-Ce(5d) states that constitute the band gap. The PBE0 hybrid functional 

overestimate the band gap by 43% a quite dramatic overestimation that is consistent with 

previous hybrid method calculations
29

. 
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Table 6.5: Calculated band gaps for bulk CeO2 compared with referenced values
29

. 

 
Exchange Correlation This work Ref.*  

GGA_PBE 5.5 eV 5.64 eV 

GGA_PBE + U 5.3 eV 5.3  eV 

PBE0 8.6 eV 7.9 eV 

Exp.  6  eV 

                                      
*
referenced calculations are spin polarised 

 

In defining the surface energy the slab method was used where relaxed structures were 

obtained for   three, four, five and six stoichiometric CeO2 layers, respectively. A vacuum gap 

of 15 Å in the z direction was implemented to generate the surfaces used in the calculations. 

This gap was large enough to diminish interactions between consecutive periodic images 

between the vacuum. Slab thickness must allow for mid layers to be accurate representations 

of the bulk. For this reason calculations were made for the surface energy starting at three 

stoichiometric layers where a mid layer exists. Total drift in the forces was found to be 

smallest in the 5 layer slab with convergence of the slabs to ±0.001 J/m
2
. The surface 

calculation was repeated for a six layer slab to ensure consistency. The five layer slab was 

chosen as the support with a good representation of the bulk, low drift in the forces and a 

surface energy slightly lower than the others calculated. All further calculations are carried 

out at the PBE + U level of theory with U = 5 eV. 

 

Table 6.6: Surface Energy as calculated for various slab thickness for CeO2 (111) 

 

 
Layers in slab Surface energy (γ) J/m

2 

3 stoichiometric layers 0.727 
4 stoichiometric layers 0.727 
5 stoichiometric layers 0.726 

6 stoichiometric layers 0.727 
Referenced value

83
 0.690 

 

Surface energy was calculated from the formula: 

γ=1/2A(En(slab)-n x E(layer))       (11) 

where En(slab) is the total energy of the slab, n is the number of stoichiometric layers and 

E(layer) is the energy of one layer. The one layer energy is calculated by subtracting the 
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energy of the n layer slab from the n+1 layer slab E(layer) = En – En+1 this was done for every 

consecutive slab and the average of the values was taken for the general value of E(layer). 

The surface energy shows good convergence and agreement with the calculated literature 

value
83

 of γ = 0.69 J/m
2
. 

 
 
6.2.1 Oxygen Deficient Surfaces 
 

Figure 6.10 shows the cell for the five stoichiometric layer ceria (111) surface. Oxygen 

(except surface oxygen) is bound to four tetrahedrally coordinated metal atoms. The unit cell 

has the formula CeO2 and was used to produce the surfaces for further calculations. 

 

 
 

Figure 6.10: Slab configuration for the 5 stoichiometric layer ceria (111) surface. 
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In analysing the metal-support interface we must also consider the oxygen deficient surfaces 

of bare ceria (111) slabs, these shall be a good starting point for charge analysis of the ceria 

surface and an important reference point for comparison with supported clusters. It is widely 

reported and expected that a non-stoichiometric (CeO2-x) causes a charge redistribution 

resulting in excess electron charge in the Ce f states proximal to the oxygen vacancies due to 

formal Ce
3+

. The atoms numbered 49-80 in figure 6.11 are representative of the top two 

cerium layers in the slab; the latter 65-80 are the atomic numbers of the top layer. Numbers 

higher than the specified number of input atoms (240 for the stoichiometric ceria slab and 

minus 2,3 or 4 atoms respectively for the reduced surfaces others) are duplicates of atoms 

occurring at the cell boundaries. 

 

 
 

Figure 6.11: Illustration of the stoichiometric slab minus two top oxygen. 

                                            (arrows indicate oxygen vacancies) 

 

As shown in Figure 6.11 the first atoms of every row are numbered as it occurs in the 

calculations and atoms behind the first of the row increase in number respectively. The figure 

shows a stoichiometric CeO2 minus two top oxygens diagonally opposite in the middle of the 

slab. These oxygen atoms have been deleted from the structure and the slab relaxed again. 

The total DOS of the surfaces are shown in figure 6.12. It can be seen that the shape of the 
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DOS are essentially the same, the fermi level shifts to the 4f region in the reduced surface to 

allow occupancy of the 4f states. It should be noted the width of the O(2p) dominated band 

below the Fermi level also increases on reduction of the surface.   

 
Figure 6.12: Total DOS of the a) fully oxidised b) reduced ceria surface c) PDOS of the 4f 

states on atom 70 as vicinal to an oxygen void. 

 

Table 6.6 shows the comparison between the VASP charge analysis of the stoichiometric slab 

with that of slab minus two of the top most oxygen, as seen in image 6.11. Two oxygen atoms 

have been removed to provide a typical oxygen vacancy void that is not too big to dominate 

the surface. Partial DOS of the Ce atoms of the reduced surface show 4f occupancy in a 

fractional occupation at the Fermi level. Further occupation can be noted between -2.25 to -

6.0 eV. The projected DOS can be seen to adopt two sharp peaks above the Fermi level with 

width of about 0.5 eV. The width is consistent with the total DOS as shown in Figure 6.12.  
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Table 6.7: Comparison of charge analysis on cerium of the stoichiometric slab with the 

reduced slab (minus two top oxygens) as illustrated in Figure 6.11; Reduced cerium atoms are 

highlighted. 

 

  Fully oxidised slab  Reduced slab  

Ce-
Atom 6s 5p 5d 4f Total Bader 6s 5p 5d 4f total Bader 

 
ΔBader 

49 1.963 5.671 0.743 0.677 9.055 0.380 1.964 5.670 0.738 0.693 9.066 0.424 -0.044 

50 1.963 5.671 0.743 0.677 9.054 0.380 1.966 5.674 0.754 0.692 9.085 0.414 -0.034 

51 1.963 5.671 0.743 0.677 9.055 0.380 1.965 5.672 0.743 0.690 9.070 0.424 -0.044 

52 1.963 5.671 0.743 0.677 9.055 0.380 1.964 5.671 0.735 0.691 9.061 0.42 -0.04 

53 1.963 5.671 0.743 0.677 9.055 0.380 1.964 5.671 0.735 0.691 9.061 0.42 -0.04 

54 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.668 0.716 0.710 9.059 0.369 0.011 

55 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.671 0.736 0.697 9.069 0.39 -0.01 

56 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.671 0.739 0.691 9.066 0.417 -0.037 

57 1.963 5.671 0.743 0.677 9.055 0.380 1.965 5.672 0.743 0.690 9.071 0.424 -0.044 

58 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.673 0.746 0.692 9.077 0.417 -0.037 

59 1.963 5.671 0.743 0.677 9.054 0.380 1.967 5.664 0.706 0.734 9.071 0.357 0.023 

60 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.671 0.736 0.698 9.070 0.39 -0.01 

61 1.963 5.671 0.743 0.677 9.055 0.380 1.966 5.674 0.754 0.692 9.086 0.414 -0.034 

62 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.673 0.749 0.689 9.076 0.422 -0.042 

63 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.673 0.746 0.693 9.078 0.417 -0.037 

64 1.963 5.671 0.743 0.677 9.054 0.380 1.965 5.668 0.716 0.713 9.061 0.37 0.01 

65 1.961 5.650 0.732 0.689 9.031 0.351 1.963 5.646 0.716 0.712 9.036 0.374 -0.023 

66 1.961 5.650 0.731 0.689 9.031 0.351 1.975 5.631 0.805 0.761 9.171 0.275 0.076 

67 1.961 5.650 0.731 0.689 9.031 0.351 1.963 5.648 0.739 0.701 9.051 0.35 0.001 

68 1.961 5.650 0.731 0.689 9.031 0.351 1.964 5.651 0.733 0.703 9.050 0.375 -0.024 

69 1.961 5.650 0.731 0.689 9.031 0.351 1.963 5.652 0.744 0.700 9.060 0.367 -0.016 

70 1.961 5.650 0.731 0.689 9.031 0.351 1.974 5.628 0.787 0.768 9.156 0.257 0.094 

71 1.961 5.650 0.731 0.689 9.031 0.351 1.985 5.605 0.851 0.837 9.278 0.160 0.191 

72 1.961 5.650 0.731 0.689 9.031 0.351 1.963 5.648 0.739 0.702 9.052 0.352 -0.001 

73 1.961 5.650 0.731 0.689 9.031 0.351 1.963 5.653 0.751 0.695 9.062 0.356 -0.005 

74 1.961 5.650 0.731 0.689 9.031 0.351 1.963 5.654 0.757 0.700 9.075 0.365 -0.014 

75 1.961 5.650 0.731 0.689 9.031 0.351 1.974 5.628 0.787 0.772 9.161 0.257 0.094 

76 1.961 5.650 0.731 0.689 9.031 0.351 1.975 5.631 0.805 0.765 9.176 0.275 0.076 

77 1.961 5.650 0.732 0.689 9.032 0.351 1.963 5.654 0.751 0.702 9.071 0.358 -0.007 

78 1.961 5.650 0.732 0.689 9.032 0.351 1.963 5.653 0.751 0.695 9.062 0.356 -0.005 

79 1.961 5.650 0.731 0.689 9.031 0.351 1.963 5.652 0.744 0.700 9.059 0.367 -0.016 

80 1.961 5.650 0.732 0.689 9.032 0.351 1.963 5.646 0.716 0.713 9.038 0.374 -0.023 

 
  

Table 6.7 indicates the electron occupancy of designated orbitals in the atom number as 

shown in Figure 6.11. On comparison of the stoichiometric slab with the reduced slab as 

illustrated in Figure 6.11 we see for Ce atoms vicinal to the oxygen voids (70, 71, 75, 76) a 

rise in 4f occupation and rise in 5d occupation. The four middle atoms of the second layer of 

Cerium (58, 59, 62, 63) shows not such a marked increase in charge as the top layer atoms. 
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Atom 54 which is directly under an oxygen vacancy shows a slight rise in 4f occupancy of 

0.033 e
-
 and a corresponding drop in 5d occupancy of 0.027 e

-
. Atom 55 shows a rise in 4f 

occupancy of 0.02 electrons and a drop in 5d occupancy of 0.007 with a overall rise in charge 

of that atom of 0.015 electrons. Atoms 58 and 59 show a rise in 4f occupancy 0.015 e
-
 and 

0.057 e
-
, a change in 5d occupancy 0.003 e

-
 and -0.037 e

-
 and a rise in atomic charge of 0.023 

e
-
 and 0.017 e

-
 respectively. The top layer from which the oxygens have been removed shows 

a higher 5d and 4f rise in occupancy at the cerium atoms neighbouring the oxygen voids and 

correspondingly greater rise in atomic charge overall. Atoms 70 and 71 show 0.079 e
-
 and 

0.148 e
-
 rise in 4f occupancy, 0.056 e

-
 and 0.12 e

-
 rise in 5d occupancy, 0.125 e

-
 and 0.247 e

-
 

rise in total charge overall. Atoms 75 and 76 show 0.083 e
-
 and 0.076 e

-
 rise in 4f occupancy 

and 0.056 e
-
 and 0.074 e

-
 rise in 5d occupancy respectively. The rise in atomic charge of 

atoms 75 and 76 is 0.13 e
-
; with a 0.145 e

-
 rise in electron occupancy overall. The top layer 

Cerium atoms also show a drop in p band occupancy corresponding to the loss of the oxygen 

atoms and a slight increase in s band occupancy. These results are calculated taking the 

RWIGS (control radius or Wigner-Seitz radius) and integrating the charge around each atom 

within this radius. The charge analysis results are somewhat arbitrary as they depend on the 

choice of Wigner-Seitz radius for each atomic species, the default value for RWIGS were 

used. The results tabulated above are not an accurate reflection of the real electron occupancy 

nor do they accurately represent the occupancy as determined in the relaxation calculation of 

VASP. The numbers merely represent an insight into the charge analysis on reduction of the 

surface of a ceria slab. So in general we see a rise in Ce-4f occupancy on oxygen abstraction 

and a similar rise in occupancy of the Ce-5d orbitals. The rise in total atomic charge of the 

cerium atoms depleted of oxygen is indicative of the extra occupancy of the electrons freed in 

the oxygen vacancy. Increase of atomic charge does not directly correspond to the total 

charge freed in the removal of oxygen, ELF visualisations show the oxygen vacancies indeed 
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possess charge after the removal of oxygen, figure 6.13. Charge that is freed in the oxygen 

vacancies is not fully passed to the neighbouring cerium atoms as can be seen in this charge 

analysis, in fact the majority of the charge freed on the removal of oxygen remains in the 

oxygen vacancy with the remainder gathering on the neighbouring cerium atoms. Gathering 

of charge on neighbouring cerium atoms is found in the charge analysis (table 6.7) to be 

predominant on atoms 70,71,59, and atoms 75,76 (where 59 is a second layer atom and the 

remainder are first layer). It can also be seen in the ELF visualisation, (Figure 6.14), and from 

charge analysis a build up of charge on atom 66, although the origin of this is unsure. Bader 

analysis is also shown and gives a clear indication of the increase of charge density on cerium 

with the removal of oxygen from the surface. Bader analysis shows an increase of electronic 

charge of 0.094 (atom 70), 0.191 (atom 71), 0.023 (atom 59), 0.094 (atom 75) and 0.076 

(atom 76).         

Visualisations show the electron localisation function at the surface for the stoichiometric five 

layer slab and the five layer slab minus two top oxygens as shown. Figure 6.13 illustrates the 

control scenario of the stoichiometric slab. The two dimensional electron localisation display 

is centred on the top layer oxygen. Highest electron density is concentrated around the atomic 

centres of the top layer Cerium, shown in violet. Lower layer oxygen atoms do not show 

contours of electron density as the two dimensional electron localisation display is not 

situated on them.  

We see stark differences in the electron localisation function when oxygen are removed from 

the surface. In the oxygen deficient ceria surface (Figure 6.14) we can clearly see where the 

oxygen atoms have been removed from the surface. In these locations the third layer oxygen 

atoms are visible. Moreover around the vicinity of the oxygen vacancy electron density on 

the second layer oxygens is visible. Electron densities on neighbouring cerium atoms shows a 

change in electron localisation. The surface oxygens are indeed bound to three neighbouring 
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cerium atoms, whereas on removal of the oxygen the excess charge created by the vacancy 

returns to cerium reducing only two cerium atoms. Ce(4f)-O(2p) hybridisation shifts the 

electron density away from Cerium and on removal of the oxygen a 4f state remains in two 

Ce atoms. It is apparent from the electron localisation function two cerium atoms have a gain 

of electron density shown (in the tighter contours of the violet). It is found an integral 4f
1
 

state does not exist but a resonance exists of two 4f states between 3 atoms, or more 

appropriately 4 4f states between 6 atoms. 

 
 

Figure 6.13: ELF of the stoichiometric surface. 

 

It can be seen in the electron localisation function of the reduced surface that the second layer 

oxygens also adopt some charge at the oxygen vacancies. The second layer of oxygen is 

influenced by the absence of these first layer oxygen atoms. Figure 6.14 shows the middle 

oxygen of the second layer which possesses significant charge in the ELF visualisations is 

raised above its counterparts in the lattice. The bond length to the cerium atom above it has 

decreased from 2.378 Å in the unreduced slab to 2.266 Å in the reduced slab. Additionally 

the last oxygen atom in the next row on the right can also be seen to be displaced and stands 

above its neighbours; bond length to the cerium atom above it has significantly decreased 
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from 2.378 Å to 2.333 Å. This second displaced oxygen also has a relatively higher electron 

contour as seen in the top right of the ELF image. The additional image in Figure 6.15 shows 

the displacement of the middle oxygen in the 2
nd

 monolayer lattice and its neighbour 

diagonally opposite. This is how the charge of the 2
nd

 layer central oxygen and opposite 

neighbor in the ELF bears some semblance to the top layer oxygen of the electron 

localisation function.  

 
Figure 6.14: ELF of the reduced surface. 

 

Figure 6.15: Illustration of the configuration of the atoms in the reduced slab (minus two top 

oxygens), note the rise of the central oxygen atom in the second from top monolayer.

 (arrows indicate displaced oxygen atoms)
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6.3 Supported Metals 

 
6.3.1 Isolated Metal Atoms 
 
Monoatomic metals adsorbed in the oxygen vacancy of ceria serve as a starting point for 

investigation of the metal supported on ceria. Rhodium and palladium atomic species were 

placed in the oxygen vacancy of the ceria support and relaxed. Charge analyses show a 

general decrease on d and f states on contact with the active metal and a transfer of charge 

from the 4d states to the s states of the active metal. Bader analyses show a marked increase 

of charge on the active metal apparently due to the transfer of charge from the cerium it is in 

contact with. Charge transfer of the Ce(4f) states to the active metal is consistent with the 

work of Zhang et al
45

 who performed spin polarised calculations in determining an ionic 

interaction of Au with the ceria when occupying the oxygen vacancy.  It can be seen from 

charge analysis the loss of the d and f states of cerium and the consequent positive charge on 

the cerium atoms and the Bader analysis shows the significant gain of charge on the active 

metal atom. Bader analysis also indicates a positive charge on the cerium of the Ce-M bond 

as is reported to occur for Ce-Au. Bader analysis of the calculations of the atomic metal 

species in the oxygen vacancy corroborate the ionic bond but the possibility of additional 

charge transfer at the metal support interface of the reduced support cannot be ruled out. 

 
 

Figure 6.16: (a) Ceria slab with topmost oxygen vacancy, (b) Palladium occupying the 

oxygen vacancy and (c) with rhodium occupying the oxygen vacancy. 
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From further studies presented in chapter 7, it is evident that the interaction of gold differs 

from the interaction of palladium and particularly rhodium, as gold is an unreactive element 

and not prone to electronic donation with its stability of a full d shell. The differences in 

charge transfer of rhodium and palladium noted in this charge analysis cannot be duly 

accounted for as the calculations are not spin polarised. However, it may be inferred a 

significant difference in charge transfer exists between rhodium and palladium. The cerium 

atoms in figure 6.16 are presented in the charge analysis in table 6.8, the subsequent cerium 

atoms are numbered backward from the front atoms as can be seen in the bare slab where 

atom 10 is reduced.  

From the charge analysis in Table 6.8 it can be seen that the bare ceria slab shows the highest 

d and f occupancy on atoms 9, 10 and 13 that correspond to the reduced cerium. The oxygen 

atom bound to atom 10 has been removed from the lattice and acts to free the electrons to the 

neighbouring cerium atoms. On deposition of the metal the effective gain of charge of these 

atoms is lost as the electron density is transferred to the deposited active metal. The loss of 

charge can be seen on the total charge of the VASP analysis but cannot be detected using the 

Bader analysis. The differences in VASP charge analysis and Bader analysis are explained in 

the introductory theory chapter 2. Bader analysis includes the interstitial space not 

incorporated in the RWIGS sphere of the VASP charge analysis and comprises a more widely 

trusted charge analysis. The Bader analysis of the active metals does indicate the supported 

metals possess significantly more electronic charge than their free counterparts. This is due to 

the transfer of charge from the cerium valence states to the active metal centres. 

Adsorption energies of the metals are calculated from the equation:  

Eads= Etot(support) + Etot(atom) - Etot(support+atom)    (12) 

Where Etot is the total energy of the relaxed structure, being it the reduced support, the 

isolated atom or the atom supported on the slab. 
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Adsorption energies and bond length are shown for rhodium and palladium in the oxygen 

vacancy and compared with the referenced value. Metal cerium bond lengths appear in 

reasonable agreement as in table 6.10. Adsorption energies of differing configurations are 

compared. The calculated value is indicative of the metal adsorption energy on the reduced 

ceria. The referenced adsorption energy represents a different configuration where the metal 

is adsorbed on the oxide surface. 

