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CHAPTER 1

 

Introduction 

 
1.1 A brief historical overview of catalysis 

In the early part of 19
th
 century, it was observed that a number of chemical 

reactions were occurring only in the presence of trace amounts of substances 

which themselves were not consumed in the reaction. In 1836 the Swedish 

scientist J.J. Berzelius tried to bring these observations into the body of 

chemical knowledge by attributing their action to what he called their catalytic 

power and named the action catalysis. He said‟ “Catalytic power means that 

substances are able to awake affinities that are asleep at the temperature by 

their mere presence.” The word “catalysis” comes from the Greek language 

and means „breaking down‟. Berzelius applied this term to phenomena where 

the normal barriers to chemical reactions were removed. According to Ostwald 

“a substance that increases the rate at which a chemical system approaches 

equilibrium, without being consumed in the process is called a catalyst”. 

Catalysis is divided into three categories: biological catalysts called enzymes 

are related to living things, in homogeneous catalysis reacting species and 

catalyst are in the same phase, whereas in heterogeneous catalysis (mostly used 

in the chemical industry) reacting species (usually gases) and catalyst (usually a 

solid) are in different phases.
1
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Nowadays catalysis contributes substantially towards prosperity and quality of 

life of our society. It is estimated that almost 90% of all commercially produced 

chemical products involve catalysis at some stage in the process of their 

manufacture. It makes an important contribution to the GDP of the industrial 

countries. Catalysts are used in energy processing, in production of bulk and 

fine chemicals, in food processing and in environmental protection.  

 

1.2 Principle of catalysis 

Heterogeneous catalysis is a cyclic process which consists of at least three 

elementary steps: adsorption of the reactants on the catalytic surface, reaction 

on the surface and desorption of the products. The catalyst increases the rate of 

the chemical reaction by affecting the kinetics and not the thermodynamics. 

The initial and final state of the reaction energetically remain the same, 

implying that, in the presence of a catalyst, the equilibrium between reactants 

and products does not shift.
2
 Compared to the reaction in the gas phase, the 

activation barrier in the catalyzed process is substantially lower, resulting in a 

much higher reaction rate at similar reaction conditions. The reaction which 

proceeds using the catalyst becomes economical due to its occurrence at milder 

conditions. The strength of interaction of the reactants and products with a 

catalyst is of crucial importance to make the catalyst successful. If the 

interaction is too weak, the catalytic surface will not be able to break molecular 

bonds and conversely, strong interaction will result in poisoning of the catalyst. 

This is called the Sabatier principle. Therefore, moderate bonding energies 

(usually in the range of 0.5 to 1.5 eV) are optimal for molecules. So catalysis is 

all about having the right species on the right surface, at the right coverages, 

and at the right temperature for reaction. These are the key elements, and this 

principle could actually be used as a design criterion for the development of 

catalysts.  
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Figure 1.1. Potential energy diagram for CO oxidation in catalyzed versus un-

catalyzed reaction. The catalyzed reaction proceeds via a catalytic cycle. The 

activation barriers with and without a catalyst are presented. In the 

background different shapes and sizes of catalysts are shown. 

 

1.3 Catalysis by gold 

Gold has traditionally been regarded as an inactive catalytic metal because its 

chemisorption ability is too small compared with, for example, the platinum 

group metals (PGM). It is viewed as immutable, unchangeable, the ultimate 

statement of wealth and beauty, and gold has been used by jewelers to create 

some of the most beautiful artefacts. The history to use Au as a catalyst dates 

back to the beginning of the 20
th
 century when Au gauzes were reported as 

catalysts for H2 oxidation in 1906.
3
 This result was confirmed in 1925 and 

1927. The earliest reference where Au has been reported as catalyst for CO 

oxidation comes from Bone and Andrew in 1925.
4
 The studies on Au were 
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resumed in 1971 with publication of a review on the earlier works on Au
5
 and 

the performance of Au as a hydrogenation catalyst.
6
 A significant contribution 

towards gold catalysis is made by Hutchings who suggested that the very high 

standard electrode potential of Au (+1.4 V) would make AuCl3 a very effective 

catalyst for hydrochlorination of ethyne.
7
 However, it was Haruta whose work 

in 1987 brought the most important breakthrough in the history of Au catalysis. 

He showed that Au-based catalysts with Au nanoparticles of a size in the range 

of 2-5 nm are very active for CO oxidation even at sub-ambient temperature.
8
 

Since then, catalysis by gold has attracted a lot of attention and CO oxidation is 

probably the most studied reaction.
1,9-13

 However, the advent of nanoparticulate 

gold on high surface area oxide supports has demonstrated a high catalytic 

activity in many chemical reactions including water gas shift reaction (WGS), 

reduction of NO with propene, CO or H2; reactions with halogenated 

compounds; water or H2O2 production from H2 and O2; removal of CO from 

hydrogen streams; hydrochlorination of ethyne; selective oxidation, e.g. 

epoxidation of olefins; selective hydrogenation and hydrogenation of CO and 

CO2.
14

 

 

1.4 What makes gold attractive? 

1.4.1 Availability  

Production of gold is compared with Pt and Pd in Fig. 1.2 for the year 2000. 

The comparison clearly demonstrates that gold is produced in much larger 

quantities. One incentive for the exploration of Au for chemical reactions is its 

greater availability and relatively low and stable price as compared with 

platinum group metals (PGM). 

 

 

 

 

 

 

Figure 1.2. Gold and PGM mine production for the year 2000.
15
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1.4.2 Potential applications 

Gold catalysis is a rapidly developing topic of both academic and industrial 

research and significant advances have been made.
7,14,16-19

 Natural requirements 

for application of gold catalysis at a practical level are reliable methods of 

preparation and long-term mechanical and catalytic stability of the gold 

catalysts. Performance criterions, including activity and durability and 

commercially viable methods of catalyst preparation are important as well. 

Based on the current research efforts being devoted to gold, there is reason for 

optimism that many new practical applications for gold-based catalysts could 

emerge over the next decade. Innovative recent research has suggested that 

along with many other applications gold-based catalysts are potentially capable 

of being effectively employed in fuel cells and hydrogen fuel processing, owing 

to their promising technical performance, relatively low stable price and greater 

availability of gold compared with the PGM. The employment of gold catalysts 

could therefore produce a welcome reduction in the capital cost of fuel cell 

installations. The areas in which gold has already been demonstrated to be a 

strong catalyst can be divided into three categories:
14,20-22

 

 

Table 1.1: Applications of gold-based catalysts  

Pollution and emission 

control 
Chemical processing Fuel cell applications 

Low temperature air 

purification 

Production of vinyl 

chloride 
Water gas shift reaction 

Catalytic wet air oxidation 
Production of propene 

oxide 

Selective oxidation of CO 

in the presence of 

Hydrogen 

(PROX)(Hydrogen 

purification) 

Mercury oxidation in coal-

fired power stations 

Direct production of 

hydrogen peroxide (H2O2) 

Automotive emission 

control 

Production of nylon 

precursors 
Gold as an electro catalyst 

Reduction of NO with 

propene, CO or H2 
Hydrotreating distillations  

 Selective hydrogenation  

 Food processing  

 
Hydrochlorination of 

ethyne 
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1.5 Why is gold active? 

Explanations for the high activity of gold nanoparticles in various reactions can 

broadly be divided into the following four categories: 

(i)- effect of particle size,  

(ii)- nature of the active sites in gold catalysis,  

(iii)-the role of support/additive, and 

(iv)- the influence of preparation method including the pretreatment conditions. 

1.5.1 Particle size effects 

The most important requirement for high activity of Au-based catalysts is the 

size of the Au particles. Most of the reactions occurring on supported Au 

catalysts are highly structure sensitive and a gold particle size below 5 nm is 

required.
19

 However, H2 oxidation and hydrocarbon hydrogenation are 

exceptions and occurs on larger particles also.
16

 Reduction of the particle size is 

accompanied by a number of beneficial effects: for instance, (i) surface area is 

increased; (ii) concentration of low coordinated step, edge and kink sites is 

increased; (iii) the length of the periphery per unit mass of the particle increases 

due to contraction of a large number of atoms with support; (iv) because the 

overlap of the electron orbitals decreases as the average number of bonds 

betweens atoms decrease, the surface atoms become more reactive and start to 

behave more as individual atoms.  

Nieuwenhuys and co-workers
23

 have investigated the effect of particle size, 

nature of support and temperature on the activity of gold in the conversion of 

propene. They used three types of alumina supported catalysts, viz 

CeOx/Al2O3, Au/Al2O3 and the multicomponent catalyst consisting of Au and 

CeOx, Au/CeOx/Al2O3. The authors observed an enhanced activity if a) the 

gold particle was nanosized, i.e. of the order of ca 5 nm, and b) the gold 

particles were combined with an oxidic catalyst (MOx). A number of other 

studies in literature highlight the role of the particle size in various 

reactions.
16,19,22,24

  

It has been proposed that the high activity of small gold particles may result 

from a quantum size effect with respect to the thickness of the gold, based on 

the commencement of metal-to-non-metal transition.
25

 As mentioned above, 

low coordinated atoms on the small particles are also expected to play a crucial 
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role in the activity of supported Au catalysts.
26

 Note that the shape of a particle 

affects the relative amount of such low coordinated sites.
27

 Since the shape of a 

gold particle depends on the gold-support interaction, the support is expected to 

have a large effect on the number of edge and corner atoms on the particle. 

It should be realized that the activity related to gold based catalyst cannot be 

solely explained on the basis of particle size effects because metal oxides 

supports (e.g. TiO2, Fe2O3) may supply active oxygen.
9
 For Au catalysts 

supported on these reducible oxides, it was proposed that the size of the gold 

particle is not very important.
28

 

1.5.2 The nature of active sites in gold catalysis 

The nature of the active site especially in the extensively studied CO oxidation 

reaction remains a controversial issue in Au catalysis and until now no general 

consensus exists. As mentioned above, gold particle size is important but not 

sufficient to account for all the secrets of the high activity of Au-based 

catalysts. As discussed to some extent already above, various factors have been 

suggested in the literature to be important for this high catalytic performance 

including: 

(i) Periphery or Au-support interface,
11,29-31

 

(ii) Step sites on the surface and strain defects,
32

 

(iii) Small gold clusters that have nonmetallic electronic properties due to a 

quantum size effects,
25

 

(iv) Higher oxidation states e.g. Au
3+

.
 
Trivalent gold has been considered 

responsible for high activity in reactions such as CO oxidation,
33

 

hydrochlorination of ethyne,
34,35

 the water gas shift reaction
36

 and Au
1-

 has been 

suggested as an active site
37-39

 when gold is deposited on supports containing 

defects (F-centres). According to another model Au
1+

 (and not Au
3+

) would be 

able to satisfy the requirement that Au cations must be stable in reducing 

environments and also in the neighborhood of metallic gold for an ensemble of 

metallic gold atoms; Au cations with hydroxyl ligands and Au
+
-OH has been 

proposed as the cationic component.
21

 

(v)  Another important factor for the enhanced activity of gold catalysts 

proposed by a number of authors is the presence of water
40

 or hydrogen
41

 

(particularly for PrOx reaction) in the feed. Superior CO oxidation activity of 

Au particles has been observed on irreducible supports such as SiO2 and 
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Al2O3,
40,42

 provided water was present. Numerous studies have focused on the 

effect of H2O addition which is present under PrOx conditions.
29,30,40,43-46

 In 

particular, Date et al.
40

 have shown that water promotes CO oxidation on 

Au/TiO2, Au/Al2O3 and Au/SiO2, and they proposed a mechanism in which 

H2O allows O2 activation and decomposition of carbonate by-products. In this 

way, water helps to regenerate the catalyst, for example Au/Al2O3.
47

 However, 

an optimum amount of moisture increases the reaction rate and an excess water 

may depress the rate attributed to blocking of active sites.
43

  

An overview on the importance and mechanisms based on the literature survey 

of the reactions related to CO oxidation, WGSR and PrOx is presented in 

Chapter 2. 

1.5.3 The role of support 

Understanding the role of the support towards the activity of Au-based catalysts 

is very important. Nieuwenhuys and co-workers employed a variety of metal 

oxide support materials (MOx) to study the CO oxidation reaction (2CO + O2 

→ 2CO2). They observed that the addition of some MOx had a large beneficial 

effect on the activity at low temperatures. This effect was larger than could be 

expected on the basis of the presence of stable small Au particles alone. For 

example, a Au/MnOx/Al2O3 catalyst with an average particle size of 4.2 ± 1.4 

nm had a T 95% (temperature needed for 95% CO conversion) of 100 ºC lower 

than that found for Au/Al2O3 with an average particle size of 3.6 ± 1.4 nm. In 

fact, the CO conversion over Au/MnOx/Al2O3 is higher at ambient temperature 

than the CO conversion over the Au/Al2O3 catalyst at 150°C. Most probably, 

the role of MOx is twofold. Firstly, the oxide (in particular, MgO) may stabilize 

small gold particles throughout preparation and activity measurements 

(structural promoter effect). Secondly, the oxide may actively take part in one 

of the steps involved in the catalytic cycle (i.e. it acts as a co-catalyst). Another 

task of the support as suggested on theoretical grounds is to influence the 

electronic structure of Au at the interface where charge transfer between the 

support (particularly negatively charged defects F centres) and gold particles 

has been proposed.
37

 It has further been shown theoretically that defects on 

supports like TiO2 play a key role in the adhesion of the gold particles on the 

support, hence influencing particle shape and size.
48

 In case of reducible oxides 

such as TiO2, Fe2O3, the defects help to anchor Au firmly, and the support 

might be the source of active oxygen for an oxidation reaction.
28
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From a practical point of view, the choice of the support is determined by the 

type of reaction to be catalyzed. For example: CO oxidation is catalyzed 

successfully at ambient temperature by Au supported on about any oxidic 

support material, except on irreducible oxides like SiO2 and Al2O3. It has been 

reported that Au/TiO2 is the most active catalyst for this reaction.
14,42,49

 A 

number of studies show 100% conversion of CO to CO2 at low temperature 

when the CO oxidation catalyst is composed of dispersed Au nanoparticles 

supported on TiO2.
29,41,50

 Moreover, an active role of TiO2 towards O2 

adsorption and O-supply for CO oxidation,
51,52,53

 adsorption of CO, hydrogen 

and water,
52,54,55

 O2 activation by water,
56,40

 and O2 reaction with H,
57

 has been 

proposed. In addition, for partial oxidation of hydrocarbons, especially if H2 

and O2 are present in the feed, only TiO2 and Ti-silicate supported Au catalysts 

perform efficiently.
58,59

 Possible supports for gold based catalysts for WGSR 

include oxides of Ti, Ce and Fe. From a comparative study of the WGS reaction 

using Au/Fe2O3, Au/Co3O4, and Au/TiO2, it was established that Au/TiO2 is the 

most active catalyst, confirming the superiority of TiO2 over α-Fe2O3 as a 

support.
60-64

  

1.5.4 Preparation methods 

Eight methods for gold catalysts preparation are summarized in Table 1.2 

which include deposition of nanoparticles of gold on a variety of support 

materials. Three factors - the size of the Au particles, strong contact between 

Au particles and the support, selection of the right support – are of crucial 

importance. Therefore, the catalytic performances of gold catalysts markedly 

depend on the preparation methods and conditions. Impregnation methods are 

not favorable mainly because Au has a lower affinity for metal oxides than Pd 

and Pt and it is, thus relatively difficult to deposit Au as nanoparticles on metal 

oxide supports in this way. In addition, during calcination of HAuCl4 

crystallites on the support, chloride ions markedly enhance the coagulation of 

gold particles.
22

 Hence, it is very important to choose a suitable preparation 

technique, depending on the kind of support material used such as basic or 

acidic metal oxides or carbonaceous material.  

Among the other techniques mentioned in the Table 1.2, coprecipitation
65

 is a 

useful and the simplest method of preparation. However, the deposition 

precipitation (DP) method is the easiest to handle and is used for producing 

commercial Au catalysts.
22
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Table 1.2: Summary of preparation techniques for Au catalysts.  

Approach Preparation technique Support material Ref. 

Preparation of 

mixed 

precursors of 

Au and the 

metal 

component of 

supports 

coprecipitation (hydroxides or 

carbonates) CP 

Be(OH)2, TiO2, 

Mn2O3, Fe2O3, 

Co3O4, NiO, ZnO, 

In2O3, SnO2 

65-68 

amorphous alloy (metals) AA ZrO2 69 

co-sputtering (oxides) in the 

presence of O2 CS 
Co3O4 70 

Strong 

interaction of 

Au precursors 

with support 

materials 

deposition-precipitation 

(HAuCl4 in aqueous solution) 

DP 

Mg(OH)2, Al2O3, 

TiO2, Fe2O3, Co3O4, 

NiO ZnO, ZrO2, 

CeO2, Ti-SiO2 

71,72 

liquid phase grafting 

(organogold complex in  

organic solvents) LG 

TiO2, MnOx, Fe2O3 73,74 

gas phase grafting 

(organogold complex) GG 

all kinds, including 

SiO2, Al2O3-SiO2, 

and activated carbon 

75,76 

Mixing colloidal 

Au with support 

materials 

colloid mixing CM 
TiO2, activated 

carbon 
77,78 

Model catalysts 

using single 

crystal supports 

vacuum deposition VD (at low 

temperature) 

Defects sites on 

MgO, SiO2, TiO2 
79-81 

 

1.6 The aim and structure of the thesis 

The reactivity of different Au surface structures and reaction mechanisms has 

been studied throughout this thesis. Density Functional Theory (DFT) has been 

used to calculate the energetical, geometrical, structural and vibrational 

properties of the adsorbates as well as minimum energy path (MEP) for various 

reactions on different surfaces. The effect of increasing the degree of 

coordinative unsaturation of the gold atoms to which the molecules bind - 
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which is considered a key aspect towards high activity of Au catalysts - has 

been explored in detail. Different Au surfaces containing Au atoms with 

coordination numbers in the range of 9 to 4 have been examined. To understand 

reaction mechanisms, the role of TiO2(001) anatase surface as an active support 

has been examined. CO, NO, O2, H2, H2O, CO2 molecules and their 

constituents atoms and various intermediates formed during the reactions have 

been included in the study. Structure sensitivity towards the binding strength of 

these molecules with Au has been explored. Various reactions with relevance to 

air-pollution control, H2 production (WGSR) and H2 purification (PrOx) for 

fuel cell applications have been examined. The effects of water and hydrogen 

on the reactivity of Au in the CO oxidation reaction are described. It appears 

that the support plays indeed an important role in the activation of these 

molecules. For example, the effect of hydrogen coverage on the creation of 

defects in the TiO2(001) surface is highlighted. 

The structure of the thesis is as follows: Chapter 2 briefly presents an 

overview of the most relevant data published on the applications and reaction 

mechanisms about the above referred reactions. Chapter 3 gives the physical 

background of the computational tool, density functional theory. In chapter 4, 

adsorption energies, geometrical and vibrational properties, of CO and NO on 

gold (111), (100), (110), (310) and additional Au atom on (100), are 

comprehensively, described. Increase in adsorption energy accompanied with 

decrease in Au atom coordination number involved in bonding will be 

explained. Chapter 5 deals with the surface chemistry of oxygen and hydrogen 

containing species on the support TiO2(001). Water and hydrogen dissociation, 

the effect of H toward stabilization of O2, the effect of H coverage on its 

adsorption energy and diffusion of OH groups and H are the key points 

discussed in this chapter. Cooperative effects between metal and support in 

Au/TiO2 catalysts in explaining the mechanisms on WGSR have been described 

in Chapter 6. Redox and carboxyl mechanisms for the oxidation of CO are 

compared with the help of potential energy diagrams. Spillover effects of OH 

and H are clarified. Chapter 7 clarifies the high sensitivity of O2 adsorption 

and dissociation towards surface structure. Diatomic rows created on Au(100) 

surface contain active sites which adsorb and are able to dissociate O2 at 

temperatures as low as 200 K. Chapter 8 is devoted to understanding the role 

of H2 in purification of reformate gas in the PrOx reaction. The importance of 

OH and OOH intermediates has been revealed. In addition, CO oxidation and 
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H2 oxidation are compared. Finally, Chapter 9 summarizes the most important 

results and conclusions of the thesis and presents an outlook for future work. 
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CHAPTER 2

 

An overview of reaction 

mechanisms proposed for CO 

oxidation on Au based catalysts 

 
A brief introduction into the catalysis by gold has been presented in Chapter 1. 