Table 6.8: Charge analysis for cerium atoms of top layer in Figure 6.16, the reduced and 

metal bound cerium atom is highlighted. 

 

(a) Bare ceria slab 

Ce-
atom 6s 5p 5d 4f Total Bader 

6 1.963 5.647 0.719 0.716 9.045 0.376 

7 1.963 5.653 0.751 0.698 9.065 0.342 

8 1.963 5.653 0.751 0.699 9.065 0.34 

9 1.974 5.631 0.793 0.766 9.164 0.274 

10 1.974 5.631 0.792 0.765 9.163 0.274 

11 1.962 5.653 0.751 0.697 9.064 0.341 

12 1.963 5.647 0.719 0.716 9.044 0.375 

13 1.974 5.631 0.793 0.768 9.167 0.275 

14 1.962 5.647 0.719 0.718 9.047 0.373 

(b) Palladium on ceria slab 

Ce-
atom 6s 5p 5d 4f Total Bader 

6 1.961 5.649 0.730 0.685 9.025 0.404 

7 1.962 5.652 0.751 0.691 9.055 0.346 

8 1.962 5.652 0.749 0.691 9.054 0.346 

9 1.969 5.638 0.755 0.716 9.079 0.237 

10 1.969 5.639 0.754 0.716 9.078 0.241 

11 1.962 5.652 0.749 0.690 9.052 0.347 

12 1.960 5.649 0.730 0.685 9.025 0.405 

13 1.970 5.636 0.762 0.719 9.086 0.223 

14 1.960 5.649 0.730 0.685 9.024 0.412 

(c) Rhodium on ceria slab 

Ce-
atom 6s 5p 5d 4f Total Bader 

6 1.961 5.649 0.733 0.686 9.029 0.404 

7 1.961 5.651 0.748 0.689 9.049 0.4 

8 1.961 5.651 0.745 0.689 9.047 0.398 

9 1.970 5.630 0.771 0.724 9.096 0.223 

10 1.970 5.631 0.769 0.723 9.093 0.231 

11 1.962 5.652 0.747 0.690 9.050 0.403 

12 1.961 5.650 0.734 0.686 9.031 0.35 

13 1.969 5.600 0.846 0.786 9.202 0.077 

14 1.961 5.650 0.734 0.687 9.031 0.408 
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Table 6.9: Charge analysis of the active metal in both the free state and supported on the 

reduced ceria. 

 

  Atom 5s 4p 4d total bader 

Free Pd -0.001 0.000 8.651 8.650 0.000 

Free Rh 0.017 0.000 7.688 7.705 0.000 

Supported Pd 0.419 0.025 8.195 8.639 -0.699 

Supported Rh 0.278 0.052 7.644 7.798 -0.462 

 

 

Table 6.10: Adsorption energies and M-Ce bond lengths (R) of rhodium and palladium in the 

oxygen vacancy. The calculated values are compared with results from literature
44b

. The 

referenced adsorption energy is on the oxidised surface. 

 

Calculated value Referenced value 

Metal Eads (eV) R (Å) Eads (eV) R (Å) 

Pd 2.813 2.997 1.780 2.870 

Rh 3.161 3.087 3.720 3.000 

 

6.3.2 M4 Clusters 

M4 clusters present the smallest possible cluster size and possess the same symmetry C4V as 

the M10 clusters presented in the next chapter. The M4 clusters thus represent a stepping stone 

to the the main calculations the M10 supported clusters. 

Rh4 and Pd4 clusters supported on a fully oxidised ceria (111) surface have been investigated 

in recent works
44b,c

 by spin polarised calculations. Tetrahedral M4 clusters have been 

optimised on the oxidised surface of ceria (111) and show stronger adsorption energy of 

rhodium clusters
44b

 consistent with the isolated atomic species. The clusters also show 

positive charge at the interface as shall be further discussed in chapter 7. Tetrahedral M4 

clusters are also optimised in this thesis in initial investigations of metal clusters on ceria. 

Clusters were placed on the reduced slab centred on the oxygen vacancy and relaxed. The 

calculations obtained metal clusters on the reduced slab that retained the tetrahedral 
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configuration. These tetrahedral M4 clusters form the initial calculations of the investigations 

of active metal clusters on the ceria slab and are first indication of the stability of the 

supported clusters.  

 
Figure 6.17: Tetrahedral metal clusters supported on reduced ceria surface;(a) Pd4 cluster on 

reduced ceria and (b) Rh4 cluster on reduced ceria surface. 

 

The M4 clusters described in the literature exist on the oxidised support without distortion, 

the bond lengths within the supported cluster are constant. To the contrary the clusters on the 

reduced support in these calculations showed a distortion from the unsupported configuration. 

The Rh4 cluster is shown in closer view in Figure 6.18. The lines joining adjacent atoms 

merely represent the distances between the rhodium atoms. 

The interfacial bond at the back (3.683 Å) is significantly longer than the two other interfacial 

bonds (2.635 Å and 2.562 Å). On contact with the support the cluster apparently distorts and 

the bond breaks on one side to relax on the reduced support. The same effect occurs for the 

Pd4 cluster. M4 clusters supported on the oxidised surface were not studied in these 

calculations although have been in the work described above
44b,c

. Rh-Rh distances show 

consistency with bond lengths indicated in literature
44c

 as between 2.42 Å to 2.63 Å, (as do 
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Pd-Pd distances at 2.60 Å to 2.75 Å). Table 6.11 indicates the metal support bond distances of 

the M4 clusters and compares them with literature values. 

 

 

 

Figure 6.18: Rh4 cluster with bond distances indicated in Angstroms 

 
Table 6.11: Metal support bond distances of M4 clusters. 

 
 Pd Rh Pd* Rh* 

M-Ce 2.597 2.640 3.26 3.15 
M-Ce 2.674 2.700 3.28 3.35 

M-Ce 2.768 2.797 3.28 3.38 
M-O 2.179 2.055 2.06 1.95 
M-O 2.208 2.098 2.07 1.98 

                                 
*
Results taken from literature on an oxidised surface

44b
 

 

 

6.4 Summary 
 
Initial calculations have been conducted looking at the bulk structures of rhodium and 

palladium which are of relatively similar electronic structure. The tetrahedral M10 free 

clusters are also presented for Pd10, Rh10 and Rh4Pd6. The charge analysis of the clusters is 

dominated by s,p-d rehybridisation with an overall higher charge density on the vertice atoms 
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due to their lower coordination. The DOS of the clusters are compared and the shapes are 

interpreted as due to the electronic structure and composition. DOS for ceria at the various 

level of theory are presented and show good agreement with literature results; the 

discrepancy observed is due to the use of a modified PAW for Ce. Convergence of the surface 

energy is found to be in good agreement with literature. A shift to 4f occupancy is observed in 

the DOS of the reduced surface of ceria, charge analysis consolidates this and when coupled 

with the electron localisation function indicates the remnants of charge in the oxygen vacancy 

on surface reduction. First calculations of metal atoms on the reduced surface indicate the f 

occupancy gained on reduction is lost on deposition of the metal. Charge transfer of the metal 

atoms with the support are shown and form the basis of charge analysis of the supported 

metals. M4 clusters are also shown on the reduced support as first examples of the supported 

clusters, distortion in the clusters is observed that has not been reported for M4 clusters on the 

oxidised surfaces.
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Chapter 7 
 
DFT Calculation of Supported Clusters 
 
 

In this chapter the M10 clusters of rhodium and palladium on the reduced and oxidised CeO2 

(111) surface are investigated. The CeO2 (111) surface has been chosen as it is the 

thermodynamically most stable surface of CeO2. The Pd10, Rh10, and Rh4Pd6 clusters are 

optimised on both the reduced and stoichiometric surfaces and the metal support interface is 

investigated. Analysis of the calculations is presented by visualisation of the electron 

localisation function, discussion of the density of states, charge analysis and bond distances. 

A comparison of cluster configuration in the reduced and oxidised supports is presented and 

scrutiny on the distortion within the clusters is made. 

 

7.1 Supported Pd10 Clusters 

 
7.1.1 Pd10 Cluster on Reduced Ceria (111) Surface 
 
The surface of the slab and interface with the cluster is seen as a periodic array consistent 

with the bulk of the slab. The cluster forms an interaction with the support through the 

oxygen of the surface and first monolayer cerium atoms. 

Figure 7.1 shows the relaxed structure of the Pd10 cluster on the reduced ceria (111) surface. 

The real interface of the ‘as-prepared’ supported metal clusters is proposed to be of a reduced 

nature. The surfaces of the ceria nanoparticles are known to be in the reduced state
84

 and the 

metal clusters are shown to preferably aggregate at surface vacancies
45

. The reduction of the 

interface is facilitated by oxygen migration of bulk ceria. The metal support junction is 

predicted by junction theory (chapter 1.5) to facilitate the abstraction of oxygen
32

. Moreover 
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the bare ceria surface alone is prone to wide spread reduction whilst the bulk stays oxidised. 

Noble metals are known to be stable when deposited on reduced ceria surfaces
42

. Surface 

reduction of ceria is of lower energy than reduction of the bulk
85

 and the hetero-junction has 

the effect of lowering oxygen abstraction energy
32

. It is therefore intuitive that the deposition 

of noble metals yields a reduced interface for the metal support junction. However, the 

periphery of the cluster has the capacity for oxygen occupation and abstraction and in a 

catalytic reaction it does facilitate the oxidation of active metal adsorbed carbon species. The 

interface between CeO2 and the metal clusters is also influenced by strain on the clusters 

distorting the relaxed state of the metal cluster impinging on the support. Proximal oxygen 

also exhibits some influence on the configuration of the interfacial monolayer. Figure 7.1 

illustrates the position of the oxygen vacancies in the first layer of the support, the vacancies 

reside below the impinging metal cluster. 

The cluster has the capacity to uptake oxygen of the support that lie in the top monolayer and 

 

 

 

Figure 7.1: Supported Pd10 cluster on a reduced interface, the arrows indicate the position of 

the oxygen vacancies of the top monolayer. 

Oxygen 

vacancies 

Oxygen 

vacancies 
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Figure 7.2: ELFCAR visualisation of the Pd10 cluster on a reduced interface. 

 

directly beneath the metal cluster. Figure 7.2 shows the configuration presented in Figure 7.1 

rotated by ~90° into the plane. This image shows the electron density in the ELF of the 

surface. Highest electron density is located around the oxygen atoms. Further electron density 

can be seen in the oxygen vacancies where the electrons freed from the removal of oxygen 

reside. The polarised nature of the support may influence the oxygen vacancies to maintain 

the electron density in the vacancies. Cerium is an electropositive metal and does not attract 

electrons to itself. The oxygen vacancies are thus a stable aspect of the reduced support 

although the presence of palladium may encourage the oxidation of the interface given the 

facile oxygen transport of the oxygen species within the bulk of ceria. 

The density of states (fig. 7.3) shows the metal contributions of Pd and Ce. The partly 

reduced Ce atom fills part of the band gap of the interface, with the 4f states just above the 

Fermi level, the metallic cluster filling the gap between the unoccupied Ce(4f) states and the 

O(2p). A low density of states between O(2p) and Ce(4f) states is comprised from the contri-

bution of the Pd(4d) states of the nanocluster. Thus the interfacial region has a Fermi level 
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Figure 7.3: a) DOS of supported Pd10 on reduced support and PDOS of interfacial atoms for 

b) Pd(4d) c) Ce(4f) and d) Ce(5d); note the scale of Ce(5d) 
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quite different from the remainder of the support including the electron density from the 

metal. In fact it could be assumed that the interface specific region (ISR) has the tendency to 

assume some metallic character within a few monolayers of the actual metal support contact. 

Partial DOS on the interfacial atoms are shown in figure 7.3, again the Fermi level of ceria is 

given as is the convention adopted. We see overlap of the (Ce)4f and (Ce)5d states of cerium 

with the (M)4d of the palladium metal. The overlap is an indication of hybridisation of (Ce)4f 

with (M)4d and (Ce)5d with (M)4d taking place at the interface of the reduced support. Ce-

Pd bond distances vary from ~2.6 Å for the vertice atoms that sit atop a cerium atom to ~3.1 

Å for middle atoms of the interface. Vertice atoms exhibit proximity for bonding.  The (Ce)4f 

states appear occupied below the Fermi level and overlap with the d states of the palladium 

metal, indicative of hybridisation of the metals and the formation of a hybridised intermetallic 

bond. A significant overlap is observed for the 4d and 5d levels between -6 eV and -4 eV. We 

see hybrid bonding of the 4d, 4f and 4d, 5d levels in these energy intervals. 

 

Table 7.1: Charge analysis and bader analysis of cerium atoms for supported Pd10  

and bare surface of the reduced support. Interfacial atoms are highlighted. 

  Reduced support plus metal cluster Reduced support 
 

Ce-

Atom 6s 5p 5d 4f total Bader 6s 5p 5d 4f Total Bader 

 

ΔBader 

65 1.963 5.649 0.729 0.709 9.050 0.345 1.965 5.648 0.723 0.720 9.056 0.357 -0.012 

66 1.969 5.636 0.745 0.737 9.087 0.288 1.977 5.629 0.777 0.792 9.175 0.229 0.059 

67 1.971 5.633 0.754 0.755 9.114 0.252 1.975 5.630 0.781 0.768 9.154 0.251 0.001 

68 1.963 5.646 0.711 0.695 9.016 0.384 1.966 5.646 0.691 0.749 9.051 0.344 0.04 

69 1.963 5.650 0.734 0.702 9.049 0.383 1.965 5.650 0.722 0.732 9.069 0.353 0.03 

70 1.980 5.625 0.836 0.734 9.176 0.076 1.986 5.605 0.836 0.838 9.265 0.138 -0.062 

71 1.985 5.610 0.878 0.733 9.206 0.006 1.999 5.576 0.863 0.928 9.367 -0.033 0.039 

72 1.974 5.633 0.740 0.601 8.948 0.247 1.975 5.630 0.781 0.769 9.155 0.252 -0.005 

73 1.964 5.655 0.755 0.696 9.070 0.356 1.964 5.657 0.767 0.705 9.094 0.342 0.014 

74 1.969 5.638 0.764 0.727 9.098 0.278 1.976 5.632 0.814 0.761 9.182 0.253 0.025 

75 1.980 5.625 0.835 0.733 9.173 0.076 1.986 5.605 0.836 0.840 9.267 0.138 -0.062 

76 1.969 5.636 0.746 0.730 9.081 0.291 1.977 5.629 0.777 0.797 9.180 0.229 0.062 

77 1.963 5.654 0.749 0.700 9.066 0.366 1.964 5.655 0.752 0.703 9.074 0.343 0.023 

78 1.963 5.655 0.756 0.700 9.074 0.358 1.964 5.657 0.767 0.705 9.094 0.342 0.016 

79 1.963 5.650 0.730 0.702 9.045 0.388 1.965 5.650 0.722 0.732 9.069 0.353 0.035 

80 1.963 5.649 0.724 0.709 9.046 0.353 1.965 5.648 0.723 0.721 9.057 0.357 -0.004 
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Charge analysis (Table 7.1) shows a general loss of 4f occupancy at the interface. Addition of 

the metal cluster to the oxygen deficient surface effectively alleviates most of the f charge 

developed in the removal of oxygen. Any gain of metal 5s occupancy is understood to be due 

to contribution from the 4f states as determined by spin polarised studies
45 

of Au adatoms 

deposited on various ceria sites. With an Au atom deposited in the oxygen vacancy the 4f 

occupancy is lowered through transfer of 4f(Ce)=>5s(Au) and subsequent ionic bonding of 

cerium with the metal. The transfer of the occupied f orbitals to the active metal occurs in the 

absence of oxygen and an ionic attraction is attained. Although this charge analysis indicates 

a loss of 4f occupancy and a gain of 5s on the active metal at the reduced sites no net 

difference in charge and subsequent ionic attraction is determined by the Bader analysis. The 

lowering of 4f occupancy is in the vicinity of the metal cluster where oxygen vacancies have 

filled the 4f states of the reduced surface. The bonding mechanism of the cluster to the 

support apparently varies with metal environment, bonding varies between reduced and 

oxidised interface and varies with relative position of the metal atom with the support. 

Overall a delocalised interaction is also predicted at the interface where the 4d states of the 

active metal cluster interact with the 4f and 5d of the support. This is the assumed mode of 

bonding in the relaxed structure. As implemented in the PAW the 4f states are treated as 

frozen and play only a partial role in hybridised intermetallic bond formation. Delocalisation 

of the (Ce)4f states is treated as a shift to (Ce)5d occupancy effectively an internal 

hybridisation of the (Ce)4f states with conduction electrons. Also of significant interest in the 

structure of the interface is the change of total charge of the cerium atoms. As identified by 

VASP charge analysis the interfacial cerium atoms in a reduced environment exhibit a 

positive charge, which is an indication of the fact that reduced interface bears some positive 

charge at the cerium atoms that is a product of the metal support contact, the ionic interaction 

of the metal with cerium. At the active metal in the reduced environment transfer of charge 
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from the (Ce)4f states of ceria to the 5s states of the metal yield a negative charge. The charge 

analysis as made by the VASP program indicates the ionic interaction of the cerium metal 

with the active metal in the reduced interface. However Bader analysis does not indicate a 

clear overall charge distribution in this case but shows a positive charge is accumulated on 

the reduced interfacial cerium atom (atom 71), charge accumulation on atoms 70 ( -0.062 e
-

),71 (+0.039 e
-
) and 75 (-0.062 e

-
) is indicated. Total charge analysis by VASP indicates a 

positive charge occurs on the cerium atoms proximal to the interface. Thus a bonding 

mechanism exists at the interface that is a combination of both ionic and intermetallic bond. 

There is ionic interaction of the reduced interface shown in the positive charge on the reduced 

cerium atoms and the negative charge on the interfacial active metal atoms. The positive 

charge on the remaining cerium can not be seen by the Bader analysis due to extra electronic 

charge accumulated on the cerium atoms in the outer sphere. Comparison of the charge 

distribution indicates excess electronic charge is accumulating beyond the RWIGS sphere as 

implemented by VASP. This charge is accumulated by a type of bonding mechanism that is 

superseding the ionic interaction. It could be proposed that the hybridisation is transferring 

electronic charge to the cerium atoms from the active metal effectively alleviating the ionic 

interaction. The metal cluster possesses significant charge density that acts to shift electronic 

charge to the support it impinges on. Occupation of the interfacial cerium p orbitals increases 

on deposition of the metal cluster. This is most likely due to the interaction of the impinging 

lattice of the metal cluster, we see s,p,d mixing at the interface that results in a mixing of the 

(M)4d states with the 5p states of cerium. This could be considered further evidence of an 

intermetallic bond forming between cerium and palladium. 

The oxidised form of ceria apparently bears the transfer of the charge of the active metal to 

the neighbouring cerium atoms that are not the nearest neighbours. In fact for the deposited 

metal clusters it is difficult to determine which neighbour the charge is passed to; studies of 
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single atoms indicate it depends on the structural perturbations and repulsion of the active 

metal
52

. Thus the interfacial cerium atoms individually possess partial charge transferred 

from the active metal. The electron density of the cluster significantly influences the charge 

of the support through this charge transfer. Charge transfer of the active metal to the support 

is difficult to account for.    

Charge analysis on both supported and free metal clusters is shown in Table 7.2. Comparison 

of the atomic constituents of the free with the deposited Pd10 cluster shows a significant 

change in s,p and d band occupancy in the vertice atoms as compared with the bulk of the 

nanocluster. This trend seen can be explained as s,p-d mixing within the cluster. The vertice 

atoms do not exhibit the same extent of s,p mixing and this is evident in the free cluster. This 

trend can also be seen within the supported cluster when taken into account the contributions 

from neighbouring oxygen atoms at two first vertice sites as tabulated (Table 7.2), the p 

occupancy is somewhat higher than the expected value of the top atom or the final vertice 

atom. The occupancy of the s band is raised by an average of 0.036 in the bottom middle 

atoms (atoms 241, 242, 246) of the reduced interface of the supported cluster. This rise in s 

character is attributed to the taking on of charge from f states of the reduced support. Notably 

we also see a rise in electron occupancy of the non-interfacial d states of palladium 

corresponding to the rise in total occupancy.  

The Pd-metal atoms in contact with the support (atoms 241-246) show a small change in 

occupancy (0.043, 0.042, 0.022, 0.015, 0.041, 0.041 e
-
, respectively) in fact cluster vertice 

atoms in contact with the support show a drop of d electron occupancy by average 0.035 e
-
. 

This is attributed to the transfer of charge of the 4d orbitals to the cerium atoms of the support 

via oxygen. The extra charge from the nearby oxygen atoms are concentrated in the 4p active 

metal orbitals. Thus the final bottom corner atom (atom 245) does not show the loss of 4d 

occupancy or the rise in 4p occupancy as it is not in contact with oxygen. The drop of d band 
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occupancy of the vertice palladium atoms in contact with oxygen is proposed to be 4d 

transfer to the M-O bond.  

 

Table 7.2: Charge analysis for supported and free Pd10 cluster.  

(Bot-mid implies the middle atoms at the bottom layer). 

 

  Supported Pd cluster Free Pd cluster  
 

Pd-atom 5s 4p 4d Total Bader 5s 4p 4d Total Bader 

 

ΔBader 

Top(237) 0.311 0.071 8.218 8.599 -0.154 0.329 0.075 8.156 8.560 -0.111 -0.043 

Middle(238) 0.283 0.144 8.101 8.528 -0.001 0.279 0.149 8.070 8.497 0.067 -0.068 

Middle(239) 0.285 0.146 8.103 8.533 0.003 0.279 0.149 8.070 8.497 0.072 -0.069 

Middle(240) 0.280 0.136 8.138 8.554 -0.024 0.279 0.149 8.070 8.497 0.089 -0.113 

Bot-mid(241) 0.318 0.155 8.067 8.540 -0.363 0.279 0.148 8.070 8.497 0.07 -0.433 

Bot-mid(242) 0.314 0.155 8.071 8.539 -0.372 0.279 0.148 8.070 8.497 0.084 -0.456 

Bot-mid(246) 0.312 0.154 8.072 8.538 -0.357 0.279 0.148 8.070 8.497 0.073 -0.43 

Vertice(243) 0.324 0.135 8.112 8.571 -0.079 0.329 0.075 8.156 8.559 -0.115 0.036 

Vertice(244) 0.327 0.141 8.107 8.575 -0.074 0.329 0.075 8.156 8.560 -0.11 0.036 

Vertice(245) 0.366 0.091 8.145 8.601 -0.524 0.329 0.075 8.156 8.560 -0.118 -0.406 

 

 

We see a difference in total charge of the supported cluster as opposed to the free cluster, the 

interfacial atoms adopt a negative charge. This negative charge has been known to represent 

an electronic deactivation following high temperature reduction
35

. Bader analysis shows the 

activated form of the active metal is present only at the vertices where oxygen is in contact 

with the cluster. The vertice thus exhibit a M-O-Ce bonding interaction where the central 

interfacial bonding consists of a mainly intermetallic interaction. The positive charge on the 

interfacial cerium atoms and corresponding negative charge on palladium is evidence of the 

ionic interaction. This is the mode of bonding of the interface in the reduced form however 

the positive charge on cerium is quite subtle in the Bader analysis but more obvious in the 

VASP charge analysis. The 4f and 5d of the support show sufficient overlap with 4d of the 

active metal to exhibit a metallic type bond at the interface. It is thus proposed that the ionic 

interaction is superseded by the metallic interaction with the greater electron density of the 

cluster as compared with a solitary atom. The metallic interaction apparently shifts further 

electron density to the interfacial cerium from the cluster. The ionic interaction can still be 
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identified in the palladium/ceria interface but is less obvious in the rhodium/ceria and mixed 

metal/ceria interfaces. Gain of 5d occupancy is observed more so in the rhodium/ceria and 

mixed metal/ceria than in the Pd/Ceria case. 

 

7.1.2 Pd10 Cluster on a Fully Oxidised Ceria (111) Surface 
 

The influence of oxygen on the interface is studied in this section. A fully oxidised ceria slab 

is used as the support for the clusters as represented in Figure 7.4. 

 
 

Figure 7.4: Pd10 cluster supported on oxidised ceria 

 

Charge analysis as shown in Table 7.3 indicates a unique environment of the charge 

distribution at the metal support interface. Analysis of the total charge indicates a negative 

charge build up on the interfacial cerium atoms. Ce atoms 70, 71, and 75 (highlighted in table 

7.3) display a significantly greater atomic charge than their counterparts on the fully oxidised 

bare slab accompanied by increased Ce-O bond lengths on these atoms (from 2.375 Å on the 

bare slab to between 2.44 Å – 2.52 Å) . This build up of atomic charge appears to stem from 

additional occupation of the 5d and 4f orbitals at the oxidised interface. It would appear that 

the impinging active metal lends electronic charge to the interfacial cerium atoms. The charge 
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build up on the 5d and 4f orbitals is apparently due to bonding of the cluster with the support 

via the interfacial oxygen. It is clear in the oxidised support the interaction of the 4d of the 

cluster with 4f and 5d of the support occurs. Charge is transferred from the 4d orbitals of the 

metal cluster to the CeO2 support to stabilise Ce-O-M interfacial bonds. The presence of 

oxygen at the interface bestows no extra 4f and 5d character on the cerium atoms as no 

electrons are freed from the creation of oxygen vacancies. Cerium atoms with no occupied 4f 

states to use in bonding accept electrons from the impinging metal. In the oxidised interface 

this yields the catalytically active state the Ce-O-M interface where the interfacial metal 

adopts a partial positive charge. The impinging metal at the interface effectively acts to 

reduce the proximal cerium to partial Ce
3+

. The cerium atom doesn’t have the capacity to 

donate to a Ce-Pd bond and the active metal possesses all the valence electron density.  

Active metal atoms that are not close enough to a cerium atom participate in a Ce-O-M 

moiety only. It is proposed that direct bonding between the Ce and the Pd metal also exists 

but it is scarce as compared with the reduced interface. 

Table 7.3: Charge analysis of cerium atoms in the oxidised slab with Pd10 cluster compared 

with charge analysis of bare oxidised slab. 

  oxidised slab plus cluster oxidised slab 
 

Ce-

atom 6s 5p 5d 4f Total Bader 6s 5p 5d 4f Total Bader 

 

ΔBader 

65 1.962 5.650 0.724 0.700 9.038 0.387 1.961 5.650 0.732 0.689 9.031 0.351 0.036 

66 1.963 5.651 0.740 0.706 9.060 0.383 1.961 5.650 0.731 0.689 9.031 0.351 0.032 

67 1.962 5.651 0.724 0.700 9.038 0.386 1.961 5.650 0.731 0.689 9.031 0.351 0.035 

68 1.960 5.650 0.732 0.685 9.027 0.379 1.961 5.650 0.731 0.689 9.031 0.351 0.028 

69 1.962 5.651 0.724 0.700 9.037 0.39 1.961 5.650 0.731 0.689 9.031 0.351 0.039 

70 1.967 5.650 0.754 0.710 9.081 0.274 1.961 5.650 0.731 0.689 9.031 0.351 -0.077 

71 1.967 5.651 0.751 0.710 9.078 0.271 1.961 5.650 0.731 0.689 9.031 0.351 -0.080 

72 1.962 5.651 0.723 0.700 9.037 0.386 1.961 5.650 0.731 0.689 9.031 0.351 0.035 

73 1.962 5.652 0.742 0.691 9.047 0.386 1.961 5.650 0.731 0.689 9.031 0.351 0.035 

74 1.963 5.651 0.739 0.707 9.060 0.383 1.961 5.650 0.731 0.689 9.031 0.351 0.032 

75 1.967 5.650 0.751 0.709 9.077 0.27 1.961 5.650 0.731 0.689 9.031 0.351 -0.081 

76 1.963 5.651 0.740 0.705 9.058 0.375 1.961 5.650 0.731 0.689 9.031 0.351 0.024 

77 1.962 5.652 0.742 0.692 9.048 0.39 1.961 5.650 0.732 0.689 9.032 0.351 0.039 

78 1.962 5.652 0.742 0.692 9.047 0.387 1.961 5.650 0.732 0.689 9.032 0.351 0.036 

79 1.962 5.651 0.723 0.700 9.036 0.385 1.961 5.650 0.731 0.689 9.031 0.351 0.034 

80 1.962 5.651 0.723 0.701 9.037 0.387 1.961 5.650 0.732 0.689 9.032 0.351 0.036 
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The ELFCAR (Figure 7.5) image shows the influence of the interfacial oxygen on the cluster 

with the presence of oxygen dominating the electron localisation features of the interface. 

Interfacial oxygen is found to have slightly more electronic charge in the charge analysis 

indicative of the transfer of charge from the active metal to the support. The Ce-O-Pd 

moieties developed at the interface bear the catalytically active site at the cluster periphery 

where oxygen abstraction takes place in catalytic oxidation. In the absence of oxygen at the  

 

Figure 7.5: Visualisation of ELFCAR of Pd10 on the oxidised support. 

 

interface the transfer does not take place to the cerium atoms from the impinging active 

metal, the active metal is reduced by cerium in the absence of oxygen. Whereas in the 

presence of oxygen the active metal is oxidised and cerium is reduced. The Pd10 clusters 

show delocalised Ce-M bonding over the interface although the metal support interaction 

here is mainly a result of M-O bonding. In an example of the bonding interfacial atoms of the 

metal cluster are bound to oxygen of the support but analysis of the DOS shows there is also  
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Figure 7.6: a) DOS of the Pd10 cluster on the oxidised interface and PDOS of 

interfacial palladium with ceria for b) Pd(4d) c) Ce(4f) and d) Ce(5d). 
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significant overlap of the valence states of the active metal atoms and the cerium beneath it 

for hybridisation.  

The interfacial palladium atoms are bound to two cerium atoms where one bond possesses 

oxygen between the metals. Palladium ( atoms 247, 248, 249) in this case sits above the 

cerium atoms (atoms 75, 70, 71) however other palladium atoms (245, 246, 250) do not sit 

above a cerium atom and participate in only Ce-O-M bonding. Charge transfer of the Pd 

metal to the cerium of the support in the oxidised interface is a complex process in which the 

4d electrons are postulated to move to 4f of cerium via the O(2p) states
45

. The charge is not 

expected to be transferred to the nearest neighbour cerium due to repulsion effects of the 

active metal.  

The full DOS of the Pd10 cluster on the stoichiometric ceria support is shown in Figure 7.6. 

The full DOS does not vary from that of the reduced support as the Fermi level is apparently 

constant for the active metal. There is no band gap due to the 4d states of the metal cluster. 

However the presence of the 4d states of the cluster is only influential at the interface, the 

bulk of the support is still of semi-conducting nature. 

Figure 7.6 shows the overlap of states in the interfacial atoms indicative of hybridisation 

between the two atoms. Marginal overlap of the Ce-4f states with Pd-4d can be seen centred 

on -2 eV as can overlap of the Ce-5d states with Pd-4d between -4 eV and -6 eV. The overlap 

of Ce-4f is not as predominant as in the reduced interface however Ce-5d overlap is constant. 

Figure 7.6 shows that although M-O-Ce is the main form of bonding of the cluster with the 

support some hybridisation is still likely between the (Ce)5d – (Pd)4d states and between the 

(Ce)4f – (Pd)4d states. Palladium atom 247 is also bound to oxygen (atom 95) (bond distance 

2.199 Å) which is correspondingly a part of the ceria lattice and bound to cerium atoms 75 

(2.508 Å) and 79 (2.42 Å). Palladium (247) also sits directly above cerium (75) (2.8 Å) and 

exhibits sufficient overlap for hybridisation. Charge analysis compliments this bonding 
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pattern where atom 79 shows a drop of 0.008 e- in the (Ce)5d band and a rise of 0.011 e- in 

the (Ce)4f states as compared with the bare oxidised slab, which is a marginal change. Atom 

75 however shows a rise of both the (Ce)5d and (Ce)4f states with 0.020 e- and 0.020 e- 

respectively. Bader analysis also shows that atom 75 takes on negative charge (0.081 e-) 

where atom 79 loses electronic charge (0.034 e-). A bonding mechanism of the active metal 

with the underlying cerium atoms apparently still exists in the presence of the oxidised 

interface. Atom 75 is showing the formation of a bond from hybridisation with atom 247, the 

palladium metal placed directly above it.  

Similarly atoms 70 and 71 show an overall gain of negative charge in the Bader analysis 

(0.077 e- and 0.080 respectively) corresponding to a rise in cerium Ce(4f) and Ce(5d) levels. 

It is clear from the charge analysis gain of electronic charge occurs for interfacial cerium 

atoms corresponding to a bonding interaction with the impinging 4d metal. The metal cluster 

transfers electronic charge to the support via the interfacial oxygen, lowering of electronic 

charge of the interfacial metal (Pd)4d states of the cluster is accompanied by gain of charge 

on the interfacial cerium 5d and 4f states.  

VASP charge analysis of the free and supported clusters shows a slight partial positive charge 

is adopted on the interfacial vertices of the metal cluster, an indication of the active site of the 

active metal in the metal clusters on the fully oxidised support. This active site is not 

dominant in the reduced catalyst where an electronic deactivation mechanism of high 

temperature reduction is known
35

. The partial positive charge on the active metal interface 

indicates the increased activity in the oxidised catalyst. This trend is consistent with 

observations for the metal support interaction in Pd/CeO2 and Rh/CeO2 catalysts
35

. We can 

also observe a s,p-d mixing in the free cluster that may be interpreted as present also in the 

supported cluster. In the supported cluster we can also see contribution to the Pd(p) states of 

the interfacial Pd metal by the interfacial oxygen. Lowering of the Pd-4d states of the cluster 
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account for the build up of electronic charge on the cerium atoms. The lowering of the d 

states appears to only occur at the interfacial active metal atoms and charge is transferred to 

the Ce-5d and Ce-4f states of the support in bonding. This is the source of the active cationic 

site. Overall charge transfer noted at the interface of the oxidised support with the Pd10 cluster 

is dominated by the transfer of electronic charge of the cluster to the support. The oxygen of 

the interface also plays a role in donating to the p states of the active metal and increasing the 

overall total electronic charge at the interface of the active metal. Loss of electronic charge of 

the metal at the 4d states occurs at the interface, this is accompanied by the loss of electronic 

charge at the Ce-5s levels at the vertices. Loss of charge in the Ce-5s states of the interfacial 

atoms labelled bottom-middle (the middle atoms of the interface) does not occur and may be 

due to accumulation of electron density in the interface. General loss of electronic charge at 

the active metal interface corresponds to a gain of electronic charge of the Ce(4f) and Ce(5d) 

levels of cerium at the interface. The mode of charge transfer at the interface on contact can 

then be considered as formation of the Ce-O-M interfacial bonds and transfer of the M-O pair 

within that moiety to the Ce atoms. This charge transfer is consistent with the works of Zhang 

et al
45

 when studying monoatomic Au on oxidised ceria. 

   

Table 7.4: Charge analysis of the supported Pd10 cluster as compared with the 

free Pd10 cluster. 

  supported Pd cluster free Pd cluster 
 

Pd-atom 5s 4p 4d Total Bader 5s 4p 4d Total Bader 

 

ΔBader 

Top(241) 0.276 0.066 8.239 8.582 -0.128 0.329 0.075 8.156 8.560 -0.111 -0.017 

Middle(242) 0.286 0.141 8.104 8.531 -0.012 0.279 0.149 8.070 8.497 0.067 -0.079 

Middle(243) 0.286 0.142 8.105 8.533 -0.004 0.279 0.149 8.070 8.497 0.072 -0.076 

Middle(244) 0.284 0.139 8.108 8.531 -0.009 0.279 0.149 8.070 8.497 0.089 -0.098 

Bot-mid(245) 0.303 0.214 7.997 8.515 0.186 0.279 0.148 8.070 8.497 0.07 0.116 

Bot-mid(246) 0.305 0.217 7.995 8.516 0.172 0.279 0.148 8.070 8.497 0.084 0.088 

Bot-mid(250) 0.303 0.214 7.995 8.511 0.179 0.279 0.148 8.070 8.497 0.073 0.106 

Vertice(247) 0.298 0.133 8.122 8.553 -0.007 0.329 0.075 8.156 8.559 -0.115 0.108 

Vertice(248) 0.302 0.137 8.116 8.556 -0.005 0.329 0.075 8.156 8.560 -0.11 0.105 

Vertice(249) 0.301 0.135 8.118 8.555 -0.002 0.329 0.075 8.156 8.560 -0.118     0.116 
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The monolayer of active metals at the interface has been shown to possess a partial positive 

charge
86

 as the active site of catalytic oxidation. Explanation of this active site can be made 

primarily by electron transfer of the active metal to the cerium of the support via the metal 

oxide bond. This is the type of interaction that has been determined in the Au supported ceria 

system
45

. The interaction proposed in Au/Ceria shows a depopulation of the Au 6s orbital 

corresponding to the formation of the cationic active metal centre. Lowering of the 

population of the Pd(5s) orbitals is observed in the interfacial vertice atoms of palladium and 

the Bader analysis indicates a positive charge on the interfacial atoms. Lowering of the d 

orbital occupancy is also observed, interchange between s and d states is a well known 

phenomenon in transition metals. In this respect Pd-5s,4d to Ce-4f,5d electron transfer is 

proposed at the interface in the presence of oxygen. In the absence of interfacial oxygen the 

partial positive charge on the metal is not present. In the deactivated or reduced form the 

partial positive charge is not seen to be present and a negative charge in fact does exist on the 

interfacial metal species as observed for the clusters supported on the reduced ceria surface. 

Bader type analysis shows the net positive charge (on average 0.1065 e- per atom) on the 

interfacial active metal atoms of the oxidised interface and a negative charge on the 

remainder of the cluster. The interfacial cerium atoms show net negative charge build up. 

Whereas in the reduced interface bader analysis shows a general negative charge at the 

interfacial metal atoms corresponding to the deactivated metal site. 

The strong metal support interaction describes the onset of catalytic deactivation brought 

about by reduction at elevated temperature. At temperatures below 500°C this deactivation is 

sourced in electronic effects
35

 that alter the charge distribution at the interface. The metal 

support interaction is studied by VASP relaxations of both the reduced interface and the 

oxidised interface. 