This chapter deals with mechanistic aspects in particular related to those 

reactions which we have studied in this thesis. Understanding of the various 

aspects of the reaction mechanism is an important factor for the design and 

selection of catalysts.
1,2

 

 

2.1 Low temperature CO oxidation 

Au nanoparticles supported on transition metal oxides have been identified as 

exceptionally active catalysts for oxidation reactions at low temperature.
3
 

Oxidation of CO is one of the simplest reactions. It has been extensively 

studied and is of importance for automotive exhaust gas catalysis.
4
 This 

reaction has been studied on gold-based catalysts with a dual perspective: the 

potential for commercial applications
5
 and for understanding of the long 

standing question, what makes gold active, since it is inert in the bulk form. 

The oxidation of CO over Au catalysts is remarkably sensitive to the contact 
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structure between the Au particles and the support, the type of support, and the 

size of the Au particles.
1
  

A controversy exists on the mechanism of CO oxidation on gold. Several 

explanations have been offered for its remarkable activity. These explanations 

include discussions on quantum size effects, charge transfer to and from the 

support (the oxidation state of Au) or support induced strain, oxygen spillover 

to and from the support and the role of low-coordinated Au atoms on the 

nanoparticles.
6
  

In the limit of low coverage and for most Pt group metal surfaces, the reaction 

mechanism can simply be described by the three elementary steps:  

CO + *   CO*       (2.1) 

O2 + 2*   2O*       (2.2) 

CO* + O*  CO2 + 2*      (2.3) 

The main area of discussion for gold based catalysts is eq. (2.2) in the above 

scheme. In literature the values of the adsorption energies for molecular O2 

adsorption have been reported to be in the range of + 0.86 ((Au111) RPBE)  to 

-0.27 eV (stepped surface PW91), indicative of weak interaction.
6-11

 Moreover, 

the theoretically
6,8,9,11,12

 reported minimum activation barriers for dissociation 

are in the range of 0.93 to 1.77 eV on stepped surfaces and even more (2.23 eV) 

on the closed packed Au(111).
5
 Consequently, dissociation of the molecule 

seems difficult if not impossible under ambient conditions on low index and 

stepped surfaces.. However, eq. (2.3) is straightforward and CO2 is formed 

readily once O is available and the activation barriers may be as low as 0.01 

eV.
9
  

Some investigations based on DFT calculations support another mechanism for 

CO oxidation on gold: a direct bimolecular reaction of CO with O2 on Au 

surfaces.
6,8,11

 This energetically favored route requires activation energies in the 

range of 0.46-0.68 eV to make the four atoms OCOO (carbonate) complex and 

a nearly similar barrier to break the complex into CO2 and O, which is 

immediately consumed to make another CO2. This mechanism significantly 

reduces the barrier compared with O2 activation but is still on the order of 0.35 

eV higher than the O2 adsorption energies reported in these articles. Henry and 

coworkers
13

 have studied the CO oxidation using Au clusters of ≤ 1.5 nm size 

supported on MgO employing HRTEM (high resolution transmission electron 
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microscopy). The authors ruled out the possibility of O2 dissociation and have 

proposed another mechanism by which CO adsorbs on low coordinated sites on 

Au and reacts with molecularly adsorbed O2, possibly on the Au/MgO interface. 

However, O2 adsorption sites are undefined. Some authors support the view that 

O2 reacts with adsorbed CO through an ER (Eley-Rideal) mechanism on 

gold.
14

According to this mechanism only one of the reacting species adsorbs, 

with other coming into contact with it from the gas phase. In general, the 

elementary steps for this bimolecular reaction on Au based catalysts include: 

CO + *    CO*      (2.4) 

O2 + CO*   OCOO*      (2.5) 

OCOO*   O* + CO2(g)     (2.6) 

CO* + O*   CO2(g) + 2*     (2.7) 

The overall reaction is: 2CO + O2  2CO2 

Bond and Thompson
15

 proposed a mechanism involving the role of hydroxyl 

groups together with both ionic and metallic Au. According to this mechanism, 

the carbon monoxide molecule chemisorbs on a low coordinated gold atom, and 

a hydroxyl ion moves from the support to an Au
3+

 ion, creating an anion 

vacancy. They react to form a carboxylate group associated with oxidized Au
2+ 

at Au-support
 
interface, and an oxygen molecule occupies the anion vacancy as 

O2
1-

. This then oxidizes the carboxylate group by abstracting a hydrogen atom, 

forming carbon dioxide, and the resulting hydroperoxide ion HO2
1-

 then 

oxidizes a further carboxylate species forming another carbon dioxide and 

restoring two hydroxyl ions to the support surface. This completes the catalytic 

cycle. Elementary steps in the mechanism include: 

Au
0
 + CO (g)    Au

0
─CO*    (2.8) 

Au
3+

+ OH
1-   

 Au
2+

─OH* (p)    (2.9) 

Au
0
─CO* + Au

2+
─OH*   Au

2+
─COOH* (p) + Au

0 
(2.10) 

O2 + vac
1- 

(s)
    

 O2
1-

─vac* (s)   (2.11) 

Au
2+

─COOH* (p) + O2
1-

─vac* (s)    Au
2+  

+ CO2(g) + HO2
1-

─vac* (s) (2.12) 

Au
2+

─COOH* (p) + HO2
1-

─vac* (s)   Au
2+ 

+ CO2(g) + 2OH
1-

 (s) + vac (s)

         (2.13) 

Au
2+ 

+ vac     Au
3+

 + vac
1-

,   (2.14) 
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where, vac, (p) and (s) stand for vacancies, periphery and support . The net 

reaction, i.e. 2CO + O2  2CO2, is obtained by doubling the processes 

represented by equations (2.8) - (2.11) and then adding all the processes in the 

set. 

The above scheme presents a general overview (not related to a particular 

support) and the mechanism might not be the same for all the supported 

catalysts. For example, one possible variation of the above scheme might apply 

to those oxides or under those conditions where anion vacancies are not 

formed. Similarly, if mobile hydroxyls do not exist on support, the above 

mechanism will not be valid because reactions (2.9) and (2.10) will not take 

place. The presence of two OH groups may lead to water and O formation as 

proposed by Haruta and co-workers.
16

 If the water produced desorbs and it is 

not supplied in the feed, then the catalyst may die. Therefore, due to the 

different nature of supports and variation under operating conditions, it seems 

hard to generalize a mechanism that would work for all catalysts. 

A mechanism which takes into account the temperature regime of the reaction 

has been suggested by Haruta for Au/TiO2.
17

 According to this mechanism, at 

very low temperature (below 200 K), neither the support nor the perimeter 

interface between Au and TiO2 participate because they are covered with 

carbonate species. At this temperature the only active sites are steps, kinks, 

edges and corners on the Au particles and reaction between CO and O2 takes 

place with an apparent activation energies of zero eV. At temperatures between 

200 and 300 K, the reaction proceeds at the perimeter, which is partly covered 

with carbonate species. The coverage of the species may change depending on 

temperature, thus giving rise to an apparent activation energy of around 0.30 

eV. If the temperature is increased further (above 300 K), the reaction continues 

to proceed with an activation energy of almost zero at the perimeter interface at 

a rate more than one order of magnitude faster than the reaction over the Au 

surfaces. The CO is adsorbed on the surfaces of Au particles and oxygen (most 

likely molecular) is adsorbed at the support surfaces.  

From the literature review, it can be concluded that CO is most probably 

adsorbed on the Au particles, on edge or step sites.
17-19

 The adsorption of O2 is 

uncertain, although there are indications that either the support or the interface 

is involved. However, it is generally believed that the reaction proceeds at the 

Au support interface. The size of the Au particle is important, most likely 

because a small size is associated with a high concentration of uncoordinated 
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Au atoms that can act as active sites. Some particular shapes, viz. 

hemispherical, are believed to be more active than the spherical one.
3
 

Nonetheless, if OHs are involved in the catalytic cycle, O2 dissociation is not 

necessary and related to the size of the gold nanoparticles. Similarly, because in 

the presence of small Au nanoparticles the perimeter of the gold support 

interface increases, it is not clear that the increase in reactivity can be related to 

the highly un-coordinated Au atoms or to the increase of area of the periphery. 

Both factors explain why reverse catalysts, consisting of nanoparticles of CeO2 

and TiO2 deposited on Au(111) are active.
20

 

 

2.2 Water gas shift reaction (WGSR) 

Hydrogen is believed to be an energy carrier that could resolve many problems 

related to the present consumption of fossil fuels.
21-23

 The water gas shift 

reaction, CO + H2O  CO2 + H2 is an industrially important route to H2 

production and plays an important role in many current industrial catalytic 

technologies such as methanol (MeOH) synthesis,
24,25

 methanol steam 

reforming,
26-28

 ammonia synthesis 
29

 and coal gasification. The WGSR is also 

important for automotive exhaust gas catalysis.
2
 The renewed interest has 

sparked development of catalysts for improved WGSR for H2 production at 

large scale, for instance in connection with fuel cells.
26-28,30-37

 Hydrogen for fuel 

cells is generally produced from a fuel such as methanol or natural gas, using 

partial oxidation (CH3OH + ½ O2  2H2 + CO2) or steam reforming.
38

 Both 

these processes produce CO. The polymer electrolyte membrane fuel cell 

(PEMFC) does not tolerate even traces of CO (>20 ppm) in the reformate gas 

because it deteriorates the Pt electrode and the fuel cell performance is lowered 

dramatically.
39

 To optimize the production of H2 and purify the reformate gas, a 

second stage or multistage catalytic reactor is used to remove CO by means of 

WGSR.
26,40

 Gold based catalysts are highly active for WGSR at low 

temperatures on the order of 475 K. Thus, WGS reaction is not only vital for H2 

production but also for purification of reformate gas. 

Mechanisms suggested in literature concerning supported precious metals for 

this reaction can be generally classified into three types. 
41-43

 Adsorption of CO 

and water, dissociation of water (H2O  OH + H) and H2 formation are 

common steps in all types of mechanisms. The other reaction steps proposed 

for each mechanism are summarized in Table 1.  
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Table 2.1. The proposed mechanisms on precious metals for water gas shift 

reaction. 

 redox mechanism formate mechanism carboxyl mechanism 

1 OH* + *  O* + H* CO* + OH*  HCOO* + * CO* + OH*  COOH* + * 

2 OH* + OH*  H2O* + O* HCOO* + *  CO2(g) + H* + * COOH*  CO2(g) + H* 

3 CO* + O*  CO2(g) + 2* HCOO* + *  HCO* + O* 
COOH* + OH* CO2(g) + 

H2O* + * 

 

In the redox mechanism, O-atoms are produced following the complete 

dissociation of water into atomic oxygen and atomic hydrogen or 

disproportionation of hydroxyl groups. However, the redox mechanism via 

complete water dissociation is considered very unlikely on Au because 

complete water dissociation has not been reported on gold.
41,44

 The key point is 

that the catalyst is oxidized by H2O and reduced by CO.
42

 Bunluesin et al.
45

 

have studied WGSR on ceria-supported Pt, Pd and Rh and have suggested that 

CO adsorbed on the precious metal is oxidized by ceria, which in turn is 

oxidized by H2O.  

In the formate mechanism, the process involves hydroxyl groups from water 

dissociation that combine with CO to form a formate intermediate, which then 

decomposes into CO2 and hydrogen. Formate dissociation is regarded as the 

rate-determining step in this mechanism of the WGS reaction.
46-49

 Similarly, in 

the carboxyl mechanism, CO directly reacts with OH to form the COOH 

intermediate which decomposes into CO2 and H or further reacts with another 

OH to produce water and CO2.
50

 

In a recent paper by Bond, the redox, formate and carboxyl mechanisms have 

been discussed.
51

 In all the three mechanisms water has been proposed to 

adsorb and dissociate on surface anion defects on the support and CO adsorbs 

on the Au particles. The redox mechanism follows complete dissociation of 

water, hydrogen spills over to Au forming H2 and oxygen fills the vacancy at 

the interface of Au and support which is then removed by CO, completing the 

catalytic cycle. The formate mechanism involves two water molecules where 

one is regenerated during the process. Water products, OH and H, cross over on 

the Au from the support. OH reacts with CO making HCOO intermediate 

which is attacked by another oxidizing agent OH forming H2O and CO2, and H2 
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evolves as combination of two hydrogen atoms on Au. In the carboxyl 

mechanism, a COOH complex is formed on Au as a result of migration of OH 

from the support to Au where it decomposes into H and CO2. 

Formate and redox mechanisms were recently investigated on Au/CeO2 through 

DFT using the PBE functional.
52

 The authors concluded that there was a 

common shortcoming in both mechanisms which is the production of surface 

oxygen atoms. Four possible channels (OH  O + H; H + OH  O + H2; OH 

+ OH  2O + H2 and CO + OH  HCO + O) have been examined but none of 

them yielded any conceivable path that could generate O with a barrier less than 

1 eV.  

The WGSR has been reported with high performance on reverse catalysts.
20

 

Nanoparticles of TiO2 and CeO2 have been deposited on Au(111). This study 

claims that although clean Au(111) is not catalytically active for the WGSR, 

Au(111) surfaces that are 20-30% covered by ceria or titania have activities 

comparable to those of good WGSR catalysts such as Cu(111) or Cu(100). The 

reaction is said to occur by water dissociating on oxygen vacancies of the 

oxides while CO adsorbs on Au sites located nearby and subsequent reaction 

steps take place at the metal-oxide interface. Oxides help to dissociate the 

water, which cannot be activated on the of gold.
53

 However, TiO2-x/Au(111) 

and CeO2-x/Au(111) easily dissociate water provided that O vacancies exist on 

the oxide. Exposure of TiO2 and CeO2 to CO at 575 K leads to the appearance 

of O vacancies in the oxide and consequently, these systems become active for 

water activation.
20,54

 The following elementary steps were proposed for the 

reaction mechanism:
20

  

CO(g) + *(Au)     Au─CO*   (2.15) 

H2O(g)  + *(s)     H2O*(s)  (2.16) 

H2O*(s) + *(s)     OH*(s) + H*(s)  (2.17) 

Au─CO* + OH*(s)    COOH* (p) + *   (2.18) 

COOH* (p)     CO2(g) + H*(p)  (2.19) 

2H*(p)       H2(g) +2*,  (2.20) 

where (p), (s) and (Au) represent the adsorption at the perimeter interfaces, 

support surfaces, and Au surfaces, respectively, while (g) denotes the gas 

phase. 
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In this mechanism, the oxides are deposited on the Au(111) surface. Adsorption 

of CO on Au sites of this closed packed surface at relevant temperature of 

WGSR seems related to defects on the Au surface. Moreover, it negates 

quantum size effects. 

After an overview of the above mentioned reaction mechanisms, it appears that 

water adsorbs and dissociates on the support and CO adsorbs on the low 

coordinated sites of Au. Further reaction may proceed through HCOO or 

COOH intermediates formed as a result of reactions between CO and OH. H2 

may evolve on the Au. However, the occurrence regime of all the elementary 

steps for the reactions remains yet to be clarified. More work is required to 

comprehend an energetically feasible catalytic cycle (which regenerates all the 

intermediates) for the WGSR on Au catalysts. 

 

2.3 Effect of water addition on CO oxidation 

Of particular interest is the observation that the presence of water enhances the 

CO oxidation activity of Au particles on several supports, including the best 

reducible TiO2 and irreducible oxides such as SiO2 and Al2O3.
6,16

 Numerous 

studies have focused on the effect of H2O addition which is present under PrOx 

(preferential oxidation of CO) conditions. 
16,55,56

 In particular, Date et al.
16

 have 

shown that water promotes CO oxidation on Au/TiO2, Au/Al2O3 and Au/SiO2, 

and they have proposed a mechanism in which H2O assists O2 activation and 

decomposition of carbonate by-products. Their proposed mechanism includes 

the steps: 

CO + H2O    CO2 + H2    (2.21) 

O2*(p) + H2O*(s)  2OH*(s) + O*(p)   (2.22) 

2OH*(p)   O*(p) + H2O*(s)   (2.23) 

Au─CO* + O*(p)  COO*(p)  CO2(g)   (2.24) 

Au─CO* + O2*(p)  CO3*(p)    (2.25) 

COO*(p) + O*(p)  CO3*(p)    (2.26) 

CO3*(p) + H2O*(s)  CO3H*(p) + OH*(p)   (2.27) 

CO3H*(p)   CO2(g) + OH*(p).   (2.28) 
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The step in eq. (2.21) is not happening as the reaction is not taking place under 

the relevant conditions for the WGSR. However, it is not explained how water 

activates O2. 

A mechanism involving carbonate formation and decomposition via a 

bicarbonate in the presence of H2O/OH
1-

 was proposed by Makkee and 

coworkers.
55

 In this mechanism H from water splitting creates OH, where the 

O-atom comes from the support at the periphery. The hydroxyl reacts with CO 

on a neighbouring Au
3+

 ion to form a hydroxycarbonyl, which is further 

oxidized by lattice oxygen to form a bicarbonate. Subsequent decomposition of 

CO3H yields CO2 and OH. The catalytic cycle begins after removal of the OH 

groups on the Au and creation of an oxygen vacancy in the support. O2 fills the 

vacancy and reacts with CO adsorbed on the gold particle, forming a carbonate 

at the Au–support interface in accordance with the proposal of Date et al.
16

 

These carbonates at the interface may block the active sites, thus deactivating 

catalysts. Reaction of bicarbonates with hydroxyl would produce carbonates 

and water. In this way depletion of OH groups may cause the deactivation of 

the catalytic surface.  

The reaction occurs at the perimeter of Au support contact. Fe2O3 is reduced at 

the contact in the presence of water, giving bicarbonate and OH; the former 

decomposes into CO2 and OH: 

Au─CO* + O2*(s) + H2O*(s)  CO3H*(p) + OH*(s)  CO2(g) +2OH*(s),

         (2.29) 

where O2 comes from the support creating oxygen vacancy.  

This mechanism seems to create confusion. Removal of two O-atoms from the 

support at low temperature seems quite difficult. How does the depletion of OH 

groups occurs if water is produced as a result of reaction between bicarbonates 

and OH? Water will dissociate to produce OHs again. Furthermore, the 

mechanism of creation of carbonates and bicarbonates by O2 from the support 

is not clear. 

Nevertheless, it can be concluded that water is beneficial for CO oxidation 

because it gives hydroxyl groups or helps to avoid formation of carbonates and 

bicarbonates. More mechanisms which deal with involvement of OHs to 

enhance the catalytic activity and selectivity (SCO) for CO oxidation are 

reported in references.
55,57
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2.4 H2 induction effect on CO oxidation (PrOx reaction) 

Automotive exhaust gases are important contributors to atmospheric pollution 

and global warming.
26,58

 The proton exchange membrane fuel cell (PEMFC) is 

potentially an attractive and clean energy source for vehicle propulsion and 

auxiliary power units. The Pt electrode is highly sensitive to CO inhibition and 

even traces of CO (>20 ppm) in reformate gas reduce the fuel cell performance 

dramatically in the operating temperature range of typically 60-100°C.
39

 The 

most promising approach to get rid of CO from H2 supplied to anode is by 

preferential oxidation of CO (PrOx) in the presence of excess H2 or selective 

catalytic oxidation (SCO) of CO.
59,60

  

For this process, supported Au catalysts are potentially advantageous due to 

their unique property that CO oxidation is faster than H2 oxidation in the 

relevant temperature range of the fuel cells.
38,61,62

 Additionally, CO oxidation is 

enhanced by the presence addition of H2 in the feed under PrOx conditions.
59,63

 

Some mechanisms regarding the involvement of hydrogen in increasing the CO 

oxidation rate proposed in literature are briefly discussed below. 

Grisel and Nieuwenhuys
59

 explored the effect of both H2 and H2O on the 

activity and selectivity on various supported gold catalysts. They observed a 

pronounced effect of H2O and H2 on the reaction rate for CO oxidation even at 

room temperature. The effect of water was ascribed to a beneficial role of 

surface OH groups in CO oxidation. The promotional effect of H2 on CO 

oxidation has been investigated on a Au/TiO2 catalyst using in situ infrared 

spectroscopy by Piccolo et al.
63

 They suggested a mechanism that involves an 

OOH (hydroperoxy) intermediate possibly adsorbed on Au particles. The 

formation of carbonate like species on the surface of the catalyst has been 

detected in this study in the absence of H2 in the feed whereas on introduction 

of H2 in the CO + O2 mixture, H2O and hydroxyl became the main surface 

species. They have proposed that CO2 may be formed according to the scheme: 

Au─CO* + Au─OOH*  Au─HCO3*  CO2g + Au─OH*.  (2.30) 

Previously, the promotional effect of H2 was studied by Piccolo and co-workers 

under H2 rich conditions using various supported Au model catalysts viz. 