Chapter 7. DFT Calculation of Supported Clusters 

158 

 

The oxidised interface is distinct from the reduced interface in charge analysis, oxidised ceria 

has lower occupancy of the 5d and 4f cerium state. Thus without available electrons in 

cerium the impinging metal provides the electrons for bonding. The oxidised interface shows 

electron donation to ceria from the active metal, this is proposed to be the oxidised form of 

the bonding interaction that occurs. The interaction takes place in the presence of oxygen and 

can more accurately be explained as transfer of electrons from the metal via oxygen to the 

corresponding cerium atom. It can be assumed that 5d-4d bonding with partial 4f-4d 

character exists at both the reduced and oxidised interfaces. In case of the oxidised support 

the bonding is dominated by M-O-Ce bonds. In the reduced interface metal oxide bonds 

occur only at the periphery where oxygen is present. The cerium metal has significant 5d, 4f 

occupancy in the reduced interface where this is transferred to participation in a hybrid 

interaction with the impinging metal cluster. However, the oxidised interface possesses 

electron deficient cerium and on coupling with the transition metal the electron density shifts 

from the transition metal to cerium.  

Thus two distinct bonding scenarios exist for both the reduced and oxidised interface. For the 

reduced interface a mutual sharing of electrons occurs however in the oxidised interface 

bonding electrons are supplied by the metal cluster. The reduced interface possesses more 

dominant Ce-M bonding in the metal support interaction corresponding to a deactivated 

interface; on the other hand the oxidised interface possesses less Ce-M bonding and is bound 

to the support predominantly by M-O bonds that act to form the active cationic metal site.  

The difference in charge distribution of the oxidised and reduced support is a function of the 

presence or absence of oxygen in the interface. The interfacial monolayer of cerium possesses 

overall negative charge in the oxidised interface where partial positive charge can be inferred 

on the active metal. This is the active form of the interface in which electronic deactivation is 

not present. In the reduced form of the interface we see greater 4f occupancy on the cerium 
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atoms and in VASP charge analysis a positive charge accumulation on the interfacial cerium 

atoms. The interfacial active metal atoms adopt a negative charge accumulation 

corresponding to a deactivation of the active site. Thus in the absence of interfacial oxygen 

we see electronic deactivation of the active site. It is the interfacial periphery that is most 

important to possess this electronic activation as this is the site where catalytic oxidation 

occurs and strong adhesion of the adsorbate to the metal is ideal. This is a practical issue 

when consideration is made of the working catalyst that has oxygen abstracted from the 

interface and a constant flow of oxygen at the peripheral boundary. The periphery is regarded 

as oxidised and an activated site in this constant flow of oxygen, catalytic activation can then 

be considered as the flow of oxygen to the reduced interface. 

 

7.1.3 Pd10/Ceria Bond Distances 

Metal metal bond distances in the Pd10 clusters are altered significantly when sitting on the 

reduced and oxidised interfaces.  

 

Figure 7.7: The supported Pd10 clusters presented from a side on perspective. (a) Pd10 on the 

reduced interface and (b) on the oxidised interface. 

(Numbering of atoms has been equated for Table 7.6) 

 



Chapter 7. DFT Calculation of Supported Clusters 

160 

 

From figure 7.7 it can be seen that the topology of the metal interface with the support is 

different in the two supports. The reduced support shows a metal interface that is cambered 

consistent with the side of the free cluster, whereas in the oxidised support the interface 

appears flat and is confirmed by checking the relative coordinates in the supercell. The 

reduced support shows interfacial cluster vertice interact with oxygen in two out of three 

cases, in fact the palladium atom (245) behind the plane of the page does not interact with 

oxygen of the support as the distance is too long. This atom still shows camber in the 

structure (confirmed by respective coordinates in the supercell) and is evidence the forces 

exerted on the cluster in the reduced interface do not exhibit such a distortion on the cluster 

as does the oxidised interface. The oxidised interface apparently shows the greatest distortion 

of the metal cluster from its free cluster configuration. The cluster on the reduced support has 

been allowed to interact with oxygen of the support in simulation of the real catalyst where 

oxygen abstraction takes place at the peripheral interface. 

    

Table 7.5: Palladium-Cerium distances for the reduced and oxidised interface, the (v) 

indicates the vertice atom. The full table is shown in the appendix. 

 
Distance (Å) 

Ce-Pd Reduced oxidised 

75-243(v) 2.699 2.800 

75-246 3.133 3.377 

75-241 3.132 3.385 

70-241 3.089 3.343 

71-246 3.007 3.355 

71-245(v) 2.661 2.814 

71-242 3.019 3.375 

70-242 3.124 3.383 

70-244(v) 2.706 2.802 

Average 2.952 3.182 

 σ
2
 0.041 0.080 

 
 

The interfacial bond lengths on the metal cluster are critical in determining the structure of 

the metal cluster and are significantly different when comparing the two clusters on both the 
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reduced and oxidised support. The cluster sits higher above the cerium of the support in the 

oxidised interface due the presence of oxygen. Table 7.5 indicates relative Ce-Pd distances in 

the reduced and oxidised interfaces, the atomic numbers have been equated to the palladium 

atom numbers on the reduced support for comparison. 

Variation indicated by the static disorder σ
2
 is greater in the oxidised form, however the 

oxidised interface is dominated by Ce-O-Pd bonds whereas the reduced interface is  

 

Table 7.6: Bond distances of the various Pd10 clusters, as a free cluster, on the reduced 

support and on the oxidised support. The full table is shown in the appendix. Bond positions 

have been equated to the reduced form. 

 Bond distance (Å) 

bond position free cluster reduced oxidised 

237-238 2.553 2.578 2.598 

237-239 2.552 2.573 2.594 

237-240 2.552 2.577 2.616 

238-239 2.786 2.729 2.786 

239-240 2.787 2.735 2.784 

240-238 2.788 2.738 2.772 

240-245 2.552 2.631 2.644 

240-246 2.786 2.797 2.695 

240-242 2.787 2.792 2.682 

238-243 2.552 2.581 2.637 

238-241 2.788 2.801 2.683 

238-246 2.788 2.833 2.692 

239-244 2.552 2.564 2.627 

239-241 2.786 2.815 2.688 

239-242 2.789 2.836 2.683 

244-242 2.552 2.722 2.702 

242-245 2.553 2.751 2.701 

245-246 2.552 2.751 2.703 

246-243 2.552 2.723 2.705 

243-241 2.552 2.706 2.724 

241-244 2.552 2.706 2.724 

242-241 2.787 2.872 2.878 

241-246 2.789 2.864 2.879 

246-242 2.786 2.912 2.882 

Average (Å) 2.670 2.733 2.712 

Static disorder σ
2 
(Å

2
) 0.014 0.011 0.007 
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dominated by Ce-Pd bonds. The distances shown do not necessarily present strong Pd-Ce 

interactions, as the optimal Ce-Pd bond distance was calculated to be 2.997 Å in the 

monoatomic Pd sitting in the oxygen vacancy, as shown in Chapter 6. Longer distances are 

observed particularly in the oxidised interface where Ce-Pd bonding effects may be neglible. 

This can be expected in the oxidised interface where the interfacial bonding is dominated by 

Ce-O-M interactions. Overall Ce-Pd distances in the reduced interface are consistent with a 

bonding interaction whereas direct Ce-Pd interaction with the oxidised interfaces are 

negligible. The comparison of the average bond distances between the reduced and oxidised 

interfaces shows a max difference of 0.23 Å. This is clear indication of the topology of the 

interface being different on the reduced and oxidised cases. The vertice atoms of the Pd10 

cluster appear to show a difference in Ce-Pd bond distance of about 0.1 Å (atoms 243, 244, 

245) where central atoms exhibit a difference of 0.2-0.3 Å (atoms 241, 242, 246). The 

topology of the interface is illustrated in figure 7.7. 

On comparison of the metal-metal bonds in the three forms of the metal cluster it is obvious 

distortion from the relaxed structure of the free cluster is predominant at the interface. The 

trend of longer internal bonds is maintained, however the length of the bonds is extended in 

both the supported clusters as seen in table 7.6. This is due to the strain of ceria support 

exerted on the metal due to the longer lattice constant of the support. The supported clusters 

show approximately similar bond distances at the interfacial layer however significantly 

different bond distances in the middle layer, joining the interface to the top four atoms. The 

reduced interface shows variational bond lengths in this middle layer more akin to the free 

cluster indicative of the lower extent of forces exerted on the cluster by the support in the 

reduced form. The cluster of the oxidised interface shows analogous variance in bond 

distances in the middle layer although to a lesser extent. Overall the Pd10 cluster exhibits 

model behaviour of the clusters studied when supported on the ceria surface. Variation in
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bond length in the free clusters is dominated by the difference in bond length between 

internal and external bonds, for example in palladium all external bonds are 2.553 ± 0.001 Å; 

where all internal bonds are 2.788 ± 0.002 Å. The supported clusters do not show this strict 

adherence to bond lengths as the distorted interface effectively dictates the configuration of 

the supported cluster. 

 
7.2 Supported Rh10 Clusters  
 
7.2.1 Rh10 Clusters on Reduced Ceria (111) Surface  
 
The Rh10 cluster on the reduced ceria (111) interface shows a stable cluster on the surface that 

does not break up. The reduced interface bestows oxygen vacancies at the metal support 

contact, these are indicated by arrows in the Figure 7.8 The structure is seen from a different 

perspective in the ELFCAR visualisation of Figure 7.9. 

 

 

Figure 7.8: Supported Rh10 clusters on the reduced support, the arrows indicate the position 

of the oxygen vacancies of the top monolayer. 

 

 

Oxygen 

vacancies 

Oxygen 

vacancies 
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The electron localisation of the top oxygen monolayer is shown in figure 7.9. The electron 

density that remains in the oxygen vacancies situated below the cluster is evident. The two 

central rows of oxygen have atoms missing below the cluster, four oxygen atoms have been 

displaced below the metal cluster. Charge accumulation is evident where these oxygen atoms 

have left vacancies as has been previously identified in the palladium ceria interface in 

section 7.1. The comparison of the charge in the vacancies of the Pd/Ceria interface with the 

 

Figure 7.9: ELFCAR visualisation of the Rh10 cluster on a reduced interface. 

 

Rh/Ceria interface reveals that rhodium appears to produce more electronic charge in the 

oxygen vacancies. This may be due to the fact that rhodium exhibits stronger M-O bonds than 

palladium and has a stronger reducing effect on the support. The top atom of the cluster 

(atom 237, figure 7.10) can be seen to be displaced from the expected equilibrium position of 

the free Rh10 cluster. This distortion shall be elaborated on later in this section. 

In Figure 7.10 we can see sufficient overlap for hybridisation of Ce-4f with Rh-4d and Ce-5d 

with Rh-4d. The DOS of Ce-4f indicates that there is significant occupation of the Ce-4f 

orbital below the Fermi level implying that the Rh–Ce interface possesses greater 4f character 
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at the Fermi level than the previously investigated Pd-Ce interface. 

The density of states of the 4f levels show a distinct splitting at the Fermi level that is not 

observed for the palladium supported cluster or the bare surface. The projected DOS do not 

show the potential for occupancy of the 4f levels as compared to the palladium clusters. The 

difference in the electronic structure between rhodium and palladium is that palladium 

exhibits a d
10

s
0
 configuration that is highly stable in its full d shell. Rhodium does not exhibit   

 

 

Figure 7.10: PDOS of interfacial cerium atoms and interfacial Rh atoms for  

a)Rh(4d), b)Ce(4f) and c)Ce(5d). 

 

this stability and apparently excited electrons enter the (Rh)4d levels instead of the (Ce)4f in 

gaining energetic stability. The broadening of the 4f levels at the Fermi energy is an 

anomalous characteristic of the states of this interface. The fact that rhodium alters the 

electronic structure of the Cerium atoms implies that palladium is more structurally stable on 

the support with its d
10

 configuration. This is also confirmed by the comparison of bond 
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lengths made later in this chapter. Higher 4f occupancy is also observed in the charge 

analysis, any discrepancy could be due to charge transfer to the active metal. Bader analysis 

shows the non-vertice interfacial rhodium (241: -0.434 e
-
, 242: -0.460 e

-
, 246: -0.450 e

-
) 

possess greater overall charge as compared to the palladium (241: -0.433 e
-
, 242: -0.456 e

-
, 

246: -0.430 e
-
). 

 

Table 7.7: Charge analysis and bader analysis for cerium atoms of the top layer of the 

reduced support and Rh10 supported on the reduced surface. Interfacial atoms are indicated by 

highlighted type. 

  Reduced support plus metal cluster Reduced support  

Ce-

Atom 6s 5p 5d 4f Total Bader 6s 5p 5d 4f total Bader 

 

ΔBader 

65 1.963 5.649 0.713 0.714 9.039 0.386 1.965 5.648 0.723 0.720 9.056 0.357 0.029 

66 1.970 5.636 0.727 0.757 9.090 0.257 1.977 5.629 0.777 0.792 9.175 0.229 0.028 

67 1.971 5.634 0.760 0.756 9.121 0.255 1.975 5.630 0.781 0.768 9.154 0.251 0.004 

68 1.961 5.645 0.715 0.689 9.010 0.365 1.966 5.646 0.691 0.749 9.051 0.344 0.021 

69 1.962 5.650 0.717 0.708 9.038 0.385 1.965 5.650 0.722 0.732 9.069 0.353 0.032 

70 1.980 5.621 0.851 0.758 9.210 0.022 1.986 5.605 0.836 0.838 9.265 0.138 -0.116 

71 1.983 5.603 0.889 0.754 9.230 -0.088 1.999 5.576 0.863 0.928 9.367 -0.033 -0.055 

72 1.971 5.634 0.759 0.758 9.121 0.254 1.975 5.630 0.781 0.769 9.155 0.252 0.002 

73 1.963 5.655 0.759 0.698 9.075 0.355 1.964 5.657 0.767 0.705 9.094 0.342 0.013 

74 1.969 5.638 0.751 0.740 9.098 0.258 1.976 5.632 0.814 0.761 9.182 0.253 0.005 

75 1.980 5.621 0.852 0.760 9.214 0.019 1.986 5.605 0.836 0.840 9.267 0.138 -0.119 

76 1.970 5.636 0.732 0.755 9.092 0.261 1.977 5.629 0.777 0.797 9.180 0.229 0.032 

77 1.963 5.654 0.750 0.697 9.064 0.362 1.964 5.655 0.752 0.703 9.074 0.343 0.019 

78 1.963 5.655 0.759 0.698 9.075 0.358 1.964 5.657 0.767 0.705 9.094 0.342 0.016 

79 1.962 5.650 0.717 0.708 9.037 0.381 1.965 5.650 0.722 0.732 9.069 0.353 0.028 

80 1.963 5.649 0.712 0.714 9.038 0.385 1.965 5.648 0.723 0.721 9.057 0.357 0.028 

 
 

Similar to the Pd-Ce interface Rh-Ce exhibits comparable characteristics in charge analysis. 

Ce-4f character gained in reduction of the surface is lost in the Ce-Rh bonding. Some rise in 

5d character is observed at the metal support interface, a rise in 5d occupancy is seen where 

the metal sits upon the support. The cerium atoms which are in contact with active Rh metal 

atoms ( 70, 71, 75) show a gain of Ce-5d occupancy of about 0.020 e
-
. Ce-4f occupancy is 

consistently lower when the metal is supported on ceria indicative of the bonding 
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contribution of the 4f cerium state. Cerium atoms in the vicinity of the interface (70, 71, 75) 

show largest change of 4f occupancy as seen in table 7.7. Again, as similar to the Pd case the 

atoms have lost the 4f occupancy to the impinging active metal that they gained on loss of 

oxygen. The rise of electron density in the p levels of interfacial cerium is also observed. The 

size difference of the active metal (Rh, Pd vs Ce) with the cerium of the reduced support 

affords a rehybridisation of the cerium 5d,5p states with the Rh(4d) states that acts to shift 

electron density from the full Rh(4d) band to the empty Ce(5d) states, this phenomenon also 

shows mixing of the Rh(4d) with the Ce(5p) states. Studies of atomic Au on ceria
45

 show that 

the reduced interaction is expected to display positive charge on the interfacial cerium atoms 

in an ionic interaction but Bader analysis does not show this here for Rhodium. Electron 

transfer that has been identified in atomic species apparently does not hold for clusters 

adsorbed on the reduced surface. Further charge interaction is predicted in the Rh(4d) charge 

transfer to the Ce(5d, 5p) levels with hybrid intermetallic bond formation between interfacial 

atoms (cerium 70, 71, 75 with rhodium 244, 245, 243, respectively). This hybrid formation is 

predicted in the overlap of the orbitals shown in the density of states of palladium and further 

evidenced by the negative charge of cerium in the Bader analysis and charge build up on the 

Ce(5p,5d) levels in the charge analysis.   

The 4f occupancy is transferred to the metal to participate in a Ce-M bond. However, the Ce 

atoms in contact with the rhodium are showing a slight rise in Ce-5d occupancy that is not 

relative to the loss of Ce-4f occupancy. The Rh-4d state of the active metal shifts electron 

density to the support at the vertices of the cluster. An overall positive charge is noted on the 

cerium atoms of the interface when comparing the VASP total charge analysis. Addition of 

the supported cluster to the reduced surface corresponds to a polarisation at the interface with 

the positive charge on cerium in the reduced interface. The Bader analysis however shows 

slight negative charges of 0.116 e
-
 (atom 70), 0.055 e

-
 (atom 71) and 0.119 e

-
 (atom 75) which 



Chapter 7. DFT Calculation of Supported Clusters 

168 

 

are accumulated at the metal support interface contradicting the VASP charge analysis, this is 

approximately twice the charge build up of the palladium/ceria interface. Bader analysis of 

the active metal indicates that all but two of the interfacial metal atoms bear negative charges 

corresponding to a deactivated interface. The two atoms that do bear overall positive charge 

are bound to neighbouring oxygen atoms (atoms 243 and 244). Bader analysis confirms a 

reduced interface corresponds to a deactivated interface. The negative form of the active 

metal interface is thought to correspond to a positive charge on the interfacial cerium atoms 

and subsequent ionic attraction. Bader analysis does not indicate a positive charge on the 

cerium atoms so a net ionic interaction is not identified at this interface. Additionally, only a 

slight net increase of charge on the Rh-5s orbitals is detected. An increase of charge on some 

of the metal Rh-4d states is observed and may correspond to the uptake of electronic charge 

of the Ce-4f states. To clarify the Ce-4f charge may be shifting to the Rh-4d state rather than 

the Rh-5s state; contrary to the case of palladium. However, the VASP charge analysis does 

indicate a net positive charge on interfacial cerium atoms. The polarisation at the interface is 

positive for cerium but the total charge analysis shows a negative overall charge located on 

the supported cluster, the VASP charge analysis thus implies an ionic interaction at the 

interface.  

 

Table 7.8: Charge analysis for rhodium atoms in the supported metal cluster and free cluster. 

 

  Supported Rh cluster Free Rh ten cluster  

Atom 5s 4p 4d Total Bader 5s 4p 4d Total Bader 
 
ΔBader 

Top(237) 0.415 0.101 7.257 7.772 -0.177 0.462 0.122 7.231 7.815 -0.217 0.040 

Middle(238) 0.398 0.264 7.160 7.822 0.072 0.399 0.282 7.110 7.792 0.138 -0.066 

Middle(239) 0.401 0.269 7.156 7.826 0.038 0.401 0.289 7.112 7.802 0.146 -0.108 

Middle(240) 0.401 0.269 7.145 7.814 0.058 0.400 0.288 7.113 7.801 0.152 -0.094 

Bot-mid(241) 0.411 0.287 7.108 7.806 -0.295 0.399 0.283 7.110 7.792 0.139 -0.434 

Bot-mid(242) 0.393 0.264 7.138 7.794 -0.317 0.400 0.289 7.112 7.802 0.143 -0.460 

Bot-mid(246) 0.393 0.266 7.138 7.797 -0.307 0.399 0.282 7.110 7.791 0.143 -0.450 

Vertice(243) 0.418 0.213 7.221 7.852 -0.096 0.463 0.122 7.231 7.816 -0.206 0.110 

Vertice(244) 0.420 0.218 7.217 7.855 -0.092 0.456 0.122 7.239 7.816 -0.213 0.121 

Vertice(245) 0.441 0.135 7.319 7.895 -0.587 0.461 0.122 7.232 7.815 -0.224 -0.363 
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The comparison of the total charge in the free and supported clusters shows a predominant 

negative charge residing on the cluster when it is supported on the reduced surface. The more 

oxidised active metal atoms of the cluster (atoms 243, 244) show not such a total negative 

charge on the atom. Again, s,p-d hybridisation is seen in the bulk of the cluster. The vertices 

do not show such mixing of the d occupancy with the p occupancies. The first two bottom-

corner vertices as tabulated show a gain of p band occupancy consistent with the oxygen 

neighbours these atoms have. The remainder is a reflection of the d band occupancy. We see a 

rise in d band occupancy of the top four atoms of the cluster accompanied by a rise in total 

charge; bar the top atom (atom 237). Interfacial atoms in contact with the support in general 

show a mixed change of occupancy relative to the free cluster. The interfacial atoms do not 

show the bonding mechanism with the support clearly due to swamping of the charge 

analysis by neighbouring species. While the Bader charge analysis on the active metal 

interface can be interpreted as a positive charge for metal with M-O bonds to the support and 

a negative charge for metal atoms with a reduced interaction, the mode of the reduced 

interaction cannot be inferred on the ceria support. The interface of the metal cluster displays 

what is predicted by respective M-Ce and M-O-Ce bonding however the Bader charge 

analysis of the Ce metal indicates some extra electron transfer is taking place. In this instance 

we cannot see the ionic interaction in the Bader analysis at the reduced interface and observe 

an increased charge density on the cerium support.  

The interaction of atomic gold species in the oxygen vacancy has been identified as electron 

transfer from the occupied Ce(4f) orbital to the adsorbed metal
45

. This transfer leaves a 

positive charge on the Ce and a corresponding negative charge on the active metal. However 

in the adsorption of metal clusters on reduced ceria further electronic interaction is apparent 

altering the charge distribution at the interface. Ce-Rh intermetallic bonding is identified as a 

further feature of the interface of the cluster with the reduced support. The 4d band of the 
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active metal cluster acts to hybridise with the 4f and 5d of the support effectively clouding 

the subtleties of the atomic interaction. It has been proposed the cluster is nucleated at the 

oxygen vacancy site
51

 and that oxygen vacancy clusters could also serve as cluster nucleation 

sites
87

. It is proposed that oxygen vacancy clusters present various levels of f state occupancy 

and subsequent transfer is not so well defined. This may explain the discrepancy in the charge 

uptake of the interfacial metal site but does not explain the uptake of electronic charge on the 

interfacial cerium atoms. Additionally cluster formation at oxygen vacancy sites does not 

exhibit the ionic interaction of the atomic vacancy interaction. The charge uptake by 

interfacial cerium is more pronounced in the rhodium interaction than in the case of the 

palladium interface and is most likely to be caused by the extra stability of palladium with a 

full d band. The full d band and subsequent narrower energy levels is a likely explanation of 

the lower affinity to donation to the 4f and 5d energy levels. The rhodium-ceria interface 

exhibits the more apparent formation of intermetallic Rh-Ce bonding that surpasses the 

electronic equilibrium in transfer of the f electrons to Rhodium. This is indicated by the 

negative charge accumulation on the interfacial cerium atoms due to transfer of charge from 

4d of rhodium to the 5d and 5p states of cerium. The formation of an intermetallic d-d 

interaction occurs that involves the redistribution of charge within the substituents with 

ds,p mixing. This is proposed to be in the form of an interfacial d-d bimetallic bond with 

strong metallic character.        
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7.2.2 Rh10 Cluster on Fully Oxidised Ceria (111) Surface 
 
Figure 7.11 shows the Rh10 cluster on the oxidised support, Figure 7.12 shows the same 

structure from a different perspective.  

 

 
 

Figure 7.11: Rh10 cluster supported on oxidised ceria 

 

 

Figure 7.12: ELFCAR visualisation of the Rh10 cluster on an oxidised interface. 
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Figure 7.13: PDOS of interfacial Rh and Ce for a)Rh(4d), b)Ce(4f) and c)Ce(5d) 

 

The electron localisation visualisation of the oxidised interface is shown in Figure 7.12. DOS 

of valence orbitals of rhodium atoms 245, 246, 247, 248, 249, 250 (4d) and cerium atom 70, 

71, 75 (4f,5d) show sufficient overlap for hybridisation of the Rh-4d orbital with Ce-4f,5d of 

the support. As has been seen for Pd10 the oxidised interface although dominated by M-O-Ce 

type interfacial bonding exhibits direct hybridisation of the active metal with the support. The 

DOS shown in Figure 7.13 illustrates the hybridisation of Ce(4f) with Rh(4d) and Ce(5d) 

with Rh(4d). The orbital hybridisation and intermetallic bond formation will occur in these 

states where any Ce and Rh atoms come into contact at the interface. The Ce-O-Rh 

interaction is dominating the interfacial bonding in the oxidised interface and a 

complimentary intermetallic interaction is also developed where symmetry allows, 

predominantly at the vertice atoms. 

With the Rh10 cluster supported on the oxidised ceria a negative charge is developed on the 

interfacial cerium atoms as shown in the highlighted atoms of Table 7.9. As consistent with 

the Pd/CeO2 case from VASP total charge analysis a negative charge on the interfacial 



7.2 Supported Rh10 Clusters 

173 

 

cerium corresponds to partial positive charge on the interfacial active metal as seen on atoms 

245, 246, 247, 248, 249 and 250 of table 7.10. Charge gained on the total atomic charges are 

shared between the d and f orbitals of the cerium atoms, as highlighted in table 7.9. This 

charge is passed to the interfacial cerium atoms from the impinging metal cluster on bonding. 

Atoms 70(0.035, 0.038), 71(0.044, 0.040) and 75(0.034, 0.037) show the increase of total 

charge and d and f occupancy respectively, similar to the Pd/Ceria interface. This increase of 

charge is concomitant with the impinging metal cluster and the transfer of charge of the 

cluster to the support in bonding. An increase in charge in the Bader analysis of 0.115 e-, 

0.122 e- and 0.127 e- is observed on atoms 70, 71 and 75 respectively; this uptake of 

electronic charge is higher than that observed in Pd10/Ceria interface by 0.038 e
-
, 0.042 e

-
 and 

0.046 e
-
, respectively. 

 

Table 7.9: Charge analysis of the cerium atoms in the oxidised ceria slab with Rh10 cluster                                 

compared with charge analysis of the bare oxidised slab. 

 

  oxidised slab plus cluster oxidised slab  

Ce-
Atom 6s 5p 5d 4f Total Bader 6s 5p 5d 4f total Bader 

 
ΔBader 

65 1.963 5.650 0.722 0.701 9.036 0.386 1.961 5.650 0.732 0.689 9.031 0.351 0.035 

66 1.964 5.651 0.742 0.712 9.068 0.380 1.961 5.650 0.731 0.689 9.031 0.351 0.029 

67 1.962 5.651 0.723 0.700 9.037 0.384 1.961 5.650 0.731 0.689 9.031 0.351 0.033 

68 1.960 5.649 0.729 0.685 9.023 0.373 1.961 5.650 0.731 0.689 9.031 0.351 0.022 

69 1.963 5.651 0.721 0.704 9.039 0.382 1.961 5.650 0.731 0.689 9.031 0.351 0.031 

70 1.969 5.648 0.766 0.727 9.110 0.236 1.961 5.650 0.731 0.689 9.031 0.351 -0.115 

71 1.969 5.645 0.775 0.729 9.119 0.229 1.961 5.650 0.731 0.689 9.031 0.351 -0.122 

72 1.962 5.651 0.723 0.700 9.035 0.385 1.961 5.650 0.731 0.689 9.031 0.351 0.034 

73 1.962 5.652 0.744 0.691 9.049 0.384 1.961 5.650 0.731 0.689 9.031 0.351 0.033 

74 1.963 5.651 0.739 0.705 9.058 0.382 1.961 5.650 0.731 0.689 9.031 0.351 0.031 

75 1.969 5.648 0.765 0.726 9.107 0.224 1.961 5.650 0.731 0.689 9.031 0.351 -0.127 

76 1.963 5.651 0.742 0.709 9.066 0.381 1.961 5.650 0.731 0.689 9.031 0.351 0.03 

77 1.962 5.652 0.745 0.692 9.051 0.387 1.961 5.650 0.732 0.689 9.032 0.351 0.036 

78 1.962 5.652 0.744 0.692 9.050 0.383 1.961 5.650 0.732 0.689 9.032 0.351 0.032 

79 1.963 5.650 0.720 0.704 9.036 0.377 1.961 5.650 0.731 0.689 9.031 0.351 0.026 

80 1.962 5.650 0.721 0.701 9.034 0.382 1.961 5.650 0.732 0.689 9.032 0.351 0.031 
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From the VASP charge analysis shown in table 7.10 the partial positive charge is not 

localised on the vertices in this case but can be observed as partial positive charge on two of 

the interfacial metal atoms (245 and 247), the remainder display negative charge (246, 248, 

249, 250). It is not clear how the variation on charge accumulation develops at the interfacial 

active metal in this case, however this charge distribution effect differs from that observed in 

Bader analysis where all interfacial rhodium atoms show positive charge. The charge 

accumulation on the interfacial cerium atoms is different to the situation of the reduced 

interface. The cerium atoms display negative charge accumulation at the fully oxidised 

interface corresponding to a polarisation of the interface, which is only partially observed at 

the active metal. Transfer of 4d charge of the interfacial metal atoms (245-250) of the cluster 

can be seen in the charge analysis as positive charge difference on the metal 4d states at the 

interface of about 0.010 e
-
 for the vertice atoms and 0.040 e

-
 for the bottom middle atoms. 

Bader analysis shows negative charge accumulation on the interfacial cerium atoms and a 

positive charge accumulation on the interfacial active metal although somewhat negative 

charge exists on the upper middle of the cluster. Positive charge accumulation on the active 

metal interface is observed to be on average loss of 0.172 e- per Rh atom. Charge is passed 

from the interfacial active metal to the cerium of the support via the linking oxygen atom. 

The loss of charge of the interfacial vertice atoms (247, 248, 249) can be seen in the Rh-5s 

and the Rh-4d orbitals. The interfacial atoms labelled as bot-mid (245, 246, 250) show loss of 

charge at only the Rh-4d states however this loss is more substantial at about 0.050 e
-
. An 

increase of charge of the interfacial atoms in the p orbitals is attributed to the contact with 

oxygen of the support. From this charge analysis it is evident that the transfer of charge from 

the active metal bonded with the oxide of the support to the cerium of the support occurs. 

Loss of electronic charge occurs in the 5s and 4d states of the active metal and a gain of 

electronic charge is observed in the 4f and 5d of the support. 
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Table 7.10: Charge analysis of the supported Rh10 cluster as compared with the 

  free Rh10 cluster on the oxidised support. 

 

  Supported Rh10 cluster Free Rh10 cluster   

Atom 5s 4p 4d Total Bader 5s 4p 4d Total Bader 
 
ΔBader 

Top(241) 0.402 0.095 7.282 7.779 -0.194 0.462 0.122 7.231 7.815 -0.217 0.023 

Middle(242) 0.413 0.285 7.160 7.858 0.042 0.399 0.282 7.110 7.792 0.138 -0.096 

Middle(243) 0.412 0.284 7.164 7.860 0.042 0.401 0.289 7.112 7.802 0.146 -0.104 

Middle(244) 0.410 0.267 7.177 7.855 0.004 0.400 0.288 7.113 7.801 0.152 -0.148 

Bot-mid(245) 0.384 0.345 7.056 7.786 0.267 0.399 0.283 7.110 7.792 0.139 0.128 

Bot-mid(246) 0.402 0.362 7.073 7.837 0.273 0.400 0.289 7.112 7.802 0.143 0.13 

Bot-mid(250) 0.401 0.359 7.073 7.834 0.288 0.399 0.282 7.110 7.791 0.143 0.145 

Vertice(247) 0.388 0.201 7.222 7.811 -0.001 0.456 0.122 7.239 7.816 -0.213 0.212 

Vertice(248) 0.393 0.210 7.217 7.821 0.001 0.463 0.122 7.231 7.816 -0.206 0.207 

Vertice(249) 0.398 0.211 7.224 7.832 -0.013 0.461 0.122 7.232 7.815 -0.224 0.211 

 

The interaction of the Rh10 cluster of the support follows the same trends as the interaction of 

the Pd10 cluster on the fully oxidised CeO2 support. In case of rhodium a more positive net 

charge is eventuated on the interfacial active metal (about 0.100 e
-
) and a greater negative 

charge is accumulated on the interfacial cerium (about 0.040 e
-
). Rhodium thus shows the 

affinity to pass more charge to the support than its counterpart palladium. This could be due 

to the tendency of rhodium to more readily form stronger metal oxygen bonds with the oxide 

monolayer as indicated by the experimental findings in chapter 5 where it was found to be 

more difficult to reduce the Rh2O3 as compared with PdO. The reduced interface on the other 

hand shows a weaker interaction as evidenced in the longer bond length of the calculated 

optimal value of 3.087 Å for the Rh/Ceria distance of the metal situated in the oxygen 

vacancy. 
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7.2.3 Rh10/Ceria Bond Distances 

The comparison of rhodium cerium distances (table 7.11 and figure 7.14) of the reduced and 

oxidised interfaces shows that the cluster sits higher above the cerium of the support (about 

0.100 Å) in the oxidised interface concomitant with the inclusion of oxygen in the interface. 

Table 7.11 summarises the Rh-Ce distances in the reduced and oxidised interface. Bonds are 

labelled as indicated in the reduced interface. 

 

Table 7.11: Rhodium-Cerium bond distances for the reduced and oxidised interface, the (v) 

indicates the vertice atom. The full table is shown in the appendix A2. 

 
Distance (Å) 

Rh-Ce Bond Reduced oxidised 

75-243(v) 2.635 2.746 

75-246 3.146 3.347 

75-241 3.201 3.331 

70-241 3.168 3.310 

71-246 3.049 3.289 

71-245(v) 2.582 2.722 

71-242 3.056 3.313 

70-242 3.128 3.327 

70-244(v) 2.649 2.755 

Average 2.957 3.127 

 σ
2
 0.066 0.084 

 
 

Higher static disorder is noted in the oxidised interface due to more variation in bond lengths  

in the oxidised interface with the cluster. By comparing the average bond distances between 

the reduced and oxidised Rh-Ce a difference of 0.17 Å can be seen. This difference is 

compared with the difference in vertice atoms of around 0.1 Å, and the rest of the interface 

showing a difference of around 0.2 Å. This is an indication of a difference in strain exerted on 

the nanocluster of the two interfaces. The geometric structure of the interface of the Rh10 

cluster is similar to the interface of the Pd10/CeO2.  
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Figure 7.14: The supported Rh10 clusters presented from a side on perspective. (a) on the 

reduced interface and (b) on the oxidised interface. 

 

In figure 7.14 the rhodium cluster on the reduced support shows camber in the interface with 

the support whereas in the oxidised interface the lower metal layer is flat. Ce-Rh 

hybridisations as in the reduced interface are apparently not exerting the forces to 

significantly distort the structure from its free cluster configuration. Although the interfacial 

monolayer shows an expansion of bond length due to strain effects of the support the camber 

exhibited in the bare cluster is maintained in the reduced interface. The vertice atoms 

numbered 243 and 244 do exhibit interaction with oxygen of the support but the vertice at the 

back numbered 245 still exhibits camber in the absence of oxygen, this is confirmed by the 

relative coordinates in the supercell where the vertice atoms 243, 244 and 245 lie higher than 

bottom middle atoms 241, 242 and 246. The oxidised interface thus exhibits a greater strain 

on the configuration of the free cluster that contributes to the distortion in the cluster.  

The free Rh10 cluster show less order in their structure than the Pd10 cluster. The free Rh10 

cluster exhibits bond lengths that are variable throughout (from 2.427 Å to 2.670 Å) and the 

supported clusters of rhodium also exhibit variability in bond lengths (from 2.404 Å to 2.836 

Å) that is not comparable with the free clusters. Interfacial bonds are seen to expand in length 
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in the supported clusters and bond lengths are seen to expand in a way that is not comparable 

between the state of the support or the free cluster. Although the static disorder of the clusters 

is relatively constant whereas the largest variability can be seen on the oxidised support. The 

rhodium ceria interface apparently bears greater affinity for oxygen abstraction as compared 

with the palladium ceria interface. Oxygen in contact with the metal in the reduced interface 

show stronger interaction with the metal and greater displacement from their positions in the. 

 

Table 7.12: Bond distances of the various Rh10 clusters, as a free cluster, on the reduced 

support and on the oxidised support. The full table is shown in the appendix. The bond 

positions have been equated to the reduced form. 

 Bond distance (Å) 

Bond position 

Free 

cluster Reduced  Oxidised 

237-238 2.427 2.590 2.459 

237-239 2.492 2.566 2.465 

237-240 2.429 2.404 2.701 

238-239 2.602 2.427 2.794 

239-240 2.594 2.579 2.494 

240-238 2.666 2.564 2.492 

240-245 2.427 2.561 2.576 

240-246 2.603 2.634 2.549 

240-242 2.664 2.648 2.537 

238-243 2.452 2.560 2.531 

238-241 2.610 2.563 2.564 

238-246 2.619 2.730 2.489 

239-244 2.428 2.543 2.518 

239-241 2.595 2.556 2.547 

239-242 2.670 2.745 2.489 

244-242 2.454 2.563 2.683 

242-245 2.497 2.621 2.612 

245-246 2.426 2.623 2.607 

246-243 2.428 2.565 2.682 

243-241 2.488 2.612 2.622 

241-244 2.449 2.620 2.609 

242-241 2.596 2.754 2.743 

241-246 2.615 2.745 2.746 

246-242 2.599 2.813 2.836 

Average (Å) 2.535 2.608 2.598 

Static disorder σ
2 
(Å

2
) 0.008 0.009 0.012 
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support. The rhodium metal thus shows greater affinity for oxygen abstraction from the 

support as deduced from these observations. Reference values of rhodium oxygen 

interactions are stronger than palladium oxygen interactions
77

 

The variability and modifications of the structure of the Rh10 clusters appears quite random 

and no direct relationship can be deduced of the rhodium clusters being unsupported or 

placed on the reduced or oxidised ceria. Variability in bond length seems to be a characteristic 

of the rhodium clusters although the static disorder observed in all cases is small. Non-

uniformity is noted in the three top bonds (237-238, 237-239 and 237-240) (see table 7.12) 

that shows the distortion in the top of the cluster and 2
nd

 top bonds (238-239, 239-240 and 

240-238) of both the supported clusters as compared to the free clusters where the bond 

lengths are comparable. This is a significant distortion in the cluster arising from the strain 

exerted on the bottom layer by the interface with the support. The supported Pd10 clusters do 

not exhibit this distortion in the top atoms and overall exhibit greater uniformity.  