Au/Al2O3, Au/ZrO2 and Au/TiO2.
64

 The authors proposed a mechanism where 

H2 dissociates on the Au particles and reaction takes place between adsorbed 

CO molecule and an adsorbed OOH species (or any HxOy species. According 

to another mechanism over Au/TiO2 catalysts, H2 affects the CO oxidation, 
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most probably by competing H2 adsorption on the Au nanoparticles and 

reaction with oxygen, which results in a significantly higher CO reaction order. 

Formate and carbonate species formed during the reaction represent side 

products/inhibitors, but they do not take part in the reaction at least at the 

reaction conditions (80 ºC). A H2-rich atmosphere inhibits the formation of 

formats and carbonates.
65

 

Costello et al.
66

 have attributed the effect of addition of H2 and H2O to 

regeneration of the deactivated Au/γ-Al2O3 catalyst. They have proposed the 

following mechanism: 

 

 

Figure 2.1. Proposed mechanism of CO oxidation over supported Au catalysts 

in the presence of H2 (adapted from reference
66

). 

 

Costello et al. suggested that the hydroxyl is associated with the oxidized Au 

atom and they support the view that the active site is an ensemble of OH
1-

 

coupled with oxidized Au jointly with neutral Au atoms (Au
1+

-OH
1-

-Au
0
). In 

this suggestion, the reaction proceeds by insertion of an adsorbed CO into an 

Au
1+

-OH
1- 

bond to form hydroxycarbonyl /carboxylic acid groups. There are 

two possible reaction pathways for the generation of CO2 from 

hydroxycarbonyl. In one pathway, the hydroxycarbonyl is oxidized to 

bicarbonate, which is then decarboxylated to Au
1+

-OH
1-

 and CO2. The other is 

decarboxylation of the hydroxycarbonyl to CO2 and Au–H, and the latter is 
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oxidized to Au
1+

-OH
1-

. This mechanism does not account for the involvement 

of the support. Also adsorption and activation of O2 and H2 and adsorption of 

CO is not described. 

The FTIR study carried out by Manzoli et al.
67

 using Au/ZnO catalyst does not 

support the above mechanism. Authors reported a positive effect of H2 on CO 

oxidation by avoiding the poisoning effect of the stable carbonate-like species, 

which were formed in a lower amount. They found bicarbonate species to be 

less strongly bound. 

Both H2O and H2 were passed over Au/Al2O3 catalyst for CO oxidation.
68

 The 

introduction of H2O significantly increased the rate of CO oxidation over an 

Au/Al2O3 catalyst compared to a dry feed. A similar promotional effect on the 

CO oxidation rate was observed while performing the reaction in the presence 

of H2. Interestingly, the effect of co-fed H2O on the kinetic behavior of CO 

oxidation in the presence and absence of H2 was comparable. Accordingly, it 

appears that the higher rate of CO oxidation in the presence of H2 may be the 

result of the byproduct H2O or hydroxyl groups generated from unselective H2 

oxidation. The authors suggest that the coexistence of metallic Au and hydroxyl 

groups or other species derived from H2O or H2 and O2 are responsible for the 

enhanced reaction rate. 

The literature overview reveals a general consensus that H2 induction in the 

feed enhances the activity of Au based catalysts, but different opinions exist on 

the mechanism. It has been proposed that the presence of OH, OOH, HxOy, 

competitive adsorption, removal of inhibitors like formate and bicarbonates etc. 

are responsible for higher activity towards CO oxidation. 

Following the discussion in this overview, it can be concluded that consensus 

on the mechanism of CO oxidation reaction on Au based catalysts does not 

exist. As the CO oxidation occurs on supported Au at low temperature, while 

O2 dissociation seems difficult, it is questionable whether O-atoms are involved 

in CO2 formation. Although a bimolecular reaction between carbon monoxide 

and molecular oxygen offers lower barriers, this route seems also limited by the 

weak interaction of O2 with Au. Therefore, an exploration of the role of the 

support becomes important. Another point of view is that atomic O is provided 

by the reducible oxide supports and O2 repairs the vacancy to complete the 

catalytic cycle. Nontheless, CO oxidation occurs when Au is dispersed both on 

reducible (Fe2O3 and TiO2) as well as on irreducible (Al2O3, MgO and SiO2) 
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oxides. However, in the latter case the rate of reaction is lower. The role of the 

oxidation state of Au, the nature of the active site and quantum size effects are 

still important issues concerning the activity of Au, of which the role is not 

clear yet. 

Addition of both H2 and H2O in the feed has a pronounced beneficial effect on 

the reaction rate and the analysis that H2 and H2O regenerate and/or prevent 

deactivation of the catalyst is supported by the literature. Moreover, OH groups 

seem to play a key role, perhaps together with oxidized Au at the nanoparticle-

support interface. CO has been widely reported to be adsorbed on the low 

coordinated gold atoms. H2O dissociates on the oxygen vacancies of the 

support, helps in decomposition of carbonate like species and enhances O2 

adsorption on the support. To conclude, many mechanistic details regarding 

H2O and H2 involvement in CO oxidation reaction are under debate, which 

provides an incentive for further exploration.  

This thesis aims to bring more clarity on the above issues by DFT calculations. 

Adsorption of molecules such as CO, CO2, H2O, H2 and O2, dissociation of O2, 

H2 and water, and the possible role of the intermediates derived from these 

molecules will be explored. The role of the support will be included as well, for 

which we concentrate on titanium oxide. 

 

References 

 1.  Haruta, M. Gold as a novel catalyst in the 21st century: Preparation, working 

mechanism and applications. Gold Bulletin 2004, 37 (1-2), 27-36. 

 2.  Andreeva, D. Low temperature water gas shift over gold catalysts. Gold 

Bulletin 2002, 35 (3), 82-88. 

 3.  Haruta, M.; Kobayashi, T.; Sano, H.; Yamada, N. Novel Gold Catalysts for the 

Oxidation of Carbon-Monoxide at A Temperature Far Below 0 °C. Chemistry 

Letters 1987, (2), 405-408. 

 4.  Ertl, G. Heterogeneous catalysis on the atomic scale. Chemical Record 2001, 1 

(1), 33-45. 

 5.  Corti, C. W.; Holliday, R. J.; Thompson, D. T. Commercial aspects of gold 

catalysis. Applied Catalysis A-General 2005, 291 (1-2), 253-261. 

 6.  Hvolbaek, B.; Janssens, T. V. W.; Clausen, B. S.; Falsig, H.; Christensen, C. 

H.; Norskov, J. K. Catalytic activity of Au nanoparticles. Nano Today 2007, 2 

(4), 14-18. 



CHAPTER 2  

 

32 

 

 7.  Norskov, J. K.; Bligaard, T.; Logadottir, A.; Bahn, S.; Hansen, L. B.; 

Bollinger, M.; Bengaard, H.; Hammer, B.; Sljivancanin, Z.; Mavrikakis, M.; 

Xu, Y.; Dahl, S.; Jacobsen, C. J. H. Universality in heterogeneous catalysis. 

Journal of Catalysis 2002, 209 (2), 275-278. 

 8.  Liu, Z. P.; Hu, P.; Alavi, A. Catalytic role of gold in gold-based catalysts: A 

density functional theory study on the CO oxidation on gold. Journal of the 

American Chemical Society 2002, 124 (49), 14770-14779. 

 9.  Fajin, J. L. C.; Cordeiro, M. N. D. S.; Gomes, J. R. B. DFT Study of the CO 

Oxidation on the Au(321) Surface. Journal of Physical Chemistry C 2008, 112 

(44), 17291-17302. 

 10.  Mavrikakis, M.; Stoltze, P.; Norskov, J. K. Making gold less noble. Catalysis 

Letters 2000, 64 (2-4), 101-106. 

 11.  Xu, Y.; Mavrikakis, M. Adsorption and dissociation of O2 on gold surfaces: 

Effect of steps and strain. Journal of Physical Chemistry B 2003, 107 (35), 

9298-9307. 

 12.  Fajin, J. L. C.; Cordeiro, M. N. D. S.; Gomes, J. R. B. Adsorption of atomic 

and molecular oxygen on the au(321) surface: DFT study. Journal of Physical 

Chemistry C 2007, 111, 17311-17321. 

 13.  Meerson, O.; Sitja, G.; Henry, C. R. Low temperature and low pressure CO 

oxidation on gold clusters supported on MgO(100). European Physical 

Journal D 2005, 34 (1-3), 119-124. 

 14.  Mills, G.; Gordon, M. S.; Metiu, H. The adsorption of molecular oxygen on 

neutral and negative Au-n clusters (n=2-5). Chemical Physics Letters 2002, 

359 (5-6), 493-499. 

 15.  Bond, G. C.; Thompson, D. T. Gold-catalysed oxidation of carbon monoxide. 

Gold Bulletin 2000, 33 (2), 41-51. 

 16.  Date, M.; Okumura, M.; Tsubota, S.; Haruta, M. Vital role of moisture in the 

catalytic activity of supported gold nanoparticles. Angewandte Chemie-

International Edition 2004, 43 (16), 2129-2132. 

 17.  Haruta, M. Catalysis of gold nanoparticles deposited on metal oxides. 

CATTECH 2002, 6 (3), 102-115. 

 18.  Hussain, A.; Curulla Ferre, D.; Gracia, J.; Nieuwenhuys, B. E.; 

Niemantsverdriet, J. W. DFT study of CO and NO adsorption on low index 

and stepped surfaces of gold. Surface Science 2009, 603 (17), 2734-2741. 

 19.  Lopez, N.; Norskov, J. K. Catalytic CO oxidation by a gold nanoparticle: A 

density functional study. Journal of the American Chemical Society 2002, 124 

(38), 11262-11263. 



An overview of reaction mechanisms proposed for gold based catalysts 

 

33 

 

 20.  Rodriguez, J. A.; Ma, S.; Liu, P.; Hrbek, J.; Evans, J.; Perez, M. Activity of 

CeOx and TiOx nanoparticles grown on Au(111) in the water-gas shift 

reaction. Science 2007, 318, 1757-1760. 

 21.  Momirlan, M.; Veziroglu, T. N. The properties of hydrogen as fuel tomorrow 

in sustainable energy system for a cleaner planet. International Journal of 

Hydrogen Energy 2005, 30 (7), 795-802. 

 22.  Momirlan, M.; Veziroglu, T. N. Current status of hydrogen energy. Renewable 

& Sustainable Energy Reviews 2002, 6 (1-2), 141-179. 

 23.  Johnston, B.; Mayo, M. C.; Khare, A. Hydrogen: the energy source for the 

21st century. Technovation 2005, 25 (6), 569-585. 

 24.  Askgaard, T. S.; Norskov, J. K.; Ovesen, C. V.; Stoltze, P. A Kinetic-Model of 

Methanol Synthesis. Journal of Catalysis 1995, 156 (2), 229-242. 

 25.  Rozovskii, A. Y.; Lin, G. I. Fundamentals of methanol synthesis and 

decomposition. Topics in Catalysis 2003, 22 (3-4), 137-150. 

 26.  Velu, S.; Suzuki, K.; Kapoor, M. P.; Ohashi, F.; Osaki, T. Selective production 

of hydrogen for fuel cells via oxidative steam reforming of methanol over 

CuZnAl(Zr)-oxide catalysts. Applied Catalysis A-General 2001, 213 (1), 47-

63. 

 27.  Choi, Y.; Stenger, H. G. Fuel cell grade hydrogen from methanol on a 

commercial Cu/ZnO/Al2O3 catalyst. Applied Catalysis B-Environmental 2002, 

38 (4), 259-269. 

 28.  Geissler, K.; Newson, E.; Vogel, F.; Truong, T. B.; Hottinger, P.; Wokaun, A. 

Autothermal methanol reforming for hydrogen production in fuel cell 

applications. Physical Chemistry Chemical Physics 2001, 3 (3), 289-293. 

 29.  Carstensen, J. H.; Hansen.J.B.; Pedersen.P.S.  Ammonia plant saf. 1991, 31, 

113. 

 30.  Haruta, M. Catalysis of gold nanoparticles deposited on metal oxides. 

CATTECH 2002, 6 (3), 102-115. 

 31.  Ahmad, W.; Hussain, A. Water gas shift reaction: A Monte Carlo simulation. 

Chinese Physics Letters 2006, 23 (9), 2602-2605. 

 32.  Ruettinger, W.; Ilinich, O.; Farrauto, R. J. A new generation of water gas shift 

catalysts for fuel cell applications. Journal of Power Sources 2003, 118 (1-2), 

61-65. 

 33.  Godat, J.; Marechal, F. Optimization of a fuel cell system using process 

integration techniques. Journal of Power Sources 2003, 118 (1-2), 411-423. 

 34.  Liu, P.; Rodriguez, J. A. Water-gas-shift reaction on metal nanoparticles and 

surfaces. Journal of Chemical Physics 2007, 126 (16). 



CHAPTER 2  

 

34 

 

 35.  Rodriguez, J. A.; Liu, P.; Hrbek, J.; Evans, J.; Perez, M. Water gas shift 

reaction on Cu and Au nanoparticles supported on CeO2(111) and 

ZnO(000(1)over-bar): Intrinsic activity and importance of support interactions. 

Angewandte Chemie-International Edition 2007, 46 (8), 1329-1332. 

 36.  Cortright, R. D.; Davda, R. R.; Dumesic, J. A. Hydrogen from catalytic 

reforming of biomass-derived hydrocarbons in liquid water. Nature 2002, 418 

(6901), 964-967. 

 37.  Grisel, R. J. H.; Weststrate, C. J.; Goossens, A.; Craje, M. W. J.; Van der 

Kraan, A. M.; Nieuwenhuys, B. E. Oxidation of CO over Au/MOx/Al2O3 

multi-component catalysts in a hydrogen-rich environment. Catalysis Today 

2002, 72 (1-2), 123-132. 

 38.  Cameron, D.; Holliday, R.; Thompson, D. Gold's future role in fuel cell 

systems. Journal of Power Sources 2003, 118 (1-2), 298-303. 

 39.  Oetjen, H. F.; Schmidt, V. M.; Stimming, U.; Trila, F. Performance data of a 

proton exchange membrane fuel cell using H2/CO as fuel gas. Journal of the 

Electrochemical Society 1996, 143 (12), 3838-3842. 

 40.  Hohlein, B.; Boe, M.; BogildHansen, J.; Brockerhoff, P.; Colsman, G.; 

Emonts, B.; Menzer, R.; Riedel, E. Hydrogen from methanol for fuel cells in 

mobile systems: Development of a compact reformer. Journal of Power 

Sources 1996, 61 (1-2), 143-147. 

 41.  Ojifinni, R. A.; Froemming, N. S.; Gong, J.; Pan, M.; Kim, T. S.; White, J. M.; 

Henkelman, G.; Mullins, C. B. Water-enhanced low-temperature CO oxidation 

and isotope effects on atomic oxygen-covered Au(111). Journal of the 

American Chemical Society 2008, 130 (21), 6801-6812. 

 42.  Gorte, R. J.; Zhao, S. Studies of the water-gas-shift reaction with ceria-

supported precious metals. Catalysis Today 2005, 104 (1), 18-24. 

 43.  Gokhale, A. A.; Dumesic, J. A.; Mavrikakis, M. On the mechanism of low-

temperature water gas shift reaction on copper. Journal of the American 

Chemical Society 2008, 130 (4), 1402-1414. 

 44.  Henderson, M. A. The interaction of water with solid surfaces: fundamental 

aspects revisited. Surface Science Reports 2002, 46 (1-8), 5-308. 

 45.  Bunluesin, T.; Gorte, R. J.; Graham, G. W. Studies of the water-gas-shift 

reaction on ceria-supported Pt, Pd, and Rh: implications for oxygen-storage 

properties. Applied Catalysis B-Environmental 1998, 15 (1-2), 107-114. 

 46.  Grenoble, D. C.; Estadt, M. M.; Ollis, D. F. The Chemistry and Catalysis of 

the Water Gas Shift Reaction .1. the Kinetics Over Supported Metal-Catalysts. 

Journal of Catalysis 1981, 67 (1), 90-102. 



An overview of reaction mechanisms proposed for gold based catalysts 

 

35 

 

 47.  Salmi, T.; Hakkarainen, R. Kinetic-Study of the Low-Temperature Water-Gas 

Shift Reaction Over A Cu-Zno Catalyst. Applied Catalysis 1989, 49 (2), 285-

306. 

 48.  Vanherwijnen, T.; Dejong, W. A. Kinetics and Mechanism of the CO Shift on 

Cu-Zno .1. Kinetics of the Forward and Reverse CO Shift Reactions. Journal 

of Catalysis 1980, 63 (1), 83-93. 

 49.  Shido, T.; Iwasawa, Y. Reactant-Promoted Reaction-Mechanism for Water 

Gas Shift Reaction on Rh-Doped CeO2. Journal of Catalysis 1993, 141 (1), 

71-81. 

 50.  Gong, J. L.; Mullins, C. B. Surface Science Investigations of Oxidative 

Chemistry on Gold. Accounts of Chemical Research 2009, 42 (8), 1063-1073. 

 51.  Bond, G. Mechanisms of the gold-catalysed water-gas shift. Gold Bulletin 

2009, 42 (4), 337-342. 

 52.  Chen, Y.; Cheng, J.; Hu, P.; Wang, H. F. Examining the redox and formate 

mechanisms for water-gas shift reaction on Au/CeO2 using density functional 

theory. Surface Science 2008, 602 (17), 2828-2834. 

 53.  Liu, P.; Rodriguez, J. A. Water-gas-shift reaction on metal nanoparticles and 

surfaces. Journal of Chemical Physics 2007, 126 (16). 

 54.  Zhao, X. E.; Ma, S. G.; Hrbek, J.; Rodriguez, J. A. Reaction of water with Ce-

Au(111) and CeOx/Au(111) surfaces: Photoemission and STM studies. 

Surface Science 2007, 601 (12), 2445-2452. 

 55.  Daniells, S. T.; Makkee, M.; Moulijn, J. A. The effect of high-temperature pre-

treatment and water on the low temperature CO oxidation with Au/Fe2O3 

catalysts. Catalysis Letters 2005, 100 (1-2), 39-47. 

 56.  Shou, M.; Takekawa, H.; Ju, D. Y.; Hagiwara, T.; Lu, D. L.; Tanaka, K. 

Activation of a Au/TiO2 catalyst by loading a large amount of Fe-oxide: 

Oxidation of CO enhanced by H2 and H2O. Catalysis Letters 2006, 108 (3-4), 

119-124. 

 57.  Date, M.; Haruta, M. Moisture effect on CO oxidation over Au/TiO2 catalyst. 

Journal of Catalysis 2001, 201 (2), 221-224. 

 58.  Wigley, T. M. L.; Richels, R.; Edmonds, J. A. Economic and environmental 

choices in the stabilization of atmospheric CO2 concentrations. Nature 1996, 

379 (6562), 240-243. 

 59.  Grisel, R. J. H.; Nieuwenhuys, B. E. Selective oxidation of CO over supported 

Au catalysts. Journal of Catalysis 2001, 199 (1), 48-59. 

 60.  Korotkikh, O.; Farrauto, R. Selective catalytic oxidation of CO in H2: Fuel cell 

applications. Catalysis Today 2000, 62 (2-3), 249-254. 



CHAPTER 2  

 

36 

 

 61.  Nieuwenhuys, B. E. The surface science approach toward understanding 

automotive exhaust conversion catalysis at the atomic level. Advances in 

Catalysis, Vol 44 1999, 44, 259-328. 

 62.  Kandoi, S.; Gokhale, A. A.; Grabow, L. C.; Dumesic, J. A.; Mavrikakis, M. 

Why Au and Cu are more selective than Pt for preferential oxidation of CO at 

low temperature. Catalysis Letters 2004, 93 (1-2), 93-100. 