 

7.3 Supported Rh4Pd6 Clusters 
 
7.3.1 Rh4Pd6 Cluster on Reduced Ceria (111) Surface 
 

The supported cluster in this instance is Rh4Pd6 with Rh atoms at the vertice positions. The 

symmetric Rh4Pd6 cluster has been selected amoungst a range of possible configurations of 

rhodium, palladium mixed metal clusters.  This particular configuration of metal atoms has 

been chosen due to the symmetry of the cluster and the relative surface energies of the 

constituent metals. Only one configuration of the mixed metal cluster has been relaxed due to 

the immense computational demand of these calculations. This particular configuration is 

considered the most likely occurrence of the mixed metal and optimisation of this 

configuration lends considerable insight into the behaviour of the supported bimetallic 

clusters.   
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Figure 7.15: Rh4Pd6 mixed metal cluster on the reduced support, the arrows indicate the 

position of the oxygen vacancies of the top monolayer. 

 

Figure 7.16: ELFCAR visualisation of the Rh4Pd6 cluster on a reduced interface. 

 

 

The visualisation of the ELFCAR at the surface level of CeO2 (Figure 7.16) shows the charge 

accumulation in the oxygen vacancies at the interface of the cluster with the support. This 

image also illustrates the configuration of the cluster and a representation of the interfacial 

bonding. 

Oxygen 

vacancies 
Oxygen 

vacancies 
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Figure 7.17: PDOS of interfacial Ce and 4d metal for a) M(4d) b) Ce(4f) and c) Ce(5d) 

 

Figure 7.17 shows the overlap of states of the interfacial Ce(4f,5d) atoms with the interfacial 

metal(4d) atoms. Overlap at respective energies is indicative of the hybridisation of states for 

bond formation. Significant overlap exists for Ce(4f) with Rh/Pd(4d) and for Ce(5d) with 

Rh/Pd(4d) showing a bond will form. Cerium atoms (70,71 and 75) are in contact in the 

structure with interfacial metal(4d) atoms (240, 241, 242, 244, 245 and 246) so the symmetry 

is sufficient for hybridisation and bonding. Where Ce-M distances are of the order of the 

optimal bond distance of about 3 Å there is capability for hybridisation. The 4f PDOS 

displays an occupancy that is comparable to that of the Rh10 cluster indicating that the 

bimetallic cluster behaves more like the rhodium cluster than the palladium cluster. This is 

likely due to the fact that rhodium occupies the interfacial vertice sites of the cluster and 

directly bonds with the interfacial cerium as per the alignment of the clusters on the support. 

Thus the analysis of 4f states is similar to the pure rhodium cluster, the 4f peaks splits but is 

less occupied than the pure rhodium cluster. This is likely due to the extra electrons of 
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palladium contributing to the stability of the cluster.  

The overlap of rhodium and palladium with reduced cerium atoms has established hybridised 

type bonding at the interface which is a likely mode of interfacial bonding. The charge 

analysis of the reduced support and reduced support with cluster is presented in table 7.13. In 

general we can see here effects between the pure palladium or pure rhodium clusters. The 

difference in 4f transfer is lowest for this mixed cluster as compared to the Pd only and Rh 

only metal support interface. The 5d occupancy on the other hand shows the highest gain of 

all three of the supported clusters. From charge analysis we see a general increase of total 

atomic charge on the atoms of the supported cluster corresponding to an overall positive 

charge on the cerium atoms. Bader analysis on the other hand indicates the greatest negative 

charge on the interfacial cerium atoms with negative charge accumulation of 0.124 e
-
, 0.10 e

-
 

and 0.125 e
-
 on atoms 70, 71 and 75 respectively. 

Overall we see a decrease in charge on the Ce-4f states and an increase of the 5d and 5p states 

at the interface whereas the 5p occupancy is noted as the lowest of the reduced clusters. In the 

reduced interface Ce-4f states are known to donate to the Rh/Pd-5s of the active metal and 

this can be seen in the charge analysis of the impinging cluster
45

. Gain of the Ce-5d and 5p 

states can be inferred as due to the Rh/Pd-4d charge transfer from the impinging cluster, d-d 

hybridisation with mixing of the p levels is also observed in the interfacial intermetallic bond.     

Charge analysis of the supported metal cluster (Table 7.14) as compared with the free cluster 

of the same composition shows negligible change of total atomic charge in the topmost metal 

atom of the supported cluster. The three second from top atoms show an increase in total 

atomic charge. The three middle atoms of the bottom layer (240, 241, 242) show increase of 

total charge as do the bottom vertice atoms (244, 245, 246). Bader analysis shows positive 

charge is accumulated on the rhodium atoms 244 and 245 which are in contact with oxygen  
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Table 7.13: Charge analysis and Bader analysis for cerium atoms of the top layer of the 

reduced support and Rh4Pd6 supported on the reduced surface. Interfacial atoms are indicated 

by highlighted type. 

 

  Reduced support plus metal cluster Reduced support  

Atom 6s 5p 5d 4f  Total Bader 6s 5p 5d 4f Total Bader 
 
ΔBader 

65 1.963 5.649 0.712 0.716 9.041 0.384 1.965 5.648 0.723 0.720 9.056 0.357 0.027 

66 1.969 5.636 0.735 0.738 9.079 0.275 1.977 5.629 0.777 0.792 9.175 0.229 0.046 

67 1.971 5.633 0.770 0.737 9.112 0.271 1.975 5.630 0.781 0.768 9.154 0.251 0.020 

68 1.961 5.646 0.726 0.694 9.026 0.384 1.966 5.646 0.691 0.749 9.051 0.344 0.040 

69 1.963 5.651 0.720 0.714 9.048 0.389 1.965 5.650 0.722 0.732 9.069 0.353 0.036 

70 1.981 5.616 0.871 0.763 9.230 0.014 1.986 5.605 0.836 0.838 9.265 0.138 -0.124 

71 1.982 5.590 0.937 0.800 9.309 -0.133 1.999 5.576 0.863 0.928 9.367 -0.033 -0.100 

72 1.970 5.634 0.771 0.739 9.114 0.272 1.975 5.630 0.781 0.769 9.155 0.252 0.02 

73 1.963 5.655 0.759 0.698 9.075 0.356 1.964 5.657 0.767 0.705 9.094 0.342 0.014 

74 1.969 5.639 0.736 0.741 9.085 0.253 1.976 5.632 0.814 0.761 9.182 0.253 -0.000 

75 1.981 5.616 0.872 0.764 9.232 0.013 1.986 5.605 0.836 0.840 9.267 0.138 -0.125 

76 1.969 5.636 0.727 0.743 9.075 0.275 1.977 5.629 0.777 0.797 9.180 0.229 0.046 

77 1.963 5.654 0.751 0.698 9.065 0.357 1.964 5.655 0.752 0.703 9.074 0.343 0.014 

78 1.963 5.655 0.759 0.698 9.075 0.355 1.964 5.657 0.767 0.705 9.094 0.342 0.013 

79 1.963 5.651 0.719 0.717 9.050 0.393 1.965 5.650 0.722 0.732 9.069 0.353 0.040 

80 1.963 5.650 0.714 0.717 9.044 0.384 1.965 5.648 0.723 0.721 9.057 0.357 0.027 

 
 

of the support. In Bader analysis overall negative charge can be attributed to the metal atoms 

(240, 241, 242, 246) not in contact with the electronegative oxygen but in contact with the 

electropositive metal cerium. 

It can be seen that s,p-d mixing is prevalent in the bulk of the cluster. At the interface s,p-d 

mixing is proposed to occur however it cannot be clearly seen due to charge swamping by 

neighbouring and sub surface oxygen. Rh/Pd-(4d) transfer to the support is identified by gain 

of Ce-(5d) and Ce-(5p) occupancy where an intermetallic d-d type interaction is proposed to 

occur. 

Overall charge analysis output shows some variability in results and again it should be 

clarified that the charge analysis as shown in these tables is merely a preview into the full 

electronic interactions as mentioned before and is dependent of the choice of the Wigner-

Seitz radius (RWIGS).  
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Table 7.14: Charge analysis for supported Rh/Pd cluster and free cluster. 

 

  Supported Rh4Pd6  Free Rh4Pd6 cluster   

Atom 5s 4p 4d Total Bader 5s 4p 4d Total Bader 

 

Δbader 

Rh-Top(243) 0.383 0.099 7.280 7.762 -0.089 0.432 0.103 7.225 7.760 -0.091 0.002 

Pd-Middle(237) 0.295 0.163 8.067 8.526 -0.024 0.314 0.192 8.002 8.507 0.057 -0.081 

Pd-Middle(238) 0.297 0.164 8.063 8.524 -0.018 0.314 0.192 8.002 8.508 0.063 -0.081 

Pd-Middle(239) 0.288 0.150 8.080 8.517 -0.031 0.314 0.192 8.002 8.507 0.066 -0.097 

Pd-Bot-mid(240) 0.341 0.166 8.034 8.541 -0.396 0.314 0.192 8.002 8.508 0.056 -0.452 

Pd-Bot-mid(241) 0.331 0.168 8.047 8.546 -0.373 0.314 0.192 8.002 8.508 0.065 -0.438 

Pd-Bot-mid(242) 0.336 0.164 8.047 8.547 -0.388 0.314 0.192 8.002 8.508 0.059 -0.447 

Rh-Vertice(244) 0.403 0.208 7.262 7.873 -0.013 0.432 0.103 7.226 7.761 -0.096 0.083 

Rh-Vertice(245) 0.402 0.207 7.254 7.863 -0.021 0.432 0.103 7.227 7.762 -0.088 0.067 

Rh-Vertice(246) 0.414 0.127 7.399 7.940 -0.507 0.432 0.103 7.225 7.760 -0.092 -0.415 

 

 
7.3.2 Rh4Pd6 Cluster on Fully Oxidised Ceria (111) Surface 
 

Figure 7.18  shows the Rh4Pd6 cluster on the fully oxidised support; displacement of the 

topmost atom is most obvious in this configuration, in similarity to the Rh10 cluster. 

 
 

Figure 7.18: Rh4Pd6 cluster supported on oxidised ceria slab 

 

From a different perspective as in Figure 7.19 the distortion in the top atom and distortion in 

the second layer can also be seen. This will be discussed in more detail later in the section. 
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Figure 7.19: ELFCAR visualisation of the Rh4Pd6 cluster on the fully oxidised interface. 

 

 

Figure 7.20: PDOS of interfacial metal and Ce for a)M(4d) b)Ce(4f) and c)Ce(5d) 

 

From the DOS images in Figure 7.20 the overlap of (Ce)4f with M(4d) and Ce(5d) with 

M(4d) can be seen implying the hybridisation of orbitals. In the oxidised interface metal 
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cerium bond distances are larger than in the reduced interface due to the inclusion of the 

oxygen layer in the interface as described for Rh10 and Pd10 already. However hybridisation 

and bond formation is still possible between the closest and overlying metal-cerium atoms 

which are fewer than in the reduced case. The Ce-O-M interaction dominates the oxidised 

interface and exhibits a structurally distinct metal-support interaction. The hybridised 

intermetallic bond formation plays no role in the distortion of the cluster and is scarce in the 

oxidised interface. Intermetallic bond formation is a phenomenon that dominates in the 

reduced interface.       

Charge accumulation shows again negative charge build up on the interfacial cerium atoms 

(table 7.15). Excess charge accumulates on the Ce-5d and 4f orbitals and contributes to a 

more negative character of the interfacial cerium atoms overall compared to the bare surface. 

It appears that the Rh/Pd-4d metal cluster contributes to the charge on the cerium atoms it 

impinges on and introduces an additional charge influence to the ceria surface. Bader charge 

analysis shows negative charge accumulation on the interfacial cerium atoms and a 

corresponding positive charge on the interfacial metal atoms of the cluster. The active metal 

interface is donating electronic charge to the support, it is established in independent studies 

that the charge transfer at the oxidised interface moves metal charge density to the 4f levels 

of cerium
45

 via the bridging oxygen. An excess accumulation of electronic charge is noted on 

the interfacial cerium atoms 70,71 and 75; Bader analysis shows additional electronic charge 

of 0.14 e
-
, 0.112 e

-
 and 0.133 e

-
, respectively. The VASP total charge analysis also shows the 

build up of electronic charge on the interfacial cerium atoms. Charge accumulation occurs in 

the d and f orbitals of cerium and is attributed to transfer of electronic charge from the 

impinging metal of the cluster. 
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Table 7.15: Charge analysis of cerium atoms of the oxidised ceria slab with Rh4Pd6 cluster 

compared with charge analysis of the bare oxidised slab. Interfacial atoms are highlighted. 

 

  oxidised slab plus cluster oxidised slab  

Ce-
atom 6s 5p 5d 4f Total Bader 6s 5p 5d 4f total Bader 

 
ΔBader 

65 1.963 5.652 0.722 0.701 9.039 0.361 1.961 5.650 0.732 0.689 9.031 0.351 0.01 

66 1.963 5.653 0.740 0.699 9.055 0.366 1.961 5.650 0.731 0.689 9.031 0.351 0.015 

67 1.964 5.651 0.731 0.698 9.044 0.364 1.961 5.650 0.731 0.689 9.031 0.351 0.013 

68 1.960 5.647 0.756 0.674 9.037 0.367 1.961 5.650 0.731 0.689 9.031 0.351 0.016 

69 1.963 5.652 0.726 0.698 9.040 0.364 1.961 5.650 0.731 0.689 9.031 0.351 0.013 

70 1.969 5.644 0.774 0.722 9.110 0.211 1.961 5.650 0.731 0.689 9.031 0.351 -0.14 

71 1.968 5.651 0.760 0.713 9.093 0.239 1.961 5.650 0.731 0.689 9.031 0.351 -0.112 

72 1.964 5.652 0.730 0.698 9.044 0.366 1.961 5.650 0.731 0.689 9.031 0.351 0.015 

73 1.963 5.654 0.750 0.689 9.057 0.375 1.961 5.650 0.731 0.689 9.031 0.351 0.024 

74 1.963 5.653 0.745 0.702 9.063 0.364 1.961 5.650 0.731 0.689 9.031 0.351 0.013 

75 1.969 5.646 0.767 0.718 9.101 0.218 1.961 5.650 0.731 0.689 9.031 0.351 -0.133 

76 1.963 5.653 0.746 0.700 9.062 0.37 1.961 5.650 0.731 0.689 9.031 0.351 0.019 

77 1.963 5.654 0.749 0.689 9.055 0.375 1.961 5.650 0.732 0.689 9.032 0.351 0.024 

78 1.963 5.654 0.750 0.689 9.056 0.378 1.961 5.650 0.732 0.689 9.032 0.351 0.027 

79 1.963 5.652 0.727 0.699 9.041 0.364 1.961 5.650 0.731 0.689 9.031 0.351 0.013 

80 1.963 5.652 0.725 0.699 9.039 0.362 1.961 5.650 0.732 0.689 9.032 0.351 0.011 

 

 

The bimetallic cluster that is supported on the fully oxidised slab shows the greatest distortion 

of the supported clusters studied. Table 7.16 shows the free Rh4Pd6 cluster exhibits s,p-d 

mixing in the bulk of the nanocluster, however the lack of mixing is difficult to determine at 

the vertice atoms due to the differing atomic and orbital charge. This cluster bestows 

additional charge variability due to electronic fluctuations between the Rh and Pd atoms. A 

general increase in electronic charge can be seen in the supported cluster according to VASP 

charge analysis. A general decrease of the 4d states (0.020 e
-
) can be seen in the interfacial 

atoms (244, 245, 246) and increase in the p occupancy (0.010 e
-
) from impinging on the 

oxygen of the interface. The 5s states show a decrease of occupancy at the vertice compared 

to the free cluster and general slight increase at the non-vertice sites of the interface, one of 

the non-vertice sites (245) also exhibits a marked decrease of electronic charge. Bader 

analysis reveals positive charge on the interfacial metal atoms with an average of 0.142 e
-
 per 

atom.     
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Table 7.16: Charge analysis of the supported Rh4Pd6 cluster as compared with the 

free Rh4Pd6 cluster. 

  Supported Rh4Pd6 Free Rh4Pd6 cluster  

Atom 5s 4p 4d Total Bader 5s 4p 4d total Bader 

 

ΔBader 

Rh-Top(247) 0.334 0.094 7.354 7.781 -0.065 0.432 0.103 7.225 7.760 -0.091 0.026 

Pd-Middle(241) 0.292 0.135 8.083 8.510 -0.038 0.314 0.192 8.002 8.507 0.057 -0.095 

Pd-Middle(242) 0.304 0.136 8.080 8.519 -0.049 0.314 0.192 8.002 8.508 0.063 -0.112 

Pd-Middle(243) 0.314 0.136 8.062 8.512 -0.048 0.314 0.192 8.002 8.507 0.066 -0.114 

Pd-Bot-mid(244) 0.315 0.208 7.977 8.501 0.166 0.314 0.192 8.002 8.508 0.056 0.11 

Pd-Bot-mid(245) 0.292 0.194 7.985 8.471 0.185 0.314 0.192 8.002 8.508 0.065 0.12 

Pd-Bot-mid(246) 0.318 0.213 7.977 8.508 0.167 0.314 0.192 8.002 8.508 0.059 0.108 

Rh-Vertice(248) 0.374 0.189 7.243 7.806 0.063 0.432 0.103 7.226 7.761 -0.096 0.159 

Rh-Vertice(249) 0.384 0.202 7.246 7.832 0.07 0.432 0.103 7.227 7.762 -0.088 0.158 

Rh-Vertice(250) 0.385 0.199 7.219 7.803 0.102 0.432 0.103 7.225 7.760 -0.092 0.194 

 

VASP charge analysis and Bader analysis indicate transfer of the metal charge to the support 

in the oxidised interface. Charge transfer is propagating the active site at the metal interface 

and occurs via the interfacial oxygen. The mixed metal cluster exhibits rhodium at the vertice 

sites and palladium at the cluster ‘core’ sites as is evident in the differing electronic structure 

at these sites. Vertice atoms typically exhibit greater positive charge as is the case in this 

instance and not due to the difference of atomic composition. 

 

7.3.3 Rh4Pd6/Ceria Bond Distances 

Similar phenomena are noted in the Rh4Pd6 metal cluster as with Rh10 giving a distorted 

configuration. Table 7.17 shows metal cerium distances at the interfacial contact. Rh atoms at 

the vertice of the cluster sit above cerium atoms due to choice of nanocluster configuration 

and consequently display the shortest distance. Overall distances are shorter in the reduced 

interface even when oxygen is present as seen for vertice atoms 244 and 245. The cluster is 

effectively nested in the top oxygen monolayer of the ceria support and any bonds to oxygen 

are not underneath the cluster and between the cluster and the support. 
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Table 7.17: Rh/Pd-Cerium bond distances for the reduced and oxidised interface, the (v) 

indicates the vertice atom. The full table is shown in the appendix A. Numbering is according 

to reduced surface as shown in figure 7.21. 

 
Distance (Å) 

M-Ce Bond Reduced oxidised 

75-243(v) 2.548 2.702 

75-246 3.050 3.296 

75-241 3.105 3.311 

70-241 3.079 3.310 

71-246 3.038 3.279 

71-245(v) 2.454 2.769 

71-242 3.072 3.347 

70-242 3.116 3.333 

70-244(v) 2.564 2.667 

Average 2.892 3.126 

 σ
2
 0.078 0.010 

 

 
Figure 7.21: The supported Rh4Pd6 clusters presented from a side on perspective 

(a) Rh4Pd6 on the reduced interface and (b) on the oxidised interface. 

 

The Rh4Pd6 supported cluster on the reduced support shows distortion in the upper atoms of 

the cluster as seen in the Rh10 section 7.2.1. This is corroborated by the analysis of bond 

lengths given in Table 7.18. The cluster on the oxidised interface shows greater distortion in 

the upper region. It can be seen that the top M4 cluster is strongly distorted and the middle 

layer exhibits a strongly elongated bond between atoms 238 and 239 with the apex placed 

over this bond. On comparison of the differing bond lengths of the top six bonds highlighted 
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in Table 7.18 and the configurations shown in Figure 7.21 we can gain an appreciation of the 

distortion within the cluster and see the displacement of the top atom and the effects on the  

 

Table 7.18: Bond distances of the various Rh4Pd6 clusters, as a free cluster, on the reduced 

support and on the oxidised support. The full table is shown in the appendix. The bond 

positions have been equated to the reduced form. 

 Bond distance (Å) 

Bond position 

Free 

cluster Reduced  Oxidised 

243-237 2.473 2.533 2.618 

243-238 2.474 2.508 2.493 

243-239 2.473 2.470 2.449 

237-238 2.759 2.719 2.771 

238-239 2.759 2.854 3.261 

239-237 2.758 2.771 2.756 

239-246 2.473 2.633 2.491 

239-242 2.759 2.800 2.600 

239-241 2.759 2.779 2.925 

237-244 2.473 2.527 2.591 

237-240 2.760 2.817 2.659 

237-242 2.759 2.857 2.686 

238-245 2.473 2.529 2.530 

238-240 2.758 2.783 2.660 

238-241 2.759 2.845 2.679 

245-241 2.474 2.600 2.627 

241-246 2.474 2.665 2.641 

246-242 2.473 2.665 2.723 

242-244 2.473 2.610 2.606 

244-240 2.473 2.648 2.643 

240-245 2.473 2.666 2.647 

241-240 2.759 3.000 2.933 

240-242 2.759 3.091 2.958 

242-241 2.759 3.082 2.922 

Average (Å) 2.616 2.727 2.703 

Static disorder σ
2 
(Å

2
) 0.021 0.030 0.034 

 

middle layer of the cluster. The cluster is in fact strained in the internal interfacial bonds. The 

cluster on the reduced support is more so strained internally and does not exhibit elongated 

bonds in the upper region. 

The strong metal support interaction describes the onset of catalytic deactivation brought 

about by reduction at elevated temperatures. At temperatures below 500°C this deactivation 
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is sourced in electronic effects
35

 that alter the charge distribution at the interface. The metal 

support interaction is studied by VASP relaxations of both the reduced interface and the 

oxidised interface. The oxidised interface is distinct from the reduced interface in charge 

analysis, the presence of oxygen lowers the occupancy of the Ce-5d and 4f states. Thus 

without available electrons in cerium the impinging metal provides the electrons for bonding. 

The oxidised interface shows electron donation to ceria from the active metal, this is 

proposed to be the oxidised form of the bonding interaction that occurs. The interaction takes 

place in the presence of oxygen and can more accurately be explained as transfer of the metal 

via oxygen to the corresponding cerium atom. It is proposed that 5d-4d bonding with partial 

4f-4d character exists at both types of interfaces. In case of the oxidised support the 

intermetallic bonding is dominated by M-O-Ce bonds. In the reduced interface metal oxide 

bonds occur only at the periphery where oxygen is present. The cerium metal has significant 

5d,4f occupancy in the reduced interface where this is used in a hybridised interaction with 

the impinging metal cluster in formation of an intermetallic bond. However, the oxidised 

interface possesses electron deficient cerium and on coupling with the transition metal the 

electron density shifts from the transition metal to cerium.  

Thus two distinct bonding scenarios exist for both the reduced and oxidised interface. For the 

reduced interface a mutual sharing of electrons occurs however in the oxidised interface 

bonding electrons are supplied by the metal cluster. The reduced interface possesses more 

dominant Ce-M bonding in the metal support interaction corresponding to a deactivated 

interface; on the other hand the oxidised interface possesses less Ce-M bonding and is bound 

to the support predominantly by M-O bonds that activate the interface in formation of the 

active cationic metal site.  

The difference in charge distribution of the oxidised and reduced support is a function of the 

presence or absence of oxygen in the interface. The interfacial monolayer of cerium possesses 
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overall negative charge in the oxidised interface where partial positive charge can be inferred 

on the active metal. This is the active form of the interface in which electronic deactivation is 

not present. In the reduced form of the interface we see greater 4f occupancy on the cerium 

atoms and in VASP charge analysis a positive charge accumulation on the interfacial cerium 

atoms. The interfacial active metal atoms adopt a negative charge accumulation 

corresponding to a deactivation of the active site. Thus in the absence of interfacial oxygen 

we see electronic deactivation of the active site. It is the interfacial periphery that is most 

important to possess this electronic activation as this is the site where catalytic oxidation 

occurs and strong adhesion of the adsorbate to the metal is ideal. This is a practical issue 

when consideration is made of the working catalyst that has oxygen abstracted from the 

interface and a constant flow of oxygen at the peripheral boundary. The periphery is regarded 

as oxidised and an activated site in this constant flow of oxygen.  

Average bond lengths and static disorder of M-M pairs are shown in the Table 7.19. Trends 

are observed for differing clusters where the mixed metal cluster shows the greatest variation 

overall in the bond distances of the interfacial layer when comparing external bonds with 

internal bond lengths at the interfacial layer. This trend is followed by the Pd10 cluster. The 

Rh10 cluster shows significant variation in the bonds of the top atom of the cluster. Static 

disorder is the mean square relative displacement (σ
2
) and indicates the degree of disorder in 

the bonds of the metal cluster. The static disorder of the clusters is large at this temperature (-

273°C) when compared with the disorder noted in computational studies of Pt10 –alumina at 

higher temperatures
41,88

of -108°C  and 200°C. 

Static disorder is most notable in the bimetallic cluster on the fully oxidised support as seen 

in Figure 7.18 and 7.19. Such disorder would render the nanoclusters more active in 

interfacial catalysis. Indeed all clusters studied possess a certain degree of structural disorder 

at -273°C that can be related to the nanostructure and in the case of supported clusters 
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additional disorder related to the interface. It is apparent from the trends in static disorder 

palladium clusters are actually stabilised by the support as the disorder decreases 

 

Table 7.19: Average metal-metal bond distances (Å) and static disorder (Å
2
) for the three 

types of clusters, unsupported as the free cluster, on the reduced support and on the fully 

oxidised support. The full table is shown in appendix. 

 

 Free clusters Reduced support Oxidised support 

 Pd10 Rh10 Rh4Pd6 Pd10 Rh10 Rh4Pd6 Pd10 Rh10 Rh4Pd6 

Average bondlength (Å) 2.670 2.535 2.616 2.733 2.608 2.727 2.712 2.598 2.703 

Static disorder σ
2 
(Å

2
) 0.014 0.008 0.021 0.011 0.009 0.030 0.007 0.012 0.034 

 

 

significantly from the free cluster to the reduced support and oxidised support. Rhodium 

clusters on the other hand show an increase in static disorder respectively where the mixed 

clusters show a large increase in disorder within the cluster. Disorder noted in the free 

clusters is not comparable to the structural disorder in the supported clusters. Variation in 

bond length in the free clusters is dominated by the difference in bond length between 

internal and external bonds for example in palladium all external bonds are 2.553 ± 0.001 Å; 

where all internal bonds are 2.788 ± 0.002 Å. This trend is reflected in the bond lengths of the 

mixed clusters. Rhodium however shows variation in external bond lengths and does not 

exhibit strictly two bond types. For the supported clusters variation in bond lengths is much 

less predictable. Bond lengths in the model palladium supported cluster show many bond 

length types and in the bimetallic cluster variation in bond lengths is largest at the interfacial 

contact. Comparison of static disorder in free clusters with that in supported clusters must be 

made in consideration of the many types of bond length in the supported clusters. In fact it is 

considered comparison of disorder of the free clusters with supported clusters is not 

reasonable due to the very different type of disorder observed and should be made merely for 
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reference. The origin of this disorder is discussed where the strain at the interface are thought 

to be responsible for such variations by dictating the structure of the nanocluster.  

Cerium dioxide as the support apparently bestows extra bond disorder on the supported 

cluster. Variations in bond length indicate some strong dynamical fluctuations are occurring 

and as the variations are not present in the free clusters they are sourced from the metal-

support interface. The interfacial bonding has been determined to be a partial 4f-4d character 

with predominant 5d-4d character forming a metal-metal type bond when the interfacial 

interaction is not dominated by metal oxide bonds. The interfacial bonding apparently bears 

some perturbations that are affecting the structure of the supported cluster. Lattice distortions 

are detected that arise from the interface. These distortions are more pronounced in the 

nanocluster and are traced to the geometric interactions at the metal-support junction. These 

lattice distortions are larger than the static disorder typically seen in supported clusters
41,88

. 

Atomic disorder of supported clusters is a contemporary topic of research
41

. The electronic 

structure of the metal support interface of supported nanoclusters holds the key to 

understanding the relationship between the cluster and the support that dictates the geometry 

of the cluster. Ceria is amongst the most complex of supports encompassing the single 4f 

state in its reduced form and the capacity for oxygen migration and surface abstraction. The 

ceria support is the root of the large atomic disorder seen in the M10 clusters investigated in 

this project. The size of the M10 cluster allows a certain degree of flexibility in the structure 

of the nanocluster and the junction with the metal support interface bestows some structural 

changes on the supported cluster as compared with the free cluster. These structural 

modifications are observed in the geometry of the nanostructure but are sourced at the metal 

support junction. The junction acts as the foundations for the structure of the nanocluster. 

Intermetallic metal-metal bonding at the interface coupled with metal-oxygen bonds provides 

the interfacial bonding that anchors the cluster to the support. The strain of the cluster-support 
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interface distorts the cluster from its ‘free’ configuration. The cluster apparently adopts a 

more energetically favourable configuration when anchored to the support that is a result of 

its flexibility as a nanostructure. The interfacial monolayer is influenced by the underlying 

ceria lattice and ‘fits’ in to extend the lattice of the support. The cluster atoms adopt position 

relative to the ceria lattice, namely the filling of oxygen vacancies (in the reduced surface) 

and the metal oxygen bonding (in the oxidised surface). The cluster can be considered a 

flexible structure anchored on the support at its bimetallic and M-O bonds. With flexibility 

between the bonds there are no limits imposed on structural rigidity and the resulting cluster 

structure is determined by the relative dynamics of the interface with the cluster. The 

bimetallic interface exhibits significant structural distortion due to the different metallic 

interactions with the oxygen of the support. Supported clusters on the oxidised interface 

exhibit greater distortion in the upper atoms. Strain exerted on the cluster by the interface 

with the support is an apparent cause of this distortion, distortion is also observed in the 

cluster of the reduced interface and can again be attributed to the junction with the support. 

On inspection of the relative bond lengths and bond stretching in the distortion it is not 

obvious how the interface influences the upper regions of the cluster and it may be here 

proposed the electron correlation effects at the interface may play a role in influencing the 

band structure of the metal cluster. 

 

Table 7.20: Metal oxygen bond lengths in the reduced support 

(static disorder is not relevant for only two values) 

  reduced support 

  Pd10 Rh10 Rh4Pd6* 

Vertice 2.212 2.146 2.121 

Vertice 2.244 2.165 2.120 

Average 2.228 2.156 2.121 
*
Rh occupies the vertices in Rh4Pd6 
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Bond lengths in the reduced support (table 7.20) show general trend when comparing the 

monometallic clusters on the support that rhodium bond length is shorter than the palladium 

bond length. This trend is clarified in the Table 7.21 where M-O bond lengths of the oxidised 

support are shown. 

Table 7.21: Metal oxide bond lengths in the oxidised support. 

 

  oxidised support 

  Pd10 Rh10 Rh4Pd6
* 

Vertice 2.178 2.121 2.095 

Vertice 2.186 2.147 2.065 

Vertice 2.199 2.123 2.123 

Middle 2.030 2.062 2.034 

Middle 2.037 1.989 1.990 

Middle 2.028 1.993 2.004 

Average 2.110 2.073 2.052 

 σ
2 
 0.007 0.005 0.003 

                                                  
*
Rh occupies the vertices in Rh4Pd6 

 

Metal oxide bond lengths observed at the interface of the cluster on the oxidised support 

indicate rhodium oxide bond lengths are shorter than palladium oxide interfacial bonds, 

corresponding to a stronger metal oxygen interaction of rhodium. The bimetallic cluster 

shows shorter Rh-O bond lengths still (at the vertice positions) and Pd-O bond lengths, 

lowest static disorder and the shortest average bond length.   

 

Table 7.22: Adsorption energies of the metal clusters 

 

  Adsorption Energy (eV) 

 

Pd10 Rh10 Rh4Pd6 

Reduced 8.466 7.421 8.931 

Oxidised 5.602 6.098 8.525 

 

Adsorption energies were calculated from the formula: 

Eads= Etot(support) + Etot(cluster) - Etot(support+cluster)    (12)   

Adsorption energies dictate that the reduced interface bears a stronger interaction with the 

cluster than does the oxidised interface. The rhodium ten cluster is more strongly bound to 

the support than the palladium cluster on the oxidised ceria slab. However on the reduced 

slab it appears palladium is more strongly bound of the two mono-metallic clusters. The 



7.3 Supported Rh4Pd6 Clusters 

 

197 

 

reduced support corresponds to the deactivated form of the interface which is dominated by 

bonding of Ce with the active metal, the stronger energy of adsorption supporting this. The 

oxidised interface shows the appearance of the Ce-O-M moiety where electron density of the 

active metal is shifted to the Ce
44b

, this active moiety is not predominant in the reduced 

catalyst. Metal oxide bonds of the rhodium cluster to the support are stronger than Pd-O 

bonds and dictate the stronger adsorption energy of the rhodium cluster.     

Earlier group d metals are more stable as an oxide due to weaker d-d interactions and the low 

energy s,p d hybridization. This is ideal for semiconducting metal oxide supported active 

metals as the active metals undergo a stable d-d interaction with the metal of the oxide 

support. Active metals deposited on early transition metal oxides effectively act to reduce 

species in their sphere of influence by electron donation. Impinging electrons from the active 

metal encourage reduction of the surface of the supporting oxide; and in the case of facile 

oxygen transport an oxygen deficient intermetallic phase may be formed constituting the 

reduced interface. Nano-catalysis is dominated by the metal-support interface where the 

active metal clusters have foundations at the interface influencing the geometry of the cluster 

and the electronic structure. The electronic structure is complicated by the f states of cerium, 

an inner transition element cerium must fill its f orbital before the d orbitals are occupied. As 

the second of the lanthanides cerium can adopt two configurations 4f
1
d

1
 and 4f

2 22
. Metal-

metal bonding of cerium presents a difficult case with the potential for donated electrons to 

fill both the 4f and 5d levels. In chemical bonding of inner transition elements f-d mixing
89

 

allows for the capacity for bonding given the low radial extension of the f states. Electrons 

that must fill 4f states of cerium may mix with the energetically unfavourable 5d levels of 

cerium allowing for bonding between overlapping metal 4d and cerium 5d orbitals. Analysis 

of the density of states of cerium dioxide shows the first level to fill is Ce(4f). Typical Ce-Pd 

bond lengths calculated in this work are 3.0 Å whereas probability of finding a 4f electron 
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falls at about 2.5 Å and for 5d is about 3.5 Å (from Figure 7.22). The orbitals thus exhibit 

ample overlap at the bond distances calculated but clearly the potential for hybridisation with 

Ce(4f) is lower than that of the Ce(5d) states. Figure 7.22 shows the radial distribution 

function of the 5p, 4f and 5d orbitals of samarium, these serve as a near approximation to 

cerium.  

 

Figure 7.22: Radial distribution function of Sm-4f7/2, 5p3/2, 5d5/2 and B-2p orbitals
90

. 

 

Impinging Pd metal will display greater 4d overlap with the Ce(5d) orbital facilitating in 

bond formation. However, electrons involved in bonding do not show 5d character but 

predominantly 4f character and the length of the bond indicates for M(4d)-Ce(4f) overlap 

alone could constitute bond formation. 4f hybridisation with conduction electrons has been 

identified
63

 by Angle Resolved Photoemission Spectroscopy (ARPES) with the delocalisation 

of 4f electrons. The question remains in this thesis about the localisation or itineracy in the 4f 

electrons at the metal–support interface. To participate in bonding the 4f state must hybridise 

with conduction electrons and take on some delocalised character. Density Functional Theory 

generally indicates a localised nature for oxygen deficient CeO2 - Ce2O3 and the nature of the 

4f orbital in this project is treated as strongly localised. From results of PDOS, radial 

extensions, atomic positions and charge analysis it can be concluded a Pd(4d)-Ce(4f) bond is 
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possible; the 4f character in this bond is also likely to display mixing with significant 5d 

character to yield what is effectively a delocalised (Ce)4f state. The mode of bonding at the 

interface is of (Ce)4f-(M)4d character; however the shifting of the (Ce)4f states to a 

delocalised state is also proposed as is shown in the relaxations performed by VASP. 

Interfacial intermetallic bonding also merely represents an insight into real metal-support 

bonding. The treatment of the 4f state is hypothetical and not fully in line with experimental 

observations. The 4f state is treated as localised throughout these calculations, when in fact 

the state may be delocalised when participating in Ce-M bonding. The delocalised nature is 

represented by the transfer of (Ce)4f to (Ce)5d in these calculations. Due to the representation 

of the (Ce)4f orbitals a bonding mechanism is established in these calculations that may be an 

accurate description of the real bonding mechanism. Although the 4f state has been 

determined experimentally as being delocalised shifting of the 4f states into 5d is the most 

likely manner of delocalisation of the 4f state. The nature of the 4f orbitals will remain with 

short radial extension and highly correlated. Thus it is proposed the interfacial intermetallic 

bonding as realized by VASP is an accurate representation of the real bonding mechanism at 

the interface in the Rh,Pd/Ceria catalyst. Delocalisation of (Ce)4f to (Ce)5d is presented as a 

theory to explain the observed gain of 5d occupancy on deposition of the metal cluster on the 

reduced support. Another theory of gain of 5d occupancy is the direct interaction of the 4d 

orbitals with 5d in d-d intermetallic bond formation. It is likely both modes of 5d gain are at 

work in these studies. The bond at the M-Ce interface is thus proposed to be mixed 4d-5d 

character with 4d-4f character. This prediction is reflected in the overlap of states as shown in 

the DOS figures 7.3, 7.6, 7.10, 7.13, 7.17, 7.20. 
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7.4 Discussion  

A  strong correlation behaviour of 4f states is implemented by GGA + U in the VASP code 

consolidating the heavy fermion behaviour of the 4f electron, these heavy electrons are 

indeed observed experimentally in Ce-Metal compounds
63

. Of relevance to this project is the 

nature of the 4f state at the interface and the mode of the Ce-M bond. From results mentioned 

to this point it can be concluded a Pd(4d)-Ce(4f) hybrid bond is likely to be formed. The f-d 

mixing yields a bond with some f character. It is also proposed that the probability of finding 

a heavy electron at -273K is realised in the form of a Charge Density Wave (CDW) with 

Periodic Lattice Distortion (PLD). A non-conventional density wave phenomenon has been 

detected in URu2Si2
91

 and a similar phenomenon, a Spin Density Wave, has been identified in 

the quantum criticality of CeRu2(Si1-xGex)2
63

. First and foremost the findings
91

 evidence the 

existence of the heavy electron state in the 5f orbital. It is proposed in this work that 

hybridisation of the M(4d) with Ce(4f) orbital results in a CDW in the nanocluster due to the 

nature of the electron in the 4f orbital and resulting from f-d hybridisation. To elaborate, the 

active metal nanocluster possesses a conduction band that participates in metal-metal bonding 

and bears some Ce(4f) character at the interface due to hybridisation with Ce(4f) a strongly 

correlated state. The conduction band at the interface thus exhibits a non-conventional CDW 

due to f-d hybridisation
91

. The band bears some 4f character a strongly correlated electronic 

state and as the electron occupies the 4f part of the hybrid bond it effectively undergoes 

magnetic interactions with the 4f
1
 state. As the respective electron is held in the Ce(4f) like 

orbital it slows relative to the M(4d) conduction band and a density wave is formed in the 

conduction band at the interface. The CDW gives way to lattice distortion in the metal 

nanostructure. This distortion is more pronounced in the rhodium and bimetallic clusters. 