 63.  Piccolo, L.; Daly, H.; Valcarcel, A.; Meunier, F. C. Promotional effect of H2 

on CO oxidation over Au/TiO2 studied by operando infrared spectroscopy. 

Applied Catalysis B-Environmental 2009, 86 (3-4), 190-195. 

 64.  Rossignol, C.; Arrii, S.; Morfin, F.; Piccolo, L.; Caps, V.; Rousset, J. L. 

Selective oxidation of CO over model gold-based catalysts in the presence of 

H2. Journal of Catalysis 2005, 230 (2), 476-483. 

 65.  Schumacher, B.; Denkwitz, Y.; Plzak, V.; Kinne, M.; Behm, R. J. Kinetics, 

mechanism, and the influence of H2 on the CO oxidation reaction on a 

Au/TiO2 catalyst. Journal of Catalysis 2004, 224 (2), 449-462. 

 66.  Costello, C. K.; Kung, M. C.; Oh, H. S.; Wang, Y.; Kung, H. H. Nature of the 

active site for CO oxidation on highly active Au/gamma-Al2O3. Applied 

Catalysis A-General 2002, 232 (1-2), 159-168. 

 67.  Manzoli, M.; Chiorino, A.; Boccuzzi, F. Interface species and effect of 

hydrogen on their amount in the CO oxidation on Au/ZnO. Applied Catalysis 

B-Environmental 2004, 52 (4), 259-266. 

 68.  Calla, J. T.; Davis, R. J. Influence of dihydrogen and water vapor on the 

kinetics of CO oxidation over Au/Al2O3. Industrial & Engineering Chemistry 

Research 2005, 44 (14), 5403-5410.   



37 

 

 

CHAPTER 3

 

Computational methodology 

 

3.1 Introduction 

This chapter describes density functional theory (DFT), which has been used to 

perform all the research in this thesis. DFT is the most popular and versatile 

computational method available in condensed-matter physics, computational 

physics and chemistry and it has enjoyed a dramatic surge of interest since the 

90‟s. It is an ab-initio approximation to investigate the electronic structure 

(principally the ground state) of many-body systems, in particular atoms, 

molecules and the condensed phases. The development of DFT and the 

availability of faster computational resources have allowed the investigation of  

systems of increasing size and complexity.
1-3

 Owing to the developments in the 

formulation of DFT algorithms, the accuracy reached by these methods is now 

comparable to that of expensive post-Hartree Fock methods.  

DFT is based on the principle that all the properties of a system of interacting 

particles can be described by a unique functional of the ground state single 

particle density, ( )r , which provides all information embedded in the many-

body wave function of the ground state of the system. Before presenting details 

of DFT, a brief discussion on quantum chemistry is presented. 

 

 

 

http://en.wikipedia.org/wiki/Computational_physics
http://en.wikipedia.org/wiki/Computational_physics
http://en.wikipedia.org/wiki/Computational_chemistry
http://en.wikipedia.org/wiki/Electronic_structure
http://en.wikipedia.org/wiki/Ground_state
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3.2 Schrödinger’s Equation for a Many-body Problem 

The electronic structure in a system can only be studied quantum 

mechanically.
4
 In contrast to classical mechanics,

5
 quantum mechanics is based 

on the solution of Schrödinger‟s equation: 

ˆ ( ,..., , ,..., ) ( ,..., , ,..., )i n N i n NH r r R R r r R R ,   (3.1) 

where Ĥ is the Hamiltonian operator, i is the wave function of the ith state of 

the system (which depends on the 3n spatial coordinates and the 3N spatial 

coordinates of the nuclei) for which this equation is solved and E is the total 

energy of the system. i contains all the information available about the system 

under study. 

The Hamiltonian Ĥ in Eq. (3.1) which represents total energy consisting of 

different kinetic and potential energy terms can be written as: 

2 2

1 1 1 1 1 1

1 1 1 1ˆ ,
2 2

n N n N n n N N
A A B

i A

i A i A i j i A B AA iA ij AB

Z Z Z
H

N r r R   (3.2) 

where Α and Β represent N nuclei, i, j denote the n electrons in the system 

and
2
is the Laplacian operator. The first two terms in equation 3.2 are the 

kinetic energies for the electrons and the nuclei, respectively. The remaining 

three terms constitute the potential energy part of the total energy and represent 

coulombic interactions in order: electron-nuclei attractions, electron-electron 

and the nucleus-nucleus repulsions. The energy of the electron with wave 

function is given by its expectation value of the Hamiltonian Ĥ . 

To solve a difficult equation such as (3.2), various approximations have to be 

made. For example, the Born-Oppenheimer approximation
6
 permits us to 

separate the electronic and nuclear motions. The justification for this is the 

difference between masses of nuclei and electrons. Because nuclei are much 

heavier than electrons, their coordinates are assumed to evolve classically. 

After exclusion of nuclear terms, equation (3.2) takes the form 
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2

1 1 1 1

1 1ˆ .
2

n n N n n
A

elec i

i i A i j iiA ij

Z
H

r r     (3.3) 

The solution of the eq. (3.1) with the electronic Hamiltonian of eq. (3.3) above 

gives the electronic wave function elec and the electronic energy elec for a 

particular configuration of the N nuclei. Therefore, the electronic Schrödinger 

equation is reduced to  

ˆ .elec elec elec elecH E        (3.4) 

The total energy of the system is obtained by including the constant nuclear 

repulsion term of the complete Hamiltonian as (3.2): 

,total elec nucE E E        (3.5) 

where  
1

.
N N

A B
nuc

A B A AB

Z Z
E

R
     (3.6) 

Even after this simplification, the task of solving the electronic Schrödinger 

wave equation remains challenging. 

 

3.3 Density Functional Theory 

DFT originates from  two theorems that were proved by Hohenberg and Kohn 

(1964).
3
 According to them the ground state energy of a system of interacting 

electrons in an external potential is a functional of the electron density, ( )r : 

3[ ( )] ( ) ( ) ( ) [ ( )],E r V r r d r F r     (3.7) 

where [ ( )]E r is the Hohenberg-Kohn energy functional, ( )V r is the external 

potential and [ ( )]F r is a functional of the electron density. Their postulate 

that all observables of a many electron system are functionals of the electron 

density, provides the physical basis for the density functional theory 

calculations. The ground state energy can be calculated by minimizing eq. (3.7) 

but the exact form of F is unknown. 
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3.3.1 The Kohn-Sham Formulation 

Kohn and Sham showed that [ ( )]F r can be mathematically expressed up to an 

unknown part, commonly referred to as the exchange-correlation functional.
7
 

Approximations to the functional have been proposed with the constraint to 

produce reasonably accurate values for properties like geometries, molecular 

bond energies, adsorption energies, work functions and others. [ ( )]F r is 

separated into three parts as follows. 

[ ( ) ( )] [ ( )] [ ( )]H xcF r r E r E r ,    (3.8) 

where ( )]r is the kinetic energy, [ ( )]HE r  is the Hartree energy 

and [ ( )]xcE r is the exchange correlation energy. Kohn and Sham expressed the 

charge density, ( )r  in terms of a set of single particle orthonormal states, 

such that 

2

1

( ) | ( ) |
N

j

j

r r ,       (3.9) 

where N is the number of particles in the system. Thus the kinetic energy of the 

system is given by 

* 2 3

1

1
[ ( )] ( ) ( ) ( ).

2

N

j

j

T r r r d r     (3.10) 

It is important to note that [ ( )]T r does not correspond to the true kinetic 

energy of the interacting electronic system but rather to the kinetic energy of a 

set of N non-interacting Kohn-Sham particles. The difference between this 

energy and the true electronic energy is moved into the exchange-correlation 

term in eq. (3.8). Similarly the rest of the total energy functional in eq. (3.8) can 

be reformulated in terms of single-particle Kohn-Sham wave functions. By 

expressing the total energy of the system in terms of single-particle wave 

functions, the intractable problem of solving the many-body Schrödinger 

equation is transformed into the tractable task of solving the Schrödinger 

equation for N non-interacting particles. 

Having established the form of the kinetic energy functional in the Kohn-Sham 

formulation, it still remains to show how other terms in eq. (3.8) can be 
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calculated in this formalism. The Hartree energy, HE , accounts for the classical 

electrostatic energy of the electrons and is given by 

3 31 ( ) ( )
[ ( )] .

2 | |
H

r r
E r d rd r

r r
     (3.11) 

The only term that is still unspecified in eq. (3.8) is the exchange-correlation 

term. 

3.3.2 The Local Density Approximation 

LDA, the simplest approximation for xcE , is based on the assumption that the 

exchange-correlation energy at a given point in a system is dependent only on 

the electron density of the system at that particular point. The LDA assumes 

that the charge density varies slowly throughout a molecule so that a localized 

region of the molecule behaves like a uniform electron gas. If xcE  is the 

exchange-correlation energy per particle in the uniform electron gas model then 

the total exchange correlation energy xcE for the system can be obtained by 

integrating over all space: 

hom 3( ( )) ( ) .LDA

xc xcE r r d r       (3.12) 

The LDA is reasonably accurate and gives good results for atoms, molecules, 

clusters, surfaces and interfaces. However, properties of collective systems 

have been found to be incorrectly described by LDA; e.g., dielectric constants 

and weak bonds. The atomic ground state energies and ionization energies are 

underestimated and the binding energies are overestimated.  

3.3.3 The Generalized Gradient Approximation 

LDA can be improved by using the gradient of the density at a given point r . 

These approximations are called generalized gradient approximations (GGA). 

The exchange-correlation energy in GGA depends on the gradient of the 

electron density as well as on the density itself: 

3[ ( ), ( )] ( ) .GGA GGA

xc xcE r r r d r      (3.13) 

By taking into account the spatial variation of the electron density, GGA 

functionals are obviously better suited to represent inhomogeneity in the 
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electron density than LDA functionals and tend to yield more accurate total 

energies, atomisation energies and structural energy differences. In contrast to 

the LDA, there is no obvious reference system on which the calculation of the 

exchange-correlation energy could be based. Accordingly a great number of 

GGA functionals has been devised for different classes of systems, the most 

commonly used one being the PW91 functional, developed by Perdew and 

Wang,
8
 which has been used in the present work and the more recent PBE 

functional developed by Perdew, Burke and Ernzerhof.
9
 

 

3.4 Plane-wave Pseudopotential Implementation of DFT 

The practical implementation of DFT requires the use of further techniques and 

approximations, mainly due to two reasons. In an infinite periodic systems, 

such as crystals, there is an infinite number of interacting electrons, each of 

whose wave function needs to be determined; also the basis sets required to 

expand these wave functions need to be infinite. These difficulties make the 

system computationally unfeasible. These difficulties are overcome by using 

Blöchl Theorem
10

 and by expanding the wavefunctions in plane wave basis 

sets. 

3.4.1 Blöchl’s theorem 

Blöchl's theorem makes use of the crystal periodicity. In a crystal, the potential 

and the electron charge density repeat with a lattice translation operator. The 

one particle effective Hamiltonian Ĥ within a periodic lattice commutes with 

the lattice-translation operator ˆ
RT . Thus the Hamiltonian Ĥ of a solid is 

periodically invariant. This leads to the expression of wave functions as the 

product of two functions, a periodic part and other plane wave function. This is 

expressed mathematically as: 

.ˆ ˆ[ , ] 0 ( ) ,ik r

R nk nkH T r e       (3.14) 

where the subscripts n and k are the quantum numbers used to denote the band 

index and the crystal momentum (a continuous wave vector that is confined to 

the first Brillouin zone) of the reciprocal lattice,
10

 respectively. In eq. (3.14), the 

function ( )nk r is periodic and has the same periodicity as the lattice. It is 

expanded in terms of a discrete plane-wave basis set with wave vectorsG that 
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are reciprocal lattice vectors. Mathematically, eq. (3.15) represents the 

definition of this function: 

( . )( ) ,G iG r

nk nk
G

r C e       (3.15) 

where
G

nk
C are the plane wave coefficients and . 2i j ijG a ,where

ja are the 

crystal lattice vectors. Thus, substituting eq. (3.15) in eq. (3.14), we obtain the 

equations for the wave functions as the linear combinations of the plane waves 

as: 

( ). .G i G K r

nk nk
G

C e        (3.16) 

It is important to note here that the wave functions vary continuously over the 

Brillouin zone. Therefore, in the neighbourhood of a k-point they do not change 

much, which implies that it is possible to approximate the wave function in a 

region of k-space by the wave function at a single k-point. Thus the Brillouin 

zone can be sampled and the wave functions can be evaluated for a well chosen 

finite set of k-points. Therefore by employing Bloch's theorem and by sampling 

k-space at a finite number of k-points only, the problem of finding an infinite 

number of wave functions at an infinite number of k-points has been reduced to 

that of finding a finite number of wave functions at a finite number of k-points. 

3.4.2 Pseudopotentials 

It is impossible to describe all the electrons by a plane wave basis set because 

an all electron wave calculation would require an unfeasibly large number of 

them (proportionally increasing the computational burden) to describe 

accurately the oscillations in the core regions which sustain orthogonality 

between valence and core electrons. This difficulty is surmounted by 

introducing the concept of pseudopotentials.
11,12

  

Under the pseudopotential approximation, only the outer (valence) electrons are 

treated explicitly, while the core electrons together with the strong nuclear 

potential are replaced by a weaker and smoother pseudopotential. Cut-off 

energies are significantly reduced by the use of pseudopotentials. This 

reduction is due to the two reasons: (i) high-energy core electrons that require a 

large basis set have been removed and (ii) by removing the core electrons, the 

valence electrons no longer need to be orthogonal to them, as required by the 
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Pauli Exclusion Principle. This orthogonality is obtained by increasing the 

number of nodes in the wave function, which implies a higher frequency. The 

number of nodes is greatly reduced because the valence electron wave functions 

only need to be orthogonal to each other due to the replacement of the core 

electrons by the pseudopotential; this in turn implies a smaller frequency and 

thus reduced cut-off energy.  

The use of pseudopotentials has obviously another advantage of reducing the 

number of electrons in the system, which clearly makes the computational cost 

of a given calculation lower. However, replacement of the nuclear potential and 

the core electrons by a pseudopotential modifies the wave function and 

therefore might be expected to result in a poor representation of the electronic 

structure of the system. Fortunately this effect can be restricted by making the 

new potential identical to the old potential beyond a core radius (Rc), which 

means that only the wave function within Rc needs to be changed. The core 

radius is chosen such that all the electrons closest to the nucleus are included. 

Since these electrons reside in the filled shells, they have little effect on the 

electronic properties of the system. It is therefore reasonable to represent the 

core electrons together with the strong nuclear potential using the smoother 

pseudopotential. The core radius has to be chosen carefully, as there are 

instances in which core electrons contribute to the bonding of a system, even 

though they lie within a closed shell. To represent the electron wavefunctions 

of this particular shell explicitly, Rc has to be reduced. 

Different kinds of pseudopotentials are available, such as norm-conserving 

pseudopotentials
13,14

 and the more recently suggested (improved norm-

conserving pseudopential) ultrasoft pseudopotentials.
15

 However, despite the 

reduced cut-off energy, this scheme generally gives results of similar accuracy 

compared to results generated by using traditional, norm and orthogonality 

conserved pseudopotentials. In ultrasoft psedupotentials, pseudo wave 

functions in the core region are allowed to be as soft as possible. These tend to 

be much less expensive because the ultra-soft pseudo wave functions are 

smoother and so they can be described by a smaller basis set, reducing the 

computational cost significantly. All the calculations on the extended systems 

in this dissertation are performed using ultra-soft pseudopotentials.
15
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3.5 Ab initio calculation methods of the structures and 

properties 

In this section, general concepts of some physical and chemical properties, 

which are calculated in this thesis are presented, namely lattice constant, 

adsorption energy, activation energy, reaction energy and vibrational frequency. 

3.5.1 Structural properties 

Due to the periodicity in crystals, their structures can be described in terms of 

unit cells having certain sizes and shapes. 
16,17

 The size of a unit cell is 

described by the vectors corresponding to the edge lengths and the angles 

between the vectors and the shape by the lattice symmetry. The lattice constant 

of a solid corresponds to the size of the unit cell length at the equilibrium 

volume. It can be calculated by minimizing the total energy as a function of cell 

volume. The arrangement of atoms within a unit cell is given by their fractional 

coordinates relative to the unit cell.  

3.5.2 Energetic properties 

Adsorption is the adhesion of molecules of gas, liquid, or dissolved solids to a 

surface.
18

 It is termed as physisorption, chemisorption or dissociative 

adsorption depending on the strength of interaction between adsorbate and 

adsorbent. In the physisorption state, adsorbates interact weakly with the 

surface, but chemisorption results in a strong interaction that modifies the 

electronic structures of the adsorbates. The adsorption energy depends on the 

distance between adsorbate and adsorbent, the nature of the substrate structure 

(metal, surface type) and of the adsorbent and on the degrees of freedom 

corresponding to the atoms in the system. The adsorption energy of the 

fragment adsorbed on a surface can be calculated according to the equation 

/ ( )[ ] / ,ads A M M A gasE E E nE n      (3.17) 

where /A ME is the total energy of A on M surface, ME is the energy of the slab, 

( )A gasE is the energy of the A fragment in gas phase, and n is the number of 

the A (co)adsorbates on the slab. The heat of reaction is calculated as the 

difference between the total energy of the final state and that of the initial state. 

 

http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Surface_science
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3.5.3 Vibrational properties 

In addition to energetical and geometrical properties, VASP allows for the 

calculation of harmonic frequencies of adsorbates. Diagonalization of the 

dynamical matrix yields the frequencies and the associated normal modes. 

Despite the systematic error inherent to the GGA exchange-correlation and 

various numerical approximations, DFT calculations yield vibrational 

frequencies close to the experimental values which can be often reproduced 

within a few percent accuracy.
19-22

 Adsorbate nuclei are usually displaced out of 

their equilibrium position twice in x, y and/or z direction to calculate 

frequencies. As a compromise between the accuracy of the force calculation 

and harmonic approximation, a reasonable value of the finite displacement is 

±0.02 Å. However, in dealing with flat potential energy surfaces like those of 

gold, sometimes displacements larger than ±0.02 Å for adsorbates seems to be a 

better choice (to avoid anharmonicities) for the correct prediction of smaller 

frequencies i.e. frustrated rotations and translations. Otherwise, for weakly 

interacting systems, inaccuracies may result into the calculation of imaginary 

frequencies for stable geometries. The fact that increase in displacement around 

the mean position helps in calculating correct values of frequencies is explained 

in section 4.3.3 (Chapter 4). While calculating the frequencies, we froze all the 

atoms in slab at their optimized positions.  

3.5.4 Climbing-image nudged elastic band method 

The climbing-image nudged elastic band (cNEB) method
23

 is used to determine 

the minimum-energy path (MEP) for a system from one stable configuration to 

another. It is designed to search and locate the highest saddle point on the 

potential energy surface more rigorously which gives the activation barrier, an 

important quantity in kinetics. The MEP is the energetically the easiest route in 

a chemical reaction. In each cNEB calculation, the minimum-energy path 

between an initial state (IS) and a final state (FS) is located with several 

intermediate images. Each state is fully relaxed in hyperspace perpendicular to 

the energy path. The coadsorption state (CA) represents the initial, intermediate 

or final product state of atoms, molecules or an atom and a molecule per unit 

cell. The energetically highest image (TS) on the MEP is the transition state and 

is fully optimized locally. The reoptimized geometries are further used to 

calculate the frequencies of TS structures. If a single imaginary frequency 

results, this ensures that the structures located with cNEB method and 

reoptimized are true transition states. Once a minimum-energy path is 
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determined, the transition state (TS) is located and the activation energy is 

calculated as Ea = Eb,TS - Eb,IS, where Eb,TS and Eb,IS are binding energies of the 

transition and initial states, respectively.  

 

3.6 The Vienna Ab initio Simulation Package (VASP) 

All the DFT calculations presented in this thesis were performed using the 

Vienna Ab initio Simulation Package (VASP). This code was developed by 

Georg Kresse, Jurgen Furthmuller and their collaborators in the University of 

Vienna.
24-26

 This DFT based program is developed for systems with periodic 

boundary conditions. It uses plane waves as basis set and pseudopotentials. The 

internal structure of this program includes two main loops: (i) inner electronic 

loop and (ii) outer ionic loop. The inner loop is essentially an implementation 

of a self consistent algorithm for solving Kohn-Sham equations. The total 

energy and forces are also evaluated. The outer loop is concerned with the ionic 

movement and supports geometry optimization and molecular dynamics 

algorithms. A detailed description of all the methods used in the VASP 

program can be found at the VASP manual homepage: 

http://cms.mpi.univie.ac.at/vasp/vasp/vasp.html  
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CHAPTER 4 
 

 

DFT study of CO and NO 

adsorption on low index and 

stepped surfaces of gold 

 

Abstract 

Adsorption energies and vibrational frequencies of CO and NO adsorbed on 

gold (111), (100), (110) and (310) surfaces, as well as on adatoms on Au(100) 

have been calculated using density functional theory. The results clearly show 

that the adsorption energy of the molecules increases considerably with 

increasing the degree of coordinative unsaturation of the gold atoms to which 

the molecules bind, and thus support the view that defects, steps and kinks on 

the surface determine the activity of gold catalysts. 

 

4.1 Introduction 

The pioneering work of Haruta et al.,
1,2

 who showed that catalysis based on 

nanoparticles of gold are highly active whereas extended surfaces of gold are 

chemically almost inert, has led to great interest and much activity in gold 

nanocatalysis. The origin of the high activity of gold nanoparticles has been 

sought in the electronic properties of nanoparticles and the influence of the 

supporting oxides.
3-7

 The presence of sites in which the metal atoms have low 

coordination has been identified as the most important reason why small gold 
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particles are active
8
 and it is well conceivable that most of the effects of 

supports can be explained by considering how these affect the morphology of 

the supported crystallites.
9
 Both computational and experimental studies of 

adsorption on gold surfaces have shown that the effect of the surface structure 

is large. For example, Vinod et al.
10,11

 showed experimentally that the OH bond 

in methanol dissociates on the stepped Au(310) surface, and that NO 

decomposes to N2O and O-atoms at low temperatures, whereas the (111) and 

(110) surfaces of gold are inactive in these bond breaking processes. 

Adsorption studies of CO reveal the importance of surface structure very 

clearly as well. A number of experimental studies (see Table 4.1) confirm that a 

simple gas such as CO adsorbs on the more corrugated surfaces of gold, with a 

heat of adsorption on the order 60 kJ/mol.
12-14

 The adsorption mode is linear, as 

indicated by the CO stretch frequency in the range of 2110 to 2120 cm
-1

.
14-16

 

Computational work confirms that CO bonding to the closely packed (111) 

surface is weak with adsorption energies between 15 and 40 kJ/mol, attributed 

to physisorption rather than chemisorption. For CO on the (100) and (110) 

surfaces, heats of adsorption between 55 and 70 kJ/mol have been computed, 

while numbers well above 100 kJ/mol were predicted for adsorption on stepped 

surfaces, Au adatoms and clusters. Table 4.1 presents an overview. Studies on 

the adsorption of NO are rare;
11,17,18

 the available results are shown in Table 

4.2. 

The purpose of this chapter is to report the computed adsorption energies and 

vibrational frequencies of NO and CO on a number of gold surfaces. Included 

are the low-index surfaces (111), (100), and (110), the stepped (310) surface 

and an even more corrugated surface, in which an additional gold atom has 

been placed on the hollow sites of a Au(100) surface, as done before by Liu et 

al.
19

 We report adsorption energies and vibrational frequencies for the stable 

adsorption sites and confirm in one systematic study that NO and CO adsorb 

with considerable adsorption strength on low coordinated gold atoms. 
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Table 4.1: Literature data: CO adsorption on various gold surfaces. 

surface Site 
Coverage 

(ML) 
Eads (eV) 

Frequency 

(cm-1) 
DFT ref 

Experimental       

Au(111) top   2070  20 

Au(100) top   2080  20 

Au(100)   -0.60   11 

Au(110)-(1x2)   -0.61   13 

Au(110)    2110  15 

Au(110)   -0.34   21 

Au(332)    2120  16 

Au(311) top   2117  20 

Gold films   -0.57 2115-2120  14 

Computational       

Au(111) fcc-hollow  -0.17  PBE 19  

Au(111) fcc-hollow  -0.40  PW91 22 

Au(111) top 0.25 -0.30  PW91 8 

Au(111) top - -0.04  PW91 23 

Au(111) top 0.25 -0.32  PW91 24 

Au(111)   -0.26  PW91 25 

Au(111) Top 0.33 -0.28 2046 PW91 26 

Au(100) Bridge 0.5 -0.46 1902 PW91 26 

Au(100)   -0.60  PW91 25 

Au(110) top 0.25 -0.69 2042 PW91 27 

Au(110) short bridge 0.25 -0.67 1962 PW91 27 

Au(110) top 0.125 - 1.0 -0.69 to -0.56 2102-2116 PW91 28 

Au(110)-(1x2) top 0.125 - 0.5 -0.73 to -0.52 2095-2100 PW91 28 

Au(211) step-edge bridge 0.11 - 0.16 -1.40 to -1.05 - PBE 19  

Au(211) step-edge bridge 0.16 -0.66 - PW91 8 

Au(221) step-edge bridge 0.08 - 0.125 -1.31 to -1.00 - PBE 19  

Au(2 3 0)  0.33 - 1.0 -0.73 to -0.70 2102-2103 PW91 28 

Au(321) edge top  -0.77  PW91 29 

Au(322) top-step-edge 0.5 -0.63 2072 PBE 30 

Au/Au(111) top 0.25 -1.03 - PBE 19  

Au-10 cluster top - -0.95 - RPBE 31 

Au-12 cluster - - -1.25 - PBE 19  
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Table 4.2: Literature data: NO adsorption on various gold surfaces. 

surface site coverage Eads frequency DFT ref 

  ML eV cm
-1

   

Experimental       

Au(100)   -0.59   17 

Au(310)   -0.75   11 

Computational       

Au(111) fcc-hollow  -0.21  PW91 18 

Au(111) top 0.25 -0.41 1903 PW91 32 

Au(321) top  -0.73  PW91 33 

 

4.2 Computational details 

We used the Vienna ab-initio simulation package (VASP),
34,35

 which performs 

an iterative solution of the Kohn-Sham equations in a plane-wave basis set. 

Plane-waves with a kinetic energy below or equal to 400 eV were included in 

the calculation. The exchange-correlation energy was calculated within the 

generalized gradient approximation (GGA) proposed by Perdew and Wang 

(PW91).
36

 The electron-ion interactions for C, N, O and Au were described by 

the projector-augmented wave (PAW) method developed by Blöchl.
37

 This is 

essentially a scheme combining the accuracy of all-electron methods and the 

computational simplicity of the pseudo potential approach.
38

  

Gold exhibits a face-centred cubic (fcc) structure. The relative positions of the 

metal atoms were fixed initially as those in the bulk, with an optimized lattice 

parameter of 4.18 Å (the experimental value is 4.08 Å).
39

 The optimized lattice 

parameter was calculated using the fcc unit cell and its reciprocal space was 

sampled with a (15x15x15) k-point grid generated automatically using the 

Monkhorst-Pack method.
40

 

The CO molecule was calculated using a 10x10x10 Å
3
 cubic unit cell while for 

NO, a 10x12x14 Å
3
 orthorhombic unit cell was used. Non-spin polarized 

calculations for the CO molecule and spin-polarized calculations for NO were 

done at the  point. The Au(100), Au(110), Au(111) and Au(310) surfaces were 

represented within the slab model approximation using a five-metal layer model 

and seven vacuum layers (>10 Å) except for Au(310), in which we used the 
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slab model in Figure 4.1. The dependence of the CO adsorption energy on the 

number of layers is studied by Mavrikakis et al.
8
 The authors have reported that 

adsorption does not depend on the number of Au layers if these are more than 

2. Moreover, in the study,
32

 authors have concluded energies to be well 

converged when used 4 layers of Au for NO adsorption. But the differences for 

NO using 4, 6 and 8 Au layers are not significant; we used 5 layers which with 

reference to study
32

 seem quite reasonable. 

Different slab models were used throughout this work: a p(2x2) unit cell to 

study surface coverages as low as 1/4 ML, a (√3x√3)R30˚ to study surface 

coverage of 1/3 ML, a c(2x2) and p(2x1) to study surface coverages of 1/2 ML 

and a p(1x1) to study surface coverages as large as 1 ML. The reciprocal space 

for p(3x3), p(2x2) and c(2x2) Au(100) unit cells were sampled with (3x3x1), 

(5x5x1) and (7x7x1) k-point meshes, respectively; p(2x2), ½(√3x√3)R55˚ and 

p(2x1) Au(110) unit cells with (5x3x1), (6x6x1), (5x6x1) k-point meshes; 

p(2x2), (√3x√3)R30˚ Au(111) unit cells with (5x5x1) and (7x7x1) k-point 

meshes; p(2x2), p(2x1), p(1x2) and p(1x1) Au(310) unit cells with (3x5x1), 

(3x9x1), (5x4x1) and (5x8x1) k-point meshes. In all cases, k-point meshes were 

automatically generated using the Monkhorst-Pack method. A first-order 

Methfessel-Paxton smearing-function with a width  0.1 eV was used to 

account for fractional occupancies.
41

  

Partial geometry optimizations were performed including relaxation of the two 

topmost metal layers for low index and four topmost layers for the stepped 

surface, using the RMM-DIIS algorithm.
42

 In this method, the forces on the 

atoms and the stress tensor are used to determine the search directions for 

finding the equilibrium positions. Geometry optimizations were stopped when 

all the forces (of the degrees of freedom set in the calculation) were smaller 

than 0.01 eV/Å. Vibrational frequencies were calculated within the harmonic 

approximation. The second-derivative matrix (or Hessian matrix) is usually 

calculated numerically by displacing every atom independently out of its 

equilibrium position twice (e.g. 0.02 Å). The adsorbate-surface coupling was 

neglected and only the Hessian matrix of the adsorbate was calculated.
43

 Zero 

point energy corrections were calculated but were small (~0.02 to 0.07 eV) and 

have not been included in the results. We have performed several spin polarized 

calculations to re-optimize NO adsorption. We do not observe significant 

differences in adsorption energies (up to two decimal places) and geometries. 
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Analysis of the density of states (DOS) has been done for the CO and NO 

adsorption on Au(100) and Au(310) surfaces. Interested reader is referred to the 

Appendix A in Figure 4.2s. We have not included DOS analysis in the text 

because the information seems unneeded, rationally they show increasing 

overlapping with the adsorption energy. 

 

4.3 Results 

We calculated the adsorption energies, geometries and vibrational frequencies 

for CO and NO on the different gold surfaces with several unit cell sizes, 

corresponding to varying adsorbate coverages. As the results in general differ 

only marginally, we have chosen to present only one structure per surface in 

this chapter, unless differences were significant. Also, we only give the internal 

stretch frequency of the adsorbed CO and NO. The adsorption energies were 

calculated by subtracting the energies of a CO or NO molecule in the gas phase 

and a clean Au surface from the total energy of CO(NO)/Au system: 

Eads = ECO(NO)/Au – ECO(NO) – Eslab 

The complete set of results is available in Appendix A.  

 

4.3.1 Carbon monoxide adsorption on gold surfaces 

Table 4.3 shows the most important data for the adsorption of CO on five 

different Au surfaces. In all cases CO binds via the carbon atom to the metal, 

with the C-O bond perpendicular to the surface plane, unless indicated 

otherwise.  

4.3.1.1 Au(111) 

CO adsorbs weakly, without clear preference for a specific geometry on the 

(111) surface, with adsorption energies in the -0.12 to -0.25 eV range. Our 

values are in the middle of the adsorption energy range reported for CO on 

Au(111) in literature, which varies from -0.04 to -0.40 eV (see Table 4.1). The 

analysis of the topology of the electron density and of its Laplacian
44

 does not 

let us discern between chemisorption and physisorption in any of the models 

presented in this study. Taking as example Figure 4.1, each single case included 

here shows a variable accumulation of electron density in the bonding region 
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Table 4.3: CO adsorption energy, metal carbon and carbon to oxygen 

distance, and CO stretch frequency for adsorption on different gold surfaces. 

surface unit cell 
adsorption 

site 

Eads 

(eV) 

dM-C 

(Å) 

dC-O 

(Å) 

vC-O  

(cm
-1

)
a
 

vis
b
 

Au (111) p(2x2) top -0.16 2.058 1.149 2062 2
c
 

  bridge -0.15 1.481 1.170 1899 0 

  fcc hollow -0.16 1.341 1.181 1819 0 

  hcp hollow -0.12 1.366 1.178 1836 0 

 (√3x√3)R30º top -0.24 2.233 1.151 2056 2 

  bridge -0.25 1.466 1.169 1909 0 

  fcc-hollow -0.15 1.446 1.176 1857 0 

  hcp-hollow -0.17 1.424 1.175 1867 0 

Au (100) p(2x2) top -0.46 2.020 1.150 2064 1
c
 

  bridge -0.55 1.540 1.168 1898 2
c
 

  hollow -0.07 1.264 1.180 1812 2 

Au (110) p(2x2) top -0.53 2.000 1.150 2060 2
c
 

  short bridge -0.58 1.467 1.169 1907 1
c
 

  long bridge -0.09 1.323 1.166 1913 1 

Au (310) p(2x1) top at step -0.73 1.98 1.13 2062 1
c
 

  
(100) bridge 

at outer step 
-0.53 1.45 1.15 1894 0 

  
(100) bridge 

at inside step 
-0.41 1.48 1.15 1894 0 

  
(110) short 

bridge 
-0.54 1.50 1.15 1900 1 

  (100) top -0.41 2.01 1.15 2047 1 

Au/Au 

(100) 
p(2x2) top -0.88 1.96 1.15 2060 2

c
 

a
 stretch frequency for CO molecule in gas phase is calculated as 2130 cm

-1
  

b
 Number of imaginary frequencies at displacement  0.02Å 

c
 Long displacements around the mean position have been used for the most 

favorable configurations yielding in all cases to real values (see Appendix A) 
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consistent with the lowering of the potential energy and decrease of the total 

energy. Most likely, caused by the shallow nature of the potentials associated 

with the relatively weakly adsorbed CO molecule on gold, we cannot confirm 

the nature of all possible minima with real vibration frequencies for all modes 

(see Table 4.3). We discuss this separately later in this chapter because of its 

recurrent appearance in all slab models. 

4.3.1.2 Au(100) 

Adsorption of CO on the (100) surface of gold is markedly stronger than on 

Au(111), with energies of -0.55 eV on the bridge site and -0.46 eV on the top 

site, which seem to the authors both stable adsorption geometries. The CO 

stretch frequencies for linear and bridged CO in Table 4.3 fall within the ranges 

commonly observed for these bonding geometries of CO on other metals
45

 and 

that they fall at the higher end of the ranges, in agreement with the relatively 

weak interaction with gold. The metal-carbon and carbon-oxygen distance 

changes between adsorption on top and on the bridge site are consistent with 

the changes in the vibrational frequencies. Our value of -0.55 eV for the 

adsorption energy of CO on Au(100) is in good agreement with the -0.60 eV 

computed by Molina and Hammer
25

 and also with the experimentally 

determined -0.6 eV reported for CO adsorbed at low coverage by Elhiney and 

Prichard.
12

 

4.3.1.3 Au(110) 

Two particularly stable adsorption modes for CO appeared, namely on the short 

bridge (i.e. between two near neighbor Au atoms on a row) and on top. 

Adsorption states on the long bridge (i.e. between two adjacent rows) and in the 

hollow site were not stable. The adsorption energies for CO on the short bridge 

(-0.58 eV) and on top (-0.53 eV) are on the order of 0.1 eV less (i.e. weaker) 

than calculated by Loffreda and Sautet
28

 and by Shubina and Koper.
27

 Our 

values are also within 0.1 eV of the experimental value of -0.61 eV reported by 

Gottfried et al.,
13

 but disagree with Outka and Madix who reported an 

adsorption energy of -0.34 eV. It is likely that the experimental data are 

associated with linear CO, as the experimental frequency of 2110 cm
-1

 reported 

by Jugnet et al.
15

 indicates. The frequency we found for linear CO is 

substantially lower at 2060 cm
-1

. 

We also performed calculations for other unit cells, ½(√3x√3) R55˚ and p(2x1) 

to investigate the effect of different CO coverages (1/2 ML) and unit cell 
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structure. CO is equally stable on short bridge sites of both the unit cells with 

an adsorption energy of -0.58 eV. The top configuration is slightly less favored 

than short bridge for CO adsorption; however, the interaction is very weak on 

long-bridge sites. We did not observe the CO adsoption on hollow sites at all 

the studied unit cells of this surface in agreement with DFT study reported in 

reference.
27

 

4.3.1.4 Au(310) 

The Au(310) surface was modeled using the construction in Figure 4.1. The 

structure is more or less equivalent to a 4 gold layer on low index Au(100) or 

Au(111) slab models. Gold atoms appear in 11 different layers according to 

their height; in geometry optimizations those gold atoms at the four top-most 

layers are relaxed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Distributions of electron densities for the most stable adsorption 

geometry of NO (up) and CO (down) on the top of step of the Au (310) surface. 

Figure generated with VESTA,
46

 isosurface levels were set at 0.1 ao
-3

 where ao 

is the Bohr radius, including the (001) cutoff plane. In the images isosurface 

cuts are colored according to variations in the electron-density. Important 

geometric parameters are also illustrated.  
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This surface consists of (100) terraces and (110) steps, and exposes Au atoms 

of lower coordination than the (110) surface does. Indeed, we observe that CO 

bound linearly on these low coordinated Au atoms at the step yields the highest 

adsorption energy, namely -0.73 eV. The molecule tilts to a direction between 

the normals of the facets forming the step (see Figure 4.1). The metal to carbon 

distance for this linear CO species is about 1% smaller than on the (110) 

surface. The two bridge positions on the (100) terrace yield stable adsorption 

geometries, with the position near the step edge being preferred over the one 

near the inner side of the step. CO on the top site of the (110) plane and 

perpendicular to it shows a substantial interaction, but CO moves away to the 

most stable adsorption geometry described above, which involves the same 

gold atom. Figure 4.1 shows the structure of the most relevant CO adsorption 

geometry on the (310) surface. 

4.3.1.5 Au/Au(100) 

To explore whether a further decrease in coordination of gold leads to even 

stronger adsorption than on the step edge as in Figure 4.1, we also investigated 

CO on-top of an additional gold atom placed on the hollow site of the Au(100) 

surface. We did this for p(2x2) and p(3x3) geometries but found no essential 

differences. One apparent minimum for CO on this surface appeared, namely 

with CO linearly on top of the adatom, perpendicular to the underlying (100) 

substrate. The adsorption energy of -0.88 eV is the highest observed in this 

study. The CO stretch frequency equals that of linear CO on the other surfaces 

considered, but the metal – carbon bond is some 2% shorter than on the 

uncorrugated surfaces, and 1% lower than for linear CO on the (310) step. The 

situation may be compared to the somewhat similar adsorption of CO on the 

Au/Au(111) system as reported by Liu et al.,
19

 who reported an adsorption 

energy of -1.03 eV, i.e somewhat higher than the -0.88 eV we find here. This 

would be in agreement with the lower coordination of an adatom on an fcc 

(111) surface, but we should also take into account that a different functional 

(PBE) was used in the study of Liu et al. 

 

4.3.2 Nitrogen oxide adsorption on gold surfaces 

Table 4.4 shows the most important data for NO adsorption on the Au surfaces. 

As with CO, bonding is between the nitrogen atom and the metal, with the N-O 

bond perpendicular to the surface plane in most cases. 
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4.3.2.1 Au(111) 

NO adsorbs weakly, and is most stable in the hollow sites. Top coordination do 

not yield stable adsorption sites. If we use a (√3x√3) R30˚ unit cell instead of 

the p(2x2), both the bridge and the hollow sites appear as actual minima and the 

adsorption energies are slightly higher at -0.27 eV. The energy differences 

between the sites are negligible indicating that unhindered diffusion is possible 

at virtually all temperatures. Torres et al.
 18

 report adsorption energies of -0.21 

eV, which is in agreement with our result.  

4.3.2.2 Au(100) 

Adsorption of NO on Au (100) is much stronger than on Au(111). The bridge 

site yields to the preferred adsorption, with an energy of -0.57 eV. Our result is 

in agreement with TPD observations (57±4 kJ/mol) by Rienks et al.
 17

 

4.3.2.3 Au(110) 

NO appears as stable at the short bridge of this surface, and the adsorption 

energy depends on the coverage of NO. For the p(2x2) geometry we find an 

adsorption energy of -0.50 eV while the p(2x1) structure yields a stronger 

adsorption bond of -0.61 eV. All other adsorbate configurations are less 

favorable with the linear geometry being the less likely. No literature data are 

available for comparison. 