Palladium can be considered as having a full d shell and thus exhibits a more stable d band 

with respect to rhodium and the mixed cluster. The effects of the CDW on the palladium only 
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clusters does not yield significant lattice distortion due to the added stability of the full d 

shell. However the Rh10 clusters and Rh4Pd6 clusters exhibit significant distortion in their 

structure. In the rhodium clusters the top atom becomes quite distorted, the top atom has the 

lowest coordination and least d band character of the cluster. The f-d hybridisation effectively 

acts to lower the d band occupancy slightly by slowing the electrons donated from the 4d to 

4f states. The d band of the cluster is thus slightly electron deficient and this effects a 

distortion in the cluster and bond weakening in the topmost atoms. This bond weakening is 

most pronounced where the d character is weakest at the top vertice. The bond distortion is 

also more pronounced in the oxidised interface where it is proposed a more significant 

4d4f transfer occurs as the 4f states are less occupied in the oxidised interface. In the 

oxidised interface the Ce-M distance is typically larger by about 0.2 Å due to the inclusion of 

oxygen in the Ce-O-M interaction. Independent studies of M10 clusters on oxide 

surfaces
41,88,92

 do not exhibit such marked distortion in the upper region of the cluster as does 

Rh10 and Rh4Pd6 as presented in this study. The question remains: Does rhodium merely 

exhibit enhanced M-O bond strengths that act to distort the cluster due to electron transfer to 

the cerium of the support? It can be presumed if this is the case the interaction is that of the 

Ce-O-M moiety where metal states are mixed with the Ce(4f) orbitals. Thus with the 

localised nature of the 4f states (implemented in the calculations as core electrons) a charge 

density wave can also be predicted in the 4d4f transfer of the Ce-O-M moiety. 

Strain effects alone may offer explanation of the distortion noted in these clusters. The ceria 

lattice is of relatively large lattice constant by the size of the cerium atoms. The strain exerted 

on the metal clusters at the interface due to the difference in lattice parameters of the metal 

and the support effectively stretches the bond lengths of the metal in the interfacial layer. 
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However, subsequent layers adopt bond lengths more like the natural or relaxed structure. 

Strain at the junction distorts the clusters interfacial layer effectively exerting strain effects on 

the remainder of the cluster. Table A1 as shown in the appendix is the combined form of 

Table 7.6, Table 7.12, Table 7.18 and compares the bond lengths of all the clusters. However, 

a marked distortion is noted in the top atom for rhodium clusters and Rh4Pd6 clusters, the 

exact nature of the distortion can not be determined. It is not obviously attributed to strain 

effects, nor can it be certainly attributed to a charge density wave. At best one can surmise 

that it may be both, however strain effects certainly offer a more reasonable explanation that 

would not be subject to controversary or criticism. Through analysis of the surrounding bond 

lengths it is not obvious how the strain distorts the upper atoms. For example the bond of the 

Rh4Pd6 in the 2
nd

 layer that is too long to be formed cannot be traced to mere distortion in the 

layer below, in fact adjacent sides exhibit more strain but nonetheless have bonds formed 

atop of them. Thus although strain offers a possible explanation of the distortion within these 

supported clusters it apparently does not explain the full scenario and the presence of a CDW 

is proposed in explaining the anomalies of this distortion. Cluster distortion is not prevalent 

in the palladium-only clusters where strain effects have equal effect but is present in the 

rhodium and mixed clusters. Electronic effects due to an anomaly at the interface explain this 

difference.   

        

7.5 Summary 

Cluster support interactions are studied for the reduced and oxidised interfaces of Pd10, Rh10 

and Rh4Pd6. Electronic charge is observed to accumulate in the oxygen vacancies of the 

support in addition to the occupancy of the 4f orbital. Sufficient orbital overlap for 

hybridisation is determined between Ce(4f) and M(4d) as well as Ce(5d) and M(4d). The 

reduced palladium interface shows some ionic character in agreement with recent studies of 
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the Au/Ceria interaction. This ionicity is not identified in the rhodium or mixed metal clusters 

and can be attributed to the full d shell of palladium (cf. gold) showing less interaction with 

the 4f and 5d states of the support. It may be surmised that the metals capable of a d
10

 

configuration behave differently to those that are not. In any case the reduced interface 

corresponds to the deactivated catalyst. Bader charge analysis of the interfacial cerium atoms 

is compared and summarised in Table 7.23. The excess charge accumulated on the cerium 

atoms 70, 71 and 75 shows evidence of the uptake of charge from the active metal. 

  

Table 7.23: Difference in Bader charge analysis of interfacial cerium  

atoms relative to supported cluster. 

Atom 70 71 75 

 Reduced 

Pd10 -0.062 +0.039 -0.062 

Rh10 -0.116 -0.055 -0.119 

Rh4Pd6 -0.124 -0.100 -0.125 

 Oxidised 

Pd10 -0.077 -0.080 -0.081 

Rh10 -0.115 -0.122 -0.127 

Rh4Pd6 -0.140 -0.112 -0.133 

 

 

Hybridisation is concluded as the predominant bonding mechanism in the reduced interface, 

where a distinction is found between the rhodium and palladium interaction. A distinct 

difference in the PDOS of Ce(4f) shows another anomaly theorised as due to the full d shell 

of palladium. Rhodium apparently induces less 4f occupancy on the cerium of the support to 

stabilise the cluster.   

It is found the interface of the oxidised cluster is deemed active due to the established 

cationic charge on the metal. Charge transfer in the oxidised interface is compared to 

independent studies of atomic species, it is concluded the clusters possess sufficient 4d 

character to contribute to hybrid bonding between Ce and the metal in surplus to the Ce-O-M 
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moiety. Significant distortion is observed in the rhodium and Rh4Pd6 clusters that is more 

pronounced with the oxidised interface. The distortion of the clusters on the support is 

attributed to the interfacial properties be they geometric in the form of strain or electronic in 

the form of a charge density wave. Strain alone does not fully explain what is observed.  
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Chapter 8 
 
Conclusions 
 

Rh,Pd/CeO2 nanocatalysts exhibit excellent activity and stability for ethanol steam reforming 

(ESR) at 400°C. This thesis investigates the structural and electronic properties of these 

nanocatalysts, the catalyst undergoes an activation period and investigating this activation 

forms the primary aim of this thesis. The nanostructure is investigated by X-Ray 

Spectroscopy, High Resolution Transmission Electron Microscopy and Computational 

Chemistry and forms a concept of the catalytic activation and delves the structure of the 

nanocatalyst. In characterisations of the post reaction catalyst the chloride precursor is 

revealed by X-Ray Photoelectron Spectroscopy as having a role in the activation of the 

catalyst and the different behaviour of the metals over the activation period is exposed. The 

metals are deposited on the support via the chloride precursor and over the reaction period a 

reduction of the catalyst takes place both by oxygen abstraction and elevated temperature 

hydrogen atmosphere. This reduction of the active metals is evidenced by XPS in the 

appearance of both metallic Rh and Pd and the disappearance of RhCl3. The oxides persist in 

the inherent contact of the metal with the oxide support and persistence of PdCl2 is also 

observed. High Resolution Transmission Electron Microscopy lends further evidence to the 

mechanism of the change of metallic states over the period of catalysis. The pre-reaction 

states consist of what is determined to be Rh2O3 particulates and a particle that is deduced to 

be PdCl2 on ceria, whereas the post reaction particles are most likely bimetallic clusters of Rh 

and Pd. X-ray Photoelectron Spectroscopy identifies both metallic states in the post reaction 

catalyst and X-Ray Absorption Spectroscopy has also detailed the fine structure fitting of the 

bimetallic clusters. Rhodium exists as a metallic skin on the palladium core concomitant with 

the relative surface energies of the metals and the formation of the bimetallic clusters over the 
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period of activation. Rhodium oxide particulates are reduced and rhodium migrates over the 

surface of the support to eventually find stability on the palladium aggregates. 

 

Investigation of the hydrogen reduced catalyst by using X-Ray Absorbance Spectroscopy 

evidences the migration of the rhodium metal over the support at elevated temperatures. The 

X-Ray Absorbance Spectroscopy measurements made in transmission mode show the 

rhodium peak at 100°C deduced to be RhCl3. At the next temperature regime of 200°C the 

signal has disappeared concurring with the dissipation of the rhodium metal over the support, 

this is also the case of the 300°C measurement. At 400°C the peak reappears indicating a 

rhodium structure has again aggregated on the support. This is proposed to be likely due to 

the formation of composite clusters of rhodium on the palladium chloride. X-Ray Absorbance 

Spectroscopy in fluorescence mode indicates the chloride structure of palladium is 

maintained throughout hydrogen reduction, however the structure of rhodium undergoes a 

transition to the metal oxide species that is complete at 400°C. The fluorescence experiment 

clearly indicates that rhodium goes through a change over the temperature range studied. 

From the as prepared catalyst to after hydrogen reduction treatment at 100°C, 200°C, and 

300°C the chloride remains until 400°C where it is no longer detected and has been converted 

into rhodium oxide. From these findings we may conclude that rhodium undergoes changes 

from the metal chloride in the as prepared to dissolved in the support as the oxide at 200°C 

and 300°C until ultimately reagglomerates at 400°C nucleated by the palladium crystallites. 

High Resolution Transmission Electron Microscopy evidences the formation of Rh2O3 

particulates on the ceria support after hydrogen reduction at 400°C but does not show any 

signs of smaller particles corresponding to Pd or PdCl2. 
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In-situ X-Ray Absorbance Spectroscopy measurements of catalyst reduction under CO 

atmosphere offer significant experimental insight into the activation of the catalyst. 

Experimental runs first performed at 400°C reveal the lack of chlorine in the as prepared 

catalyst indicating the effectiveness of the revised preparation technique. On exposure of the 

metal oxide to CO gas the oxide states are reduced and partial FCC structure is observed to 

develop in palladium, this FCC structure in palladium is soon lost on further reduction. For 

rhodium however FCC structure is seen to develop after a significant time lapse indicative of 

the gradual formation of rhodium metal clusters at surface defects, namely palladium cluster 

sites. Rhodium apparently migrates across the ceria surface and aggregrates as bimetallic 

clusters at palladium sites explaining the loss of FCC structure in palladium as due to 

nanocomposite formation. The lack of solid solubility of the two metals is apparently not 

observed at the nanoscale. Bimetallic cluster formation explains the behaviour observed by 

in-situ X-Ray Absorbance Spectroscopy at 400°C, however the behaviour is significantly 

different at lower temperatures. At 300°C the metal oxides are observed to reduce to the FCC 

metals within 40 minutes of exposure to CO. At 200 °C the metal oxides are reduced more 

gradually and FCC structure is seen to develop from the reduced metal oxide clusters, 

palladium first and rhodium more gradually. Measurements at elevated temperature 

experimental run under He atmosphere do not reveal any changes in the structure of Rh and 

Pd on the surface which may indicate that the restructuring is an adsorbate induced effect. 

       

Rh,Pd/CeO2 nanoclusters are investigated using the DFT based Vienna Ab-initio Simulation 

Package (VASP). Supported clusters are optimised on both the reduced and oxidised support, 

investigating the difference between these interfaces. Bulk metal structures are compared 

with the free Rh10 and Pd10 nanoclusters. The electronic structure of ceria is examined at 

various levels of theory and the optimal slab thickness is determined relative to the surface 
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energy and total drift in the forces. The slab thickness of 5 stoichiometric monolayers and 

exchange correlation of GGA + U are chosen as the standards by which further calculations 

will be performed. Initial calculations look at the reduced surfaces of the ceria slab where 

DOS indicate the reduced ceria surface possesses occupancy of the 4f states and charge 

analysis indicates higher occupancy of both the 4f and 5d states. Calculations then investigate 

the adsorption of metals on the reduced surface. Charge analyses of atomic rhodium and 

palladium in the single oxygen vacancy reveal the transfer of electronic charge from the f 

states of cerium to the active metal. Atomic adsorption energies indicate rhodium atom is 

more strongly bound to the reduced site than palladium. The adsorption of tetrahedral M4 

clusters to the oxygen deficient surface indicates a stretching of the interfacial metal bonds 

likely to be due to strain at the interface. 

   

Calculations of M10 clusters on the reduced support are presented. The Pd10 ceria interface 

exhibits charge accumulation in the oxygen vacancies indicating the 4f states are not wholly 

occupied and electronic charge remains in the oxygen vacancies. The DOS shows that the 4d 

metal states lie in the band gap of ceria. Analyses of the valence states of the impinging Ce 

and Pd species at the interface show sufficient overlap for hybridisation which is displayed in 

Ce(4f,5d) with Pd(4d) overlap. Charge analyses of Pd10 supported on ceria indicate a 

lowering of the 4f occupancy on contact with the active metal. 4f occupancy is shifted to the 

active metal 5s and 4d states implying a negative overall charge on the active metal and a 

positive charge on cerium. However for Rhodium excess electronic charge is accumulated on 

the interfacial cerium atoms from the hybrid interaction. Overlap of the active metal 4d 

orbitals with the cerium 5d states is the likely mode of excess charge accumulation. Bonding 

of the palladium cluster to the support occurs by a partial ionic mechanism where the 

rhodium cluster bonds via a pure intermetallic covalent bond. 



8. Conclusions 

209 

 

Bader analysis indicates interfacial cerium atoms possess a slightly negative charge where 

VASP total charge analysis tells of a positive charge at the interface. Bader analysis includes 

the full volume of the lattice and thus the bader analysis includes extra charge regions that the 

VASP analysis does not detect. Charge accumulation beyond the Wigner-Seitz sphere of the 

interfacial Ce atoms is apparently occurring, this is proposed to be due to (M)4d hybridisation 

with (Ce)5d. This effect is not so clear in Pd10 cluster and is more dominant in the Rh cluster 

and Rh4Pd6 cluster on the reduced support where more significant (Ce)5d occupancy is 

observed due to transfer from the rhodium metal.     

The oxidised interface shows an activated active metal layer where the reduced interface 

shows the deactivated metal layer. The oxidised interface is dominated by metal oxygen 

bonds where the Ce-O-M
δ+

 moiety occurs by transfer of M(4d) charge via oxygen to the 

empty 4f states of the support. The strength of the cluster support interaction is dominated by 

the strength of the metal oxide bonds, the Rh-O interactions are stronger than the Pd-O 

interactions. Rhodium containing clusters, Rh10 and Rh4Pd6 show significant distortion in 

their configuration with both the reduced and oxidised interfaces. It is ascertained rhodium 

containing clusters show more charge transfer to the (Ce)4f states of the support. The 

distortion is proposed to be due to the increased charge transfer with the open shell. The 

charge of the rhodium metal is transferred to the 4f states which possess the energetic 

correlation penalty of U=5 eV. The transferred states are thus hindered relative to their 4d 

states and an electronic perturbation arises that distorts the structural configuration of the 

clusters. 
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Appendix A 
 

Table A1: Bond distances of the various clusters studied in the free form on the reduced 

support and on the oxidised support 

 

 Free clusters Reduced support Oxidised support 

 Pd10 Rh10 Rh4Pd6 Pd10 Rh10 Rh4Pd6 Pd10 Rh10 Rh4Pd6 

Bond position Bond length (Å) 

Top 2.553 2.427 2.473 2.578 2.590 2.543 2.598 2.459 2.618 

Top 2.552 2.492 2.474 2.573 2.566 2.509 2.594 2.465 2.493 

Top 2.552 2.429 2.473 2.577 2.404 2.472 2.616 2.701 2.449 

2nd top 2.786 2.602 2.759 2.729 2.427 2.721 2.786 2.794 2.771 

2nd top 2.787 2.594 2.759 2.735 2.579 2.856 2.784 2.494 3.261 

2nd top 2.788 2.666 2.758 2.738 2.564 2.770 2.772 2.492 2.756 

Middle 2.552 2.427 2.473 2.631 2.561 2.633 2.644 2.576 2.491 

Middle 2.786 2.603 2.759 2.797 2.634 2.802 2.695 2.549 2.600 

Middle 2.787 2.664 2.759 2.792 2.648 2.779 2.682 2.537 2.925 

Middle 2.552 2.452 2.473 2.581 2.560 2.527 2.637 2.531 2.591 

Middle 2.788 2.610 2.760 2.801 2.563 2.819 2.683 2.564 2.659 

Middle 2.788 2.619 2.759 2.833 2.730 2.855 2.692 2.489 2.686 

Middle 2.552 2.428 2.473 2.564 2.543 2.529 2.627 2.518 2.530 

Middle 2.786 2.595 2.758 2.815 2.556 2.783 2.688 2.547 2.665 

Middle 2.789 2.670 2.759 2.836 2.745 2.842 2.683 2.489 2.679 

bottom-external 2.552 2.454 2.474 2.722 2.563 2.600 2.702 2.683 2.627 

bottom-external 2.553 2.497 2.474 2.751 2.621 2.664 2.701 2.612 2.641 

bottom-external 2.552 2.426 2.473 2.751 2.623 2.664 2.703 2.607 2.723 

bottom-external 2.552 2.428 2.473 2.723 2.565 2.611 2.705 2.682 2.606 

bottom-external 2.552 2.488 2.473 2.706 2.612 2.647 2.724 2.622 2.643 

bottom-external 2.552 2.449 2.473 2.706 2.620 2.666 2.724 2.609 2.647 

bottom-internal 2.787 2.596 2.759 2.872 2.754 3.005 2.878 2.743 2.933 

bottom-internal 2.789 2.615 2.759 2.864 2.745 3.093 2.879 2.746 2.958 

bottom-internal 2.786 2.599 2.759 2.912 2.813 3.077 2.882 2.836 2.922 

Average (Å) 2.670 2.535 2.616 2.733 2.608 2.728 2.712 2.598 2.703 

Disorder σ
2 
(Å

2
) 0.014 0.008 0.021 0.011 0.009 0.030 0.007 0.012 0.034 
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Table A2: Rhodium-Cerium bond distances for the reduced and oxidised interface, the (v) 

indicates the vertice atom. The atomic numbers are equated to Pd on the reduced support. 

 

  Reduced Oxidised 

  Pd10 Rh10 Rh4Pd6 Pd10 Rh10 Rh4Pd6 

  bond length (A) 

75-243(v) 2.699 2.635 2.548 2.800 2.746 2.702 

75-246 3.133 3.146 3.050 3.377 3.347 3.296 

75-241 3.132 3.201 3.105 3.385 3.331 3.311 

70-241 3.089 3.168 3.079 3.343 3.310 3.310 

71-246 3.007 3.049 3.038 3.355 3.289 3.279 

71-245(v) 2.661 2.582 2.454 2.814 2.722 2.769 

71-242 3.019 3.056 3.072 3.375 3.313 3.347 

70-242 3.124 3.128 3.116 3.383 3.327 3.333 

70-244(v) 2.706 2.649 2.564 2.802 2.755 2.667 

average 2.952 2.957 2.892 3.182 3.127 3.126 

 σ
2
 0.041 0.066 0.078 0.080 0.084 0.010 
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