 

Table 4.4: NO adsorption energy, metal nitrogen and nitrogen to oxygen 

distance, and NO stretch frequency for adsorption on different gold surfaces. 

surface unit cell site 
Eads 

(eV) 

dM-N 

(Å) 

dN-O 

(Å) 

vN-O  

(cm
-1

)
a
 

vis
b
 

Au (111) p(2x2) fcc-hollow -0.15 1.572 1.189 1629 2
c
 

  hcp-hollow -0.10 1.594 1.187 1646 2
c
 

  bridge -0.13 1.607 1.181 1671 1 

  top 0.17 2.613 1.163 1839 4 

 (√3x√3)R30º bridge -0.27 1.444 1.187 1651 0 

  fcc-hollow -0.27 1.371 1.196 1600 0 

  hcp-hollow -0.22 1.483 1.190 1635 0 

  top 0.15 2.597 1.166 1834 4 
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surface unit cell site 
Eads 

(eV) 

dM-N 

(Å) 

dN-O 

(Å) 

vN-O  

(cm
-1

)
a
 

vis
b
 

Au (100) p(2x2) bridge -0.57 1.412 1.190 1638 1
c
 

  hollow -0.45 1.460 1.185 1649 2 

  top -0.04 2.120 1.170 1771 4 

        

Au (110) p(2x2) short bridge -0.50 1.584 1.193 1636 2
c
 

  long bridge -0.38 1.330 1.181 1680 1 

  hollow -0.23 1.649 1.168 1765 1 

  top -0.07 2.120 1.170 1762 4 

        

 p(2x1) short bridge -0.61 1.545 1.191 1669 0 

  long bridge -0.43 1.367 1.176 1736 1 

  hollow -0.22 1.690 1.167 1796 2 

  top -0.10 2.066 1.177 1778 4 

        

Au (310) p(2x1) top at step -0.71 2.080 1.190 1726 1
c
 

  
(100) bridge 

at outer step 
-0.65 1.391 1.170 1631 0 

  
(100) bridge 

at inside step 
-0.48 1.788 1.170 1648 0 

  
(110) short 

bridge 
-0.55 1.487 1.180 1640 1 

  (100) top 0.03 2.150 1.070 1707 3 

Au/Au 

(100) 
p(2x2) top -0.47 1.96 1.18 1792 4 

a
 stretch frequency for NO molecule in gas phase is calculated as 1904 cm

-1
  

b
 Number of imaginary frequencies at displacement  0.02Å 

c
 Long displacements around the mean position have been used for the most 

favorable configurations yielding in all cases to real values (see Appendix A) 

 

4.3.2.4 Au(310) 

Au(310) surface with (100) terraces and (110) steps enables adsorption 

geometries for the NO which are to a large extent similar as found for CO 

adsorption. The preferred adsorption site for NO on Au(310) is on a single Au 

atom at the step, with the Au-N bond perpendicular to the (310) plane, however 

with the N-O bond at an angle of 122.7˚ with respect to the Au-N bond, where 



DFT study of CO and NO adsorption on low index and stepped surfaces of gold 

63 

 

O points towards upper terrace. The Au-N-O plane is perpendicular to the step, 

see Figure 4.1. The adsorption energy is -0.71 eV. 

The second most favorable site for NO adsorption is the (100) bridge site at the 

outer step with an adsorption energy of -0.65 eV. The other bridge site on the 

(100) terrace, adjacent to the inside of the step, also provides a stable 

adsorption state at -0.48 eV.  

Vinod et al.
11

 reported a desorption temperature of about 300 K for NO from 

Au(310) in their XPS and TPD studies. Assuming a standard pre-exponential 

factor of 10
13

 s
-1

 the adsorption energy is on the order of -72 kJ/mol (0.75 eV), 

which agrees very well with adsorption energy of -0.71 eV that we calculated. 

4.3.2.5 Au/Au(100) 

At first no stable adsorption states for NO could be found on Au/Au(100). 

However, NO on the top site gives considerable adsorption energy of -0.47 eV. 

Two degenerate pairs of imaginary frequencies (values given in the Appendix 

A) were found, resulting in a movement of the NO molecule away from the 

adatom towards a stable adsorption mode on the nearby (100) terrace, which 

according to the discussion above will be a bridge site. 

 

4.3.3 Frequency analysis 

Plane-wave based codes, such as VASP, do not implement analytical 

calculation of vibrational frequencies. Numerical frequency calculations are 

usually carried out by displacing the adsorbate nuclei out of their equilibrium 

position twice in x, y and/or z direction. The displacement needs to be large 

enough to ensure an accurate calculation of the forces acting on the nuclei 

(actually, one needs to impose the requirement that the order of magnitude of 

the difference between the forces on the nuclei by displacing a given nucleus in 

a given direction and its corresponding negative displacement is larger than the 

precision in the calculation of such forces) and short enough to prevent exiting 

the harmonic region of the vibrational motion. Most likely a standard 

displacement of 0.02 Å for all nuclei balances these two requirements. In 

addition, as the curvature of the various normal modes sub-spaces is not equal 

one can think of using adapted displacements for each nucleus in order to 

optimize the accuracy in the calculation of all vibrational frequencies.  
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For weakly interacting systems when the mixed surface-adsorbate sub-spaces 

are very flat, inaccuracies inherent to the selection of computational parameters 

can result into the calculation of imaginary frequencies because small 

displacements are in the precision limit for the calculation of forces; or due to 

optimizations result into geometries close to but not at the energy bottom of the 

local minimum. For such cases the best selection but most costly seems to 

decrease the tolerance of the calculations. Due to the extension of current work 

this has not been done here, and we keep the door open for future works; 

nevertheless the problem has been approached at other level. Under the 

condition that the optimized geometry is almost indistinguishable of the actual 

minimum, one can increase the displacements (crossing any immediate energy 

bottom or precision limit in the calculation of forces) and so avoiding 

imaginary frequencies while keeping the local structure on the potential energy 

surface. This is indeed what we have done in this study for the CO/Au and 

NO/Au systems. We have moved the C and O atoms (or N and O atoms) out of 

their equilibrium positions in the x, y-plane (assuming that the z direction is the 

normal to the surface), with displacements as large as 0.16 Å in order to ensure 

the balance between accuracy and harmonicity. One must double-check when 

using such large displacements that the positive and negative-displacement 

result in geometries that are isoenergetic and that the calculated forces acting on 

the displaced nucleus are opposite in the direction of the displacement; thus 

proving that one is within the harmonic vibrational motion. Because large 

displacements may also falsely convert in some cases imaginary frequencies 

into real frequencies, thus changing the qualitative nature of the configuration 

from a transition state (or higher-order saddle point) to a stable minimum; we 

cannot guarantee the nature of the adsorption sites, unless conformations 

represent a global minimum. Under these conditions, as indicated in Tables 3 

and 4, all imaginaries frequencies change into real values for the preferred 

configurations. 

Table 4.5 illustrates the procedure with CO and NO adsorbing on the bridge site 

of the Au(100) surface. Both cases represent the most stable adsorption 

configuration on this surface, but the usually applied displacements of 0.02 – 

0.04 Å around the equilibrium bond length for exploring the shape of the 

potential energy surface around the minimum had to be increased to at least 

0.10 Å to obtain real values for all the vibrational frequencies. Analysis of the 

energy and the forces acting on the nuclei in the v6 vibrational mode at the 

displacement of ± 0.10–0.14 Å shows that the systems can still be considered 
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Table 4.5: Selected examples showing how imaginary frequencies disappear 

if the displacements δd in the frequency calculation are increased; v1 is the 

internal stretch frequency of the CO and NO, v2 is metal carbon or metal 

nitrogen stretch, v3 – v6 are the frustrated rotations and librations of the 

adsorbed molecules. 

 δd (Å) v1  (cm
-1

) v2 (cm
-1

) v3 (cm
-1

) v4 (cm
-1

) v5 (cm
-1

) v6 (cm
-1

) 

Au(100)-p(2x2)-CO-bridged 

 0.02 1898 249 346 246 177 63i 

 0.04 
a a 

348 299 170 62i 

 0.06 
a a

 352 303 172 51i 

 0.08 
a
 

a
 357 308 176 15i 

 0.10 
a
 

a
 362 314 178 38 

 0.14 
a
 

a
 375 330 177 65 

Au(100)–p(2x2) NO-bridged 

 0.02 1638 242 498 140 78 105i 

 0.06 
a a 

498 157 79 68i 

 0.10 
a
 

a
 499 163 89 46 

 0.13 
a
 

a
 499 160 113 67 

Au(100)-p2x2-NO-top 

 0.02 1771 204 86i 88i 301i 302i 

 0.04 
a
 

a
 73i 74i 296i 296i 

 0.08 
a
 

a
 27i 27i 280i 280i 

 0.10 
a
 

a
 23 22 270i 270i 

 0.14 
a
 

a
 49 49 245i 245i 

 0.16 
a
 

a
 50 50 230i 230i 

a 
The internal stretch frequency of CO and NO, metal carbon and metal nitrogen 

stretch, are accurate enough when smaller displacements such as ± 0.02 Å are 

used. Therefore, calculations were carried out only along x and y-axes for 

larger displacements. 

 

harmonic, thus validating such large displacements. Table 4.5 also displays the 

effect of the displacement on the vibrational frequencies of NO adsorbed ontop 

on Au(100). With a displacement of ±0.02 Å, there are four imaginary 

frequencies. Larger displacements of ±0.04 and ±0.08 Å still shows four 

imaginary frequencies. However, even larger displacements of ±0.10, ±0.14 
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and ±0.16 Å convert two imaginary frequencies into real frequencies and keeps 

the other two imaginary indicating that NO at ontop sites on Au(100) is a 

second-order saddle point, which is consistent with the chemical perception. 

Within this procedure, we can avoid alternative solutions orientated to use 

expensive computational parameters to deal with the flatness of the potential 

energy surface while keeping physical meaning and the standard accuracy of 

the initial calculations. Nevertheless, within this scheme we cannot classify 

with guarantees a conformation, but for those configurations predicted as global 

energy minima, where long displacements make full sense in order to get rid of 

imaginary values. 

 

4.4 Discussion 

Figure 4.2 summarizes the key results for CO adsorption on the five gold 

surfaces considered in this chapter. The adsorption energies clearly reveal how 

the Au – CO interaction energy becomes stronger as the coordinative 

unsaturation of the gold atoms involved in the bonding increases. Figure 4.3 

illustrates this clearly for linear CO on gold: decreasing coordination of gold 

from N=9 on Au(111) to N=4 in the Au adatom on the Au(100) surface is 

associated with an increase in adsorption energy from -0.15 to -0.88 eV, and a 

decrease in metal to carbon distance from 2.06 to 1.96 Å. Interestingly, the C-O 

stretch frequency is not much affected, it remains within 2062 ± 7 cm
-1

 for all 

situations considered here, indicating that back donation from the Au into the 

CO 2π* orbitals is very limited as is expected for a s-metal.  

According to the DFT calculations CO generally prefers the bridge mode on the 

flat surfaces, which is not in agreement with the few vibrational studies that are 

available in the literature; these indicate frequencies characteristic for linear 

adsorption.
14-16

 This is a known problem with DFT.
24

 

We observe no significance influence of coverage on adsorption energies. On 

Au(310) even at 1ML, CO molecules are far apart, 6.61 x 4.18 Å, and 

interactions between the molecules in the calculations seem irrelevant. The 

effect of coverage is higher than our one in the study done by Mehmood et al.
26

 

Coverages up to 1ML, here up to ½ ML, on low miller indexes cuts reflect the 

influence of side interactions from close CO molecules. At 1 ML coverage, the 



DFT study of CO and NO adsorption on low index and stepped surfaces of gold 

67 

 

distance between CO molecules is 2.96 x 2.96 Å and 2.79 x 2.79 Å for Au(100) 

and Au(111), respectively. 

Figure 4.4 summarizes the adsorption of NO on gold in a similar format as for 

CO. Clearly, NO adsorbs on the bridge sites, and the energy varies only slightly 

with the degree of coordination. Only on the stepped surface, NO binds to a 

single Au atom of the edge, but in a different way than CO does, as the NO 

bond tilts towards the upper terrace. NO does clearly not adsorb in linear 

modes, this mode is repulsive on the (111) surface, almost non-bonding on 

(100), very weak on (110) and although on the lowly coordinated Au atom of 

 

Figure 4.2. Overview of adsorbate structures of CO on different gold surfaces, 

along with adsorption energies and CO stretch frequencies. 

 

the Au/Au(100) adatom system the interaction energy has increased to -0.47 

eV, the imaginary frequencies in the normal mode analysis indicate that this 

state is unstable. 

On Au(111) and Au(110) the adsorption energy of NO increases with coverage. 

Differences in the structure between unit cells do not seem to be of relevance, 

and we do not provide a reasonable explanation out of possible intrinsic errors 

in the method. 
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Figure 4.3. Au - C bond length versus CO adsorption energy for linearly bound 

CO on different gold surfaces; N is the coordination number of the Au atom 

involved in the bonding. 

 

Figure 4.4. Overview of adsorbate structures of NO on different gold surfaces, 

along with adsorption energies and NO stretch frequencies. 
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4.5 Conclusions 

NO and CO adsorb with moderately strong adsorption energies between -0.5 

and -0.9 eV on gold surfaces, provided the Au atoms are more uncoordinated 

than on the close packed (111) surface. The adsorption energy of CO decreases 

in the order Au/Au(100) > Au(310) > Au(110) ≈ Au(100) > Au(111). Similar 

trend is followed for NO adsorption energies. Au atoms at step edges or Au 

adatoms on terraces show the strongest interaction with CO and NO. These 

results suggest that the catalytic activity of small gold particles with diameters 

of a few nanometers can be attributed to the presence of low coordinated gold 

atoms. 

Mostly, a slight decrease in adsorption energies with an increase in coverage 

has been predicted due to lateral interactions, however on Au(111) and Au(110) 

the adsorption energy of NO increases with coverage. Bridge site is favored for 

both molecules at low index surfaces but at the stepped (310), top coordination 

is preferred. In all adsorption configurations, C-O and N-O molecular axes are 

perpendicular to the surfaces except for NO on Au(310). NO shows a tilted 

geometry with the nitrogen atom almost on top of a gold atom at the edge of the 

step, while the oxygen atom points towards the next layer of gold atoms 

belonging to the terrace. 
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CHAPTER 5 
 

 

Chemistry of O- and H-containing 

species on the (001) Surface of 

TiO2 anatase 

 

Abstract 

The chemistry of oxygen, hydrogen, water and other species containing both 

oxygen and hydrogen atoms has been investigated on the anatase TiO2(001) 

surface using density functional theory (DFT) calculations. The adsorption 

energy of atoms and radicals depends appreciably on the position and mode of 

adsorption, and on the coverage. Molecular hydrogen and oxygen interact 

weakly with the clean surface. However, H2O dissociates spontaneously 

resulting in two non-identical hydroxyl groups, providing a model for the 

hydroxylation of TiO2 surfaces by water. The mobility of the hydroxyl units 

created from water splitting is initially impeded by a diffusion barrier close to 

1.0 eV. The O2 adsorption energy increases significantly in the presence of H-

atoms. Hydroperoxy (OOH) formation is feasible if at least two H-atoms are 

present in the direct vicinity of O2. In the adsorbed OOH, the O-O bond is 

considerably lengthened, thus weakening the internal O-O molecular bond. 
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5.1 Introduction 

Nanostructured titanium dioxide (TiO2) is a versatile material with potential 

applications in clean energy technology, such as photocatalysis and 

photovoltaics;
1-4

 and is used as pigment and as support for catalysts.
5-11

 TiO2 

occurs in the tetragonal rutile and anatase structures, and in the orthorombic 

brookite structure. For photocatalytic applications, anatase exhibits the largest 

activity; and both tetragonal conformations are mostly used as catalyst support.
6
 

From the three TiO2 crystallographic forms, rutile is the most stable for large 

particles, but nanoparticles with diameters up to ~14 nm prefer the metastable 

anatase form,
12,13

 owing to the relatively low surface free energy of its stable 

(101) and (100) faces.
14-17

 Anatase also exposes potentially more reactive (001) 

facets. However, other surfaces such as the (101) are more dominantly present. 

Due to stress on the (001) cleavage this surface has a surface energy of 0.98 J 

m
-2

, which is almost twice the value of the most stable (101) face, ~0.5 J m
-2

.  

TiO2 has been studied as active support material for catalysts in several 

experimental,
18,19

 theoretical,
8,9,20,21

 and combined studies.
22-24

 Subjects that 

were addressed include adsorption of O2, CO, H2 and H2O,
9,20,22

 as well as the 

role of TiO2 in supplying oxygen for CO oxidation,
8,9,19

 activation of O2 by 

water,
18,24

 and reactions of O2 with H.
23

 Our interest in the surface chemistry of 

TiO2 stems from its purported cooperative role in the catalytic activity of nano 

crystalline gold particles. Haruta and coworkers have proposed that reactions 

such as CO oxidation may take place at the perimeter of the gold particles on 

the support.
18

 According to this model both the Au nanoparticles and the TiO2 

are involved in the reaction. An alternative explanation could be that reactive 

species formed on the support diffuse onto the metal and react there, or vice 

versa. The purpose of this work was to investigate the adsorption of water, 

molecular oxygen and hydrogen and the species containing both O and H on 

the (001) surface of anatase by means of density functional theory. In 

subsequent chapters, we will address how some of the species formed on the 

TiO2 support may diffuse to the supported metal particle and participate in 

reactions on its surface. 
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5.2 Structure of anatase (001) and computational details 

 

 

Figure 5.1.  Extended structure in ball and stick mode, and top view of the 

(001) surface in space-filling representation of anatase. Gray/blue and red 

balls symbolize Ti and O atoms, respectively. 

 

Figure 5.1 shows a ball and stick model of anatase, along with a top view of its 

(001) surface. In bulk anatase, titanium ions are coordinated to six oxygen 

atoms in a distorted octahedron, as three titaniums surround each oxygen atom 

with Ti-O-Ti angles of 156° and 102°. The (001) faces expose two-fold 

coordinated, bridging oxygen between two titanium atoms, with Ti-O-Ti angles 

of 156° together with uncapped, penta-coordinated Ti ions (Ti-5c in Figure 

5.1). In comparison, the (100) face exposes bridging oxygen ions with a Ti-O-

Ti angle of 102° together with uncapped octahedral Ti atoms, while (101) 

cleavages show (100) steps linked by oxygen ions with Ti-O-Ti angles of 102°. 

The twofold coordinated oxygen atoms (indicated as O-2c in Figure 5.1) in the 

(001) surface with 156° Ti-O-Ti angles are prone to reaction with adsorbates.
25-

27
 For instance, clean (001) crystal surfaces reconstruct to a 1x4 surface 

conformation on annealing; in this way, the surface free energy is reduced to 

0.48 J∙m
-2 

 under UHV conditions.
28,29

 The difference in reactivity of the (001) 

and (101) faces is evident from the fact that H2O and CH3OH adsorb 

dissociatively on the (001) surface
29

, but molecularly on (101).
22,30

 

We have used the Vienna ab-initio simulation package (VASP),
31

 which 

performs an iterative solution of the Kohn-Sham equations with a plane-wave 

basis set. Plane waves with a kinetic energy below or equal to 400 eV were 
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included in the calculations. The exchange-correlation energy was calculated 

within the generalized gradient approximation (GGA) proposed by Perdew and 

Wang (PW91).
32

 The electron-ion interactions for Ti, O and H atoms were 

described by the projector-augmented wave (PAW) method developed by 

Blöchl.
33

 This is essentially a scheme combining the accuracy of all-electron 

methods and the computational simplicity of the pseudo potential approach.
34

 

We used a (001) anatase p(2x2) unit cell which contains four Ti-5c atoms each 

with O-2c and O-3c on the surface. Each of these Ti-5c atom is bonded to two 

raised 2c and two 3c lowered oxygen atoms in the [100] and [010] directions, 

respectively. Unit cell consists of 16-TiO2 units and periodically repeated slabs 

are separated by ~12 Å width. The reciprocal space for the p(2x2) unit cell was 

sampled with (4x4x1) k-point meshes generated automatically using the 

Monkhorst-Pack method.
35

 The upper half of the Ti and O atoms in the unit cell 

were relaxed. The relative positions of the Ti ions were fixed initially as those 

in the bulk, with optimized lattice parameters of 3.80 Å and 9.49 Å (the 

experimental values are 3.78 Å and 9.51 Å).
36

 The optimized lattice parameter 

was calculated using the tetragonal anatase unit cell and its reciprocal space 

was sampled with a (8x8x3) k-point grid. A first-order Methfessel-Paxton 

smearing-function with a width  0.1 eV was used to account for fractional 

occupancies.
37

 We have performed non-spin polarized calculations to model the 

adsorption of the species on the anatase (001) p(2x2) unit cell. We do not 

observe major differences in adsorption energies and geometries with respect to 

spin polarized calculations.  

Partial geometry optimizations were performed using the RMM-DIIS 

algorithm.
38

 Geometry optimizations were stopped when all the forces were 

smaller than 0.05 eV/Å. Vibrational frequencies for transition states (TS) were 

calculated within the harmonic approximation. The adsorbate-surface coupling 

was neglected and only the Hessian matrix of the adsorbate was calculated.
39

 

The climbing-image nudged elastic band (cNEB) method was used in this study 

to determine minimum-energy paths.
40

   

Closed shell H2 and H2O molecules were optimized at the  point by non-spin 

polarized calculations using a 10x10x10 Å
3
 cubic unit cell. Spin-polarized 

calculations in a 10x12x14 Å
3
 orthorhombic unit cell were used for open shell 

species, H, O, OH, OOH and O2. 
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5.3 Results and Discussion 

5.3.1 Adsorption of hydrogen 

Molecular hydrogen interacts weakly with the TiO2 anatase (001) surface and 

does not show a clear preference for a particular adsorption site. Adsorption 

energies fall between -0.26 and -0.32 eV, the highest energy corresponding to 

its interaction with the Ti-5c site (as we discuss later in relation to Figure 5.4). 

Here, the H2 center of mass is at a large distance of about 2.65 Å from the 

surface, with a H-H bond length of 0.75 Å, i.e. equal to that of the value 

calculated for gas phase H2. Thus, the interaction corresponds to physisorption, 

in which the molecule is hardly perturbed by the TiO2 surface. Our calculated 

adsorption energies are about 0.1 eV stronger than those reported for H2 on the 

Ti site of TiO2 nanotubes in a recent DFT study employing GGA-PW91.
41

  

The adsorption of H-atoms is accompanied by the overall reduction of Ti 

atoms,
8
 as Bader decomposition of our charge densities shows,

42-44
 which will 

affect the reactivity of the surface. Figure 5.2 summarizes the most relevant 

adsorption geometries for a single H-atom on the (2x2) unit cell. Adsorption on 

the two-fold bridging oxygen atom (O-2c) with the O-H bond tilted 82° away 

from the surface normal is the preferred configuration with an atomic 

adsorption energy of -3.15 eV. With respect to H2 in the gas phase, the 

adsorption of two hydrogen atoms at this coverage is exothermic by -1.75 eV. 

The O-H moiety, with a bond length of 0.98 Å, equal to the distance between O 

and H in adsorbed hydroxyl groups, has a vibration frequency of 3484 cm
-1

. 

Our value for the adsorption energy is close to the value of -3.01 eV reported 

for H on TiO2 rutile (110).
9
 Lower adsorption energies of -2.13 and -2.2 eV 

have been reported for H-atoms on O-2c sites of TiO2 anatase (100) and on the 

surface of TiO2 nanotubes.
45,46

 

Other adsorption configurations for atomic hydrogen on TiO2 anatase (001) 

have lower adsorption energies, see Figure 5.2. The most stable situations 

involve interaction with the oxygen atoms of the TiO2 lattice. Adsorption on the 

five-coordinated Ti site in the surface yields a very small energy of -0.13 eV. 

Hence, hydroxyl formation is much more favorable than hydride formation on 

the Ti sites, in agreement with a previous investigation.
9
 Diffusion of single H-

atoms, hopping from one O-2c to an adjacent O-2c, would be expected to occur 

via an O-3c site, as adsorption on the Ti-5c is about 3 eV less stable. From this 

assumption, the activation energy for the diffusion in the [010] direction is at 
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least 0.67 eV, being the difference in adsorption energies of an H-atom on the 

O-2c and O-3c sites.  

 

 

(a)
(d)

(c)(b)

Eads = -3.15 eV
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[
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Figure 5.2. Top view of atomic hydrogen adsorbed on the anatase (001) 

surface along with adsorption energies (with respect to gas phase atomic H and 

the clean surface) and characteristic distances and angles; N-O-H stands for 

the angle between the OH-bond and the surface normal.  

 

Adsorption of H in the sub-surface region of the perfect lattice was also 

examined. Both perpendicular and tilted configurations on the three way 

coordinated oxygen in [100] and [010] directions yielded adsorption energies 

falling between -1.01 and -1.83 eV where tilted bonding of H with O was 

stronger as compared to linear bond. These lower adsorption energies in the 

sub-surface region indicate that H preferentially stays on the surface rather than 

inside the perfect lattice. 

Increasing the coverage of H-atoms by a factor of two diminishes the 

adsorption energy per atom by at least 0.3 eV. Figure 5.3 shows a number of 

configurations with two H-atoms in the (2x2) unit cell. The most stable co-

adsorption configuration is found when the two hydrogen atoms occupy the O-

2c sites in tilted mode pointing in the same directions, at the maximum possible 

distance between them, as shown in Fig. 5.3a. However, the difference with 

two tilted H-atoms on adjacent O-2c atoms not sharing a Ti atom is minor 

(Figure 5.3b).  
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Figure 5.3. Top views of two H atoms co-adsorbed on various locations on 

anatase (001). Adsorption energies are for a single H-atom and with reference 

to gas phase atomic H and the clean surface. N-O-H  stands for the angle 

between the OH-bond and the surface normal. Note that configurations (a) – 

(e) are more stable than gas phase H2 and the clean surface, while (f) is less 

stable by 0.07 ev.  

 

Interestingly, coadsorption of two H-atoms on an adjacent O-2c – Ti-5c pair 

gives an average adsorption energy of -2.24 eV per H-atom. The differential 

adsorption energy of the H-atom on the Ti-5c when the O-2c is already 

occupied is -1.39 eV, more than 1.0 eV higher than on the bare Ti-5c as 

discussed above. This can be explained in terms of the reduction of the Ti-5c by 

adsorption of a H-atom on O-2c, as result of a heterolytic splitting of molecular 

hydrogen on the O-Ti pair.  Because, the H/O-2c + H/Ti-5c coadsorbed state is 

0.07 eV less stable than molecular H2 (gas phase) and TiO2, we initially 

considered it as an intermediate towards H2 formation or activation, as 

discussed later. At this coverage, coadsorption of two H-atoms on O-2c and O-

3c (Figure 5.3e) gives average adsorption energies per H-atom of -2.47 eV. 
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Diffusion along [010] rows is feasible in a „zig-zag‟ mode via O-3c and O-2c, 

and needs a minimum energy of 0.4 eV. 

Increasing the H-coverage to four atoms per (2x2) unit cell drastically lowers 

the adsorption energy to -2.24 eV per atom, with all H-atoms on four O-2c sites 

in a tilted configuration. This configuration is almost energy neutral (0.06 eV 

endothermic) with respect to two H2 molecules in the gas phase. The calculation 

was repeated by changing the position of one H from O-2c to O-3c site. No 

difference in Eads was noted, indicative of superior diffusion on O sites at this 

coverage. With increasing H coverage, we clearly see that anatase has a limited 

capacity to accommodate atomic hydrogen on its (001) surface, and 

thermodynamics predicts that the system will eventually reduce by loosing 

H2O. 
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Figure 5.4. Energy profile for the activation of molecular hydrogen on anatase 

(001). Relative energies in eV with respect to H2 in the gas phase.  

 

Configurations of Figure 5.3c and 5.3f appear as likely candidates for H2 

dissociation pathways on anatase (001). In line with this, the co-adsorbed state 
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H/O-2c+H/O-2c of Fig. 5.3c is -0.55 eV exothermic compared to molecular H2 

when physisorbed at the hollow site, providing a thermodynamic driving force 

for dissociation. However, the transition state located for this pathway yields a 

high activation barrier of 1.82 eV, implying that H2 will desorb before it 

dissociates. On the other hand, if molecular hydrogen approaches the O-2c – 

Ti-5c site in a tilted geometry, the H-H bond splits without apparent transition 

state. Nevertheless, H2 activation will initially show an effective barrier of 0.4 

eV, note that H/Ti-5c + H/O-2c intermediate lies 0.07 eV above the energy with 

molecular H2 in the gas phase. Moreover, the evolution from H/Ti-5c + H/O-2c 

(Figure 5.3f) to H/O-2c + H/O-2c (Figure 5.3d), crosses a transition state at 

about 0.7 eV above the energy of H/Ti-5c + H/O-2c. The overall barrier will be 

1.0 eV starting from adsorbed molecular hydrogen, see Figure 5.4, which 

means that dissociation of H2 along this path towards stable atomic hydrogen 

on the anatase (001) surface requires relatively high temperature conditions. 

Configuration shown in Figure 5.3e was additionally considered for 

dissocioation starting from H2 physisorbed over O-3c, however the activation 

barrier computed is greater than 3.50 eV.  The conclusion from a study on TiO2 

rutile (110) is that H2 does not dissociate,
9
 in agreement with what is found on 

the (001) surface. The reverse reaction, i.e. the evolution of molecular hydrogen 

from two coadsorbed hydrogen atoms at this coverage of 2 H-atoms per (2x2) 

unit cell faces a barrier of 1.6 eV. 

5.3.2 Adsorption of OH 

In practice all oxidic supports in catalysis have OH groups on their surfaces, 

and often these hydroxyls play an important role in the preparation of supported 

catalysts.
8,18,47

 Here, we are interested in the question whether OH groups can 

diffuse over the surface and eventually reach supported metal particles. Note 

that in the previous section on H adsorption, we essentially studied hydroxyl 

moieties consisting of an O-atom from the TiO2 lattice and an adsorbed H. 

These species are usually referred to as bridging hydroxyls. In the present 

section, we consider both bridging and linear hydroxyls, e.g. originating from 

water.  

The diffusion of bridging hydroxyls as full OH unit, will imply the appearance 

of oxygen vacancies on the TiO2 surface. The computed energies for 

configurations concerning missing bridging oxygen atoms are relatively very 

unfavorable. At least 1.0 eV is required just to alter bridging into terminal 
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hydroxyls. In total, as we shall see below, more than 1.84 eV would be needed 

for the diffusion of the full bridging hydroxyl unit, including the oxygen. 
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Figure 5.5. Slightly tilted top view of linear OH adsorbed on anatase (001).  

 

Figure 5.5 shows the most stable configurations for the adsorption of linear OH 

groups. The highest adsorption energy (-1.85 eV) is found for the tilted 

coordination of OH on top of the Ti-5c site, with distances and angles as given 

in Figure 5.5a. In this case, we compute a H-O vibrational frequency of 3633 

cm
-1

. Adsorption above the O-3c position and bridged between two Ti-5c 

centers yields an adsorption energy of -1.01 eV for the tilted geometry (Figure 

5.5c). Placing the OH on the hollow (+ 0.07 eV) or above the O-2c (+0.39 eV) 

is endothermic.  

Considering these energies, diffusion of OH over the TiO2 anatase (001) 

surface is expected to be highly anisotropic. Moving OH from a Ti-5c site in 

the [010] direction to the O-3c site which is the transition state for diffusion, 

yields a – substantial - barrier of +0.84 eV, but if we move the OH in the [100] 

direction to the O-2c site the barrier is much larger and on the order of 2.2 eV. 

Hence diffusion of OH is expected to occur along the Ti – O-3c – Ti rows in 

the [010] direction and using the rule of thumb that a 1 eV barrier corresponds 

to a reaction temperature of roughly 400 K,
48

 the activation energy of 0.84 eV 

suggests that linear hydroxyls diffusion in the [010] direction becomes possible 

at temperatures around 340 K.   
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Figure 5.6. Slightly tilted top view of water adsorption on anatase (001): a) 

molecular adsorption; b) dissociated water. The latter configuration forms 

without activation energy. Relative energies with respect to H2O in gas phase. 

 

5.3.3 Adsorption of water 

Placing a H2O molecule with its O atom on top of a Ti-5c site and the O-H 

bonds symmetrically pointing upward in a „V‟ shape, as shown in Figure 5.6a, 

yields a stable adsorption mode for molecular water with adsorption energy of -

0.93 eV. The Ti-O bond length is 2.15 Å and both O-H bonds are 0.97 Å, equal 

to those in the gas phase molecule. However, the H-O-H angle is considerably 

wider (114°) than the free molecule value of 105°, reflecting the attraction of 

the H-atoms by the nearby O-2c atoms of the surface. Our value for Eads of -

0.93 eV is slightly higher than the -0.74 eV computed for H2O on the less 

reactive TiO2 anatase (101) surface at the same coverage.
49

  

By placing the H2O molecule on a Ti-5c site slightly tilted towards the bridging 

O-2c, instead of in the symmetric configuration discussed above, it dissociates 

without barrier. We observe the rupture of the Ti-5c – O-2c bond and the 

formation of two geometrically non-equivalent terminal OH groups bound to 

adjacent Ti-5c sites along the [100] row, as shown in Figure 5.6b. The reaction 
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is exothermic by -1.46 eV, being preferred over the molecular adsorption. The 

formation of two diverse OH groups as a result of water adsorption is known in 

literature; they produce IR bands at ~3720 and ~3670 cm
-1

, respectively.
50

 

Previous values agree with the existence of isolated terminal hydroxyls (Figure 

5.5a), computed 3633 cm
-1

, and bridged hydroxyls, because the dissociative 

adsorption of water gives two signals at 3770 and 2809 cm
-1

 correspondingly 

for the OH(1) and OH(2) as labeled in Figure 5.6. 
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Figure 5.7. Energy profile for the adsorption and dissociation of a H2O 

molecule on anatase (001), and the subsequent diffusion of the linear hydroxyl. 

Distances, angles and vibrational frequencies for the two coadsorbed hydroxyl 

groups in Fig. 5.6b indicate that they interact through the O-atom of OH(1) and 

the H-atom of the second (labeled OH(2)). In the dissociated state, the H in 

OH(2)
 
is at 1.51 Å from the OH(1) oxygen atom; such a value agrees with a 
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hydrogen bond.
51,52

 We also investigated dissociative adsorption in the case of 

two H2O molecules per (2x2) unit cell by positioning the H2O on adjacent Ti-5c 

sites in the [010] direction and found spontaneous dissociation with an average 

adsorption energy of -1.28 eV per molecule.  

Of relevance is the increase in the adsorption energy of both OHs and Hs units 

as soon as they are co-adsorbed. From the geometry resulting from dissociated 

water, OH and H adsorption energies increase to -3.79 eV and -5.09 eV, -1.85 

eV and -3.15 eV for the isolated species, respectively. Concerning diffusion, 

starting from the situation in Figure 5.6b, the mobility of any of the OH is 

somewhat impeded due to the coadsorption with atomic hydrogen, the 

reduction of the surface and the presence of hydrogen bonding. We find an 

energy barrier for diffusion of 0.95 eV, which is 0.11 eV higher than that of 

isolated OH groups in the tilted configuration, see Figure 5.7. The increase in 

OHs diffusion barrier, 0.11 eV, is not excessive in comparison with the rise up 

in adsorption energies, 1.94 eV, as consequence of the delocalized effect of 

surface reduction. 

Vittadini et al.
49

 reported molecularly adsorbed water on the TiO2 anatase (101) 

surface, and immediate dissociation on the (001) surface and formation of two 

hydroxyl groups with an adsorption energy of  -1.6 eV, compared to -1.46 eV 

in our work. These authors also observed dissociation for two H2O molecules in 

the (2x2) unit cell (-1.44 eV per H2O versus -1.28 eV in our work); and they 

even calculated 4 H2O per (2x2) cell, that ended up as a mixture of molecular 

water and OH groups. Dissociative adsorption of water on anatase (001) has 

been observed experimentally in a photoelectron spectroscopy study
53

. At 

temperatures between 170 and 230 K, a mixture of hydroxyls and water exists, 

and above 230 K only dissociated water is observed in the form of hydroxyl 

groups. The hydroxylation was suggested to occur at the 4-fold-coordinated Ti 

atoms located on the ridges of the (4x1) reconstructed surface.  

5.3.4 Adsorption of atomic and molecular oxygen 

Oxygen atoms preferentially adsorb above the O-2c site of the TiO2 anatase 

(001), see Figure 5.8a. The adsorption is accompanied by restructuring of the 

surface, in which the O-2c moves into the slab. The O-2c – Oads distance is 1.46 

Å.  A similar structure arises when the O-atom adsorbs on the O-3c position, 

with an O-O distance of 1.44 Å (Figure 5.8b), which is the second most stable 

configuration. The adsorption of atomic oxygen on top of Ti-5 atoms (Figure 
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5.8c) ranks second last in stability, even if it restores the octahedral 

coordination. Even in the most favorable O-2c – Oads configuration, the relative 

adsorption energy for atomic oxygen is 0.71 eV endothermic with respect to 

molecular oxygen in the gas phase. We note that diffusion of atomic oxygen 

starting from the most stable position will most likely occur over the Ti-5c 

([100] direction) and involves a minimum activation energy of 0.85 eV.  

O2 adsorption on the clean TiO2 (001) is endothermic on all the sites, and hence 

neither adsorption nor dissociation is possible, in agreement with previous 

studies.
21

 The least repulsive configuration (+0.4 eV) is obtained with O2 

symmetrically above the O-2c site and the O-O bond parallel to the [010] 

direction, as shown in Figure 5.9a. The most unfavorable configuration 

corresponds to O2 above the Ti-5c site having its O-O bond in the [100] 

direction (+1.17 eV). The interaction between O2 and the TiO2 anatase (001) 

surface may become attractive if the surface has vacancies or if it contains 

coadsorbed H-atoms.  

To study the effect of vacancies on O2 adsorption, we first removed one O-2c 

from the lattice per TiO2 (2x2) unit cell. The adsorption energy of O2 on the 

vacant site is calculated to be -3.09 eV, with the molecule in perpendicular 

configuration. Similar situations were considered on defect TiO2 (110) surfaces. 

The adsorption energies for O2 on vacancies found there was -2.3 eV, i.e. 

somewhat lower than in our case.
8,21

 The bonding is similar as if atomic oxygen 

is adsorbed on the O-2c site on the perfect surface as in Figure 5.8a (O-O-2c). 

Therefore, creation of mobile O-atoms on anatase (001) starting with a surface 

containing single O-vacancies and gas-phase O2 will cost at least 0.85 eV. We 

also calculated O2 on a double vacancy, with two consecutive O-2c atoms in the 

[010] direction removed. These double defects immediately dissociate O2 

without a barrier. This step is -8.5 eV exothermic and restores the stoichiometry 

of the surface. However, double O-vacancies are thermodynamically 

disfavored, and are not expected to play a role in the catalytic activity of TiO2 

in the activation of the O-O bond. 

The presence of H-atoms stabilizes the adsorption of O2. Figures 5.9a and 5.9b 

show O2 in the least repulsive situation on the clean surface (+0.40 eV), and 

together with a H-atom on the O-2c position. The latter is a stable situation with 

O2 adsorption energy of -0.83 eV. The configuration is somewhat asymmetric, 

as the Ti-O distances in Figure 5.9b reveal. In the presence of H, the O-O bond 

elongates to 1.32 Å as compared to gas phase O2 (1.24 Å, calculated value). 
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The adsorption energy is in good agreement with a value of -0.80 eV reported 

for the coadsorption of O2 and H on TiO2(110) by Liu et al.
8
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Figure 5.8. Slightly tilted top view of atomic O on anatase (001) on different 

positions.  
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Figure 5.9. Molecular adsorption of O2  on anatase (001) in a slightly tilted top 

view. a) adsorption on clean anatase (001); b, c) O2 adsorption in the presence 

of one and two H atoms, respectively; d) OOH formation starting from the 

situation in (c) proceeds with a small barrier of 0.17 eV.  

Placing two H-atoms on O-2c atoms per unit cell, and keeping O2 on the O-3c 

as in Figure 5.9c gives a significant further stabilization with an adsorption 

energy of -2.49 eV. The O2 now binds symmetrically between the Ti-5c atoms, 
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with shorter Ti-O and significantly elongated O-O bond (1.41 Å as compared to 

1.24 Å in free O2), indicating that the molecule is substantially activated by the 

adsorption. Liu et al.
8
 reported an O2 adsorption energy of -2.0 eV for the 

comparable situation with two neighboring H-atoms on TiO2(110). These 

authors studied the effect of H coverage in detail and found no further increase 

in O2 adsorption strength with more H-atoms present. They have also computed 

easy O2 diffusion and little decrease in its adsorption energy with increasing the 

distance between H and O2 up to > 10 Å showing a long range effect of H. 

Hence TiO2 surfaces containing H-atoms, or bridging OH groups as commonly 

said in the typical jargon of supported catalysts, are active towards adsorption 

of O2 while perfect TiO2 surfaces are not.  

5.3.4.1 OOH formation 

OOH (hydroperoxy) is considered as a possible intermediate for CO oxidation 

on Au/TiO2 catalysts.
43,54

 The OOH adsorption energy on perfect TiO2 surface 

has been calculated to be -0.59 eV. The O-O bond, with a length of 1.46 Å, 

remains between the two adjacent Ti-5c atoms in the [010] direction, while the 

H-atom points towards the bridging oxygen atom. The Ti-O bond length of the 

O-atom attached to H (having O-H bond length of 1Å) is 2.19 Å while the other 

O-atom is slightly closer to its Ti neighbor with a distance of 2.07 Å. As it has 

been discussed previously the presence of H stabilizes O2 on the TiO2 surface. 

Similarly, the effect of H on the binding strength of OOH is significant as well. 

In the presence of H on an O-2c as shown in Fig. 5.9d, the adsorption energy of 

OOH increases to -2.20 eV. This increase in Eads of -1.61 eV is quite similar to 

that computed for O2 (Eads increase of -1.66 eV) in the presence of an H-atom 

(section 5.3.4).  

Formation of OOH has been considered from co-adsorption of O2 with one or 

two H-atoms. OOH is 1.02 eV higher in energy than the corresponding O2 + H 

co-adsorbed state. Therefore, this route is unfavorable for hydroperoxy 

formation. However, in the presence of an extra H-atom, OOH is energetically 

similar to O2 co-adsorbed with 2H. Two possibilities were considered for 

reaction of H with O2: moving O2 towards the H atom and moving the H-atom 

towards the O2 molecule. The first reaction path is energetically unfavorable, as 

it takes approximately 1.0 eV to push O2 towards the hydrogen atoms. We 

observe during this optimization procedure hydrogen peroxide (HOOH) as an 

intermediate, which finally dissociates into OOH with co-adsorbed H, as shown 

in Fig. 5.9d. In the second path, one H-atom was moved towards O2. There is 
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no activation barrier for this step and the energy cost (0.17 eV) is simply the 

difference between O2 + H + H and OOH + H adsorption level. The O-O bond 

is already activated in OOH and may conceivably dissociate upon reaction with 

a molecule like CO to produce CO2 and OH as proposed in the literature.
54

  

 

5.4 Conclusions 

The chemistry of H2, O2 and species containing oxygen and hydrogen has been 

studied on the anatase TiO2(001) surface using DFT. The results show that 

molecular hydrogen and molecular oxygen interact weakly with the perfect 

surface. The chemisorption energy of atomic hydrogen decreases significantly 

by coverage increase, the diffusion of H atoms becomes easier, the system is 

relatively less stable and hydrogen atoms are prone towards reactions as OOH 

formation in the presence of O2. O2 binds strongly to the anatase surface in the 

presence of H in its vicinity. Facilitating O2 adsorption on TiO2 may serve as O2 

pool for CO oxidation reaction for the catalytic systems where precious metal 

particles like Au adsorb O2 poorly. In OOH, O-O bond length increases 

considerably weakening O2 molecular bond.  

The highest adsorption energy for linear hydroxyls was found -1.85 eV on a Ti 

atom in tilted configuration. OH diffusion is possible in the [010] direction by 

surmounting a barrier of 0.84 eV. Anatase (001) surface is capable of 

dissociating H2O spontaneously, creating two non-identical OH groups on the 

surface along with Ti-O bond rupture. Due to the diffusion of one OH the next 

OH fills the vacancy leaving H adsorbed on its favorite position and mode. 
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CHAPTER 6

 

Decomposition of H2O on TiO2 

and subsequent spillover on the 

Au as a plausible mechanism for 

the water gas shift reaction on 

Au/TiO2 catalysts  
 

 

Abstract 

The water gas shift reaction has been investigated using density functional 

theory (DFT) applied to Au(100), stepped Au(310) and anatase (001) surfaces. 

The results reveal that Au is not able to catalyze the reaction by itself. Out of 

CO, CO2, H2O and H2, only CO adsorbs with moderate adsorption energy at 

low coordinated sites whereas the other molecules interact only weakly with 

Au. Activation of water is impossible on the Au surfaces. However, H2O 

adsorbs dissociatively on the anatase (001) surface, and diffusion of OH and H 

is realistic. We believe that spillover of dissociated water from the metal oxide 

to the gold is feasible, without studying how this happens in detail at the 

interface. Two mechanisms were investigated and compared. They have 

dissociation of water on titania and migration of OH and H to the Au surface in 
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common, which is in principle the rate limiting step. The first mechanism 

happens via disproportionation of two OH groups on the gold into water and an 

O-atom. The latter reacts with CO. In the alternative mechanism, CO combines 

with OH to a carboxyl intermediate, which subsequently reacts with another 

OH to CO2 and H2O. Finally, H-atoms recombine on the gold surface to 

complete the catalytic cycle. 

 

6.1 Introduction 

The water gas shift reaction (WGSR), CO + H2O ↔ CO2 + H2 is the industrially 

applied route to produce H2 from synthesis gas.
1-4

 In large scale applications the 

reaction is carried out with iron-oxide based catalysts at high temperatures 

(580-725 K),
5-7

 and with Cu-ZnO catalysts at low temperatures (470-520 K).
8
 

For smaller scale applications, gold based catalysts are of interest as they show 

high activity at relatively low temperatures on the order of 475 K.
9-11

  

On copper catalysts, the mechanism is thought to proceed via adsorption of CO 

and H2O, and subsequent decomposition of H2O to OH and H, after which O-

atoms can be formed via the splitting of OH or via the disproportionation of 2 

OH into H2O and an O-atom.
12-15

 Mechanistically, it is difficult to imagine how 

gold alone can catalyze the WGSR. Although CO adsorbs readily on the more 

open and thus reactive surfaces of gold,
16,17

 H2O activation is an energetically 

difficult step on these surfaces,
18,19

 which needs the presence of a metal oxide 

with sufficient reactivity such as titania, ceria or iron oxide.
20-25

 Results which 

signify the activity of Au/Metal-oxides in the WGSR consistently indicate a 

bifunctional operation mode. The deposition of gold nanoparticles on metal 

oxides produce extremely active catalysts for the WGSR;
25-28

 and reverse 

catalysts, where gold serves as a support  for metal oxides nanoparticles, are 

also highly active.
29

 This denotes, that besides particle size,
30

 oxidation state
31

 

and morphology of gold particles, the cooperative action of gold and oxides, 

possible at their interfaces
32

 influence the activity.
33

  

Consensus on a mechanism seems to exist where the oxide helps in the 

dissociation of water
34-36

 and CO adsorbs on gold,
37

 while subsequent steps are 

vaguely thought to occur at the metal-oxide interface.
5,14,29

 Gold is directly 

active for CO oxidation in the presence of hydroxyls groups.
28,38-41

 Under 

reaction conditions, spillover of hydroxyl groups from the oxide phase to the 
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gold arises as a natural dynamic transfer for the specific synergy of reducible 

oxides with noble metals.
42

 

In this chapter, we use density functional theory to explore the feasibility of a 

mechanism for the WGSR on Au/TiO2 systems based on the mutual 

cooperation of both the gold and the metal-oxide. We model unconnected gold 

and TiO2 surfaces and we check separately their reactivity considering at the 

start the following approach: if adsorption and activation of reactant molecules 

is feasible on both noble-metal and metal-oxide phases, and if diffusion of 

intermediates is feasible on the specific surfaces, we assume that crossover of 

reactants between gold and TiO2 is possible via the interface, and then reactions 

on one phase involving mobile intermediates formed on the other phase are 

allowed. As an immediate shortcoming, we overlook the oxide/noble-metal 

interface. Nonetheless our approach is computationally quite advantageous; we 

can apply periodic conditions to both TiO2 and gold surfaces without the need 

of introducing very small, artificial, and demanding nanoclusters on our 

models. From similar reasons by working on extended phases, it appears that 

we approach more closely the experimental circumstances for metal oxide gold 

nanoparticules and reverse catalysts. Special caution in applying this scheme 

must be taken in checking the diffusion of the species in the surface models. 

Because we treat gold and TiO2 at the same level, both are equally considered 

as co-catalysts.  

For gold, we have used the stepped (310) as well as the (100) surfaces, which 

were employed in our previous study on the adsorption of CO and NO.
16

 Our 

choice responds to include flat and steped gold surfaces, expected to be present 

on gold particles or because of their significant activity.
43-45

 The metal oxide 

was modeled with the (001) surface of anatase. In this case, the role of (001) 

facets is incorporated because of their involvement in the catalytic efficiency of 

anatase.
46-48

 We report a catalytic cycle based on water dissociation to yield OH 

and H groups on the metal oxide, which can subsequently diffuse to the gold 

provided the temperature is high enough. Here they react further, the overall 

reaction on gold being CO + 2OH  CO2 + H2O, while H-atoms on the gold 

recombine to H2.  
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6.2 Computational details 

We used the Vienna ab-initio simulation package (VASP),
49

 which performs an 

iterative solution of the Kohn-Sham equations in a plane-wave basis set. Plane-

waves with a kinetic energy below or equal to 400 eV were included in the 

calculations. The exchange-correlation energy was calculated within the 

generalized gradient approximation (GGA) proposed by Perdew and Wang 

(PW91).
50,51

 The electron-ion interactions for C, O, H, Ti and Au atoms were 

described by the projector-augmented wave (PAW) method developed by 

Blöchl.
52

 This is essentially a scheme combining the accuracy of all-electron 

methods and the computational simplicity of the pseudo potential approach.
53

 

The relative positions of the Au metal atoms were initially fixed as those in the 

bulk, with an optimized lattice parameter of 4.18 Å (the experimental value is 

4.08 Å).
54

 The optimized lattice parameter was calculated using the face-

centred cubic (fcc) structure  unit cell and its reciprocal space was sampled with 

a (15x15x15) k-point grid generated automatically using the Monkhorst-Pack 

method.
55

 Likewise, the relative positions of the metal oxide ions were fixed 

initially as those in the bulk, with optimized lattice parameters of 3.80 Å and 

9.49 Å (the experimental values are 3.78 Å and 9.51 Å).
56

 The optimized lattice 

parameter was calculated using the tetragonal anatase unit cell and its reciprocal 

space was sampled with a (8x8x3) k-point grid. A first-order Methfessel-Paxton 

smearing-function with a width  0.1 eV was used to account for fractional 

occupancies.
57

 Partial geometry optimizations were performed including the 

RMM-DIIS algorithm.
58

 Geometry optimizations were stopped when all the 

forces were smaller than 0.05 eV/Å. Vibrational frequencies for transition states 

(TS) were calculated within the harmonic approximation. The adsorbate-surface 

coupling was neglected and only the Hessian matrix of the adsorbate was 

calculated.
59

 The climbing-image nudged elastic band (cNEB) method was used 

in this study to determine minimum-energy paths.
60

  

Closed shell CO, CO2, H2 and H2O molecules were optimized at the  point by 

non-spin polarized calculations, and spin-polarized calculations were performed 

for open shell species, H, O, OH, OOH and O2; in any case, we employ a 

10x12x14 Å
3
 orthorhombic unit cell. Non-spin polarized calculations were 

done for adsorbed species on gold or anatase. 

The Au(100) and Au(310) surfaces were represented within the slab model 

approximation. We used a five-metal layer model having 2 at the top relaxed 
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for (100) and 11 layers (roughly equal to 4 layers of low index surfaces)
16

 with 

top 4 relaxed for (310) with vacuum gap of  >10 Å for both the surfaces to 

separate the periodic slabs. For Au(100) slab, we used a p(2x2) unit cell with 

the reciprocal space sampled with (5x5x1) k-point meshes. (3x9x1) k-point 

meshes were used for sampling the reciprocal space for Au(310) p(2x1) unit 

cell.  

On anatase (001) surface, the p(2x2) unit cell contains four each of Ti-5c, O-2c, 

O-3c atoms (Figure 5.1). Each of these Ti-5c atoms is bonded to two raised 2c 

and two 3c lowered oxygen atoms in the [100] and [010] directions, 

respectively. Our p(2x2) unit cell consists of 16-TiO2 units and periodically 

repeated slabs are separated by ~12 Å width. The reciprocal space for the p(2x2) 

unit cell was sampled with (4x4x1) k-point meshes. Upper half atoms of Ti and 

O in the unit cell were relaxed.  

 

6.3 Results and Discussion 

6.3.1 Adsorption on Au(310) and Au (100) 

6.3.1.1 Carbon monoxide 

CO adsorbs weakly on close-packed surfaces of gold, but when the surface 

contains steps, adsorption energies become appreciable. On Au(310) CO bound 

linearly through the C-atom to the low-coordinated Au atoms at the step yields 

the highest adsorption energy, namely -0.73 eV. The molecule tilts to a 

direction between the normals of the facets forming the step, as shown in 

Figure 6.1b. Also the two bridge positions on the (100) terrace yield stable 

adsorption geometries, with adsorption energies a few tenths of an eV lower 

than on the step (-0.55 eV). For details see Chapter 4.
16

 

6.3.1.2 Carbon dioxide 

The adsorption of CO2 was studied for the molecule with its axis parallel with 

respect to the Au(310) surface on various locations. As expected – also on the 

basis of a recent DFT study of CO2 on Au (321)
61

 – the molecule interacts only 

weakly with the Au(310) surface and the adsorption energies with respect to 

CO2 in the gas phase are approximately zero. Consequently, the adsorbate to 

surface distance is large (> 3 Å) and the C-O bond lengths are equal to those 
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calculated for gaseous CO2 (1.18 Å). Thus, when carbon dioxide forms on the 

surface, which we address later, it will desorb instantaneously. 
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Figure 6.1. a-c) Top and side view of the most stable adsorption geometries of 

water, CO  and OH on Au(310); d) top view of H on Au (310); e) H on Au(100) 

and f) OH on Au(100), along with adsorption energies and the most important 

geometrical parameters. 

 

6.3.1.3 Molecular hydrogen 

Several sites on the Au(100) and stepped Au(310) surfaces were considered for 

adsorption of molecular H2, with its molecular axis parallel and perpendicular 

to the surface. In all geometries the adsorption energy was almost zero (-0.02 

eV), indicating almost no interaction. Should the molecule form on the gold, 

e.g. by recombination from H-atoms, then it desorbs instantaneously, we 

address this later on in the chapter.   
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6.3.1.4 Water 

H2O also interacts weakly with the Au surfaces. The most favorable position is 

above the step of the (310) as shown in Figure 6.1a, with an adsorption energy 

of -0.23 eV, which corresponds to physisorption rather than chemisorption. 

Indeed, the O-H distances in the adsorbed molecule (0.97 Å) are equal to those 

in the free H2O molecule, indicating that activation of the molecule does not 

take place. Similarly, low interaction energies resulted from calculations of 

water on the Au(100) surface (-0.16 eV) and on the Au/Au(100) system (-0.22 

eV), where an additional Au-atom is placed in every fourth hollow site of a 

(2x2) unit cell on the Au(100) surface. These results are in good agreement 

with previous studies of water adsorption on gold surfaces.
62,63

 

Dissociation of water is not possible, as any activation of an OH bond in the 

molecule costs more energy than the small adsorption energy of -0.23 eV, 

causing the H2O to desorb from the surface. Indeed, the lowest activation 

energy we found for the dissociation of water amounts to 1.34 eV, while 

moreover the reaction is endothermic by at least 1 eV, depending on the 

configuration of the OH and H after dissociation. Our conclusion that water 

dissociation is not feasible on gold surfaces is in agreement with the literature. 

Wang et al.
62

 reported an even higher barrier of 2.24 eV and an endothermic 

reaction energy of 1.77 eV for water splitting on Au(111), while Liu et al.
63

 

found an activation energy of 1.53 eV for water dissociation on Au(100). A 

smaller barrier of 0.59 eV has been computed (DFT) on a Au4 cluster on 

CeO2(111) for the dissociation of H2O, nonetheless activation energy is at least 

0.1-0.2 eV higher than the adsorption energy.
64

 Experimental studies also 

indicate that water is not activated on gold unless pre-dissociated atomic 

oxygen is present on the surface.
18,65,66

 

6.3.1.5 Hydroxyl groups  

OH adsorbs with binding energies of -2.31 eV on the (310) and -2.11 eV on the 

(100) surface of gold, see Figure 6.1c and 6.1f. These bridge-bonded OH 

groups correspond to the most stable configurations, but adsorption on hollow 

sites is only marginally weaker. Diffusion of OH groups over the surface will 

be possible without substantial barriers of less than 0.2 eV. Adsorption energies 

of -1.81 and -1.74 eV have been reported for OH on fcc and bridge positions of 

Au(211) and Au(111) surfaces, respectively.
67,68
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6.3.1.6 Hydrogen atoms 

H-atoms can occur on several sites of the Au(310) and (100) surfaces with a  

preference for bridge- bonded H as shown in Figure 6.1d and e. Typical values 

for the adsorption energy are -2.0 to – 2.3 eV. We note that H-atoms will be 

able to diffuse freely over gold surfaces, as the differences between the various 

adsorption geometries are minimal. Our highest Eads of -2.24 eV on Au(100) is 

in agreement with the value of -2.25 eV reported in the literature.
68

 

6.3.1.7 Oxygen atoms 

Ignoring for the moment where the O-atoms originate from (which we address 

later in this chapter), we get that O-atoms bind to the Au(310) and the (100) 

surfaces with adsorption energies of -3.32 and -3.14 eV, respectively. On the 

(310) surface the bridge at the top of the step is the favored position, on the 

(100) the hollow and bridge positions yield almost equal adsorption energies (-

3.14 and -3.10 eV). 

 

6.3.2 Adsorption on Anatase (001) 

In a recent work, we described adsorption and surface reactions of water and 

water-derived species on anatase (001) in detail.
69

 Here, we give a brief 

overview of the adsorbates involved in the water gas shift reaction. Figure 6.2 

summarizes the most important species. The TiO2 surface exposes Ti atoms 

which are five-fold coordinated. Half of the O-atoms are bound to two Ti-atoms 

(O-2c) and form Ti – O-2c – Ti – O-2c – Ti rows in the [100] direction, while 

the other half of the O-atoms has  a three-fold coordination between Ti atoms 

and forms rows in the [010] direction. 

6.3.2.1 Adsorption and diffusion of OH 

The highest adsorption energy for OH groups (-1.85 eV) is found for the tilted 

coordination of isolated OH on top of the Ti-5c site. Adsorption on the O-3c 

position yields an energy of -1.01 eV for the tilted geometry. However, this 

mode possesses one imaginary frequency and is thus a transition state. Normal 

mode analysis indicates that the OH will move in the [010] direction. Placing 

the OH on the hollow (+0.07 eV) or above the O-2c (+0.39 eV) is endothermic. 

A higher coverage (two tilted OH per unit cell) on TiO2(001) diminishes the 

adsorption energy per OH from -1.85 to -1.56 eV. 
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Figure 6.2. Top: Dissociative adsorption of water on the anatase (001) surface, 

a) H2O dissociates without activation energy into an OH (labeled 1) and a H-

atom, and breaks a Ti-O bond to create a second OH group (labeled 2);  b) if 

the first OH group diffuses away, the Ti-O bond is restored, resulting in c) a 

linear OH on a Ti site and a bridged OH between two Ti atoms  (which can 

also be seen as an adsorbed H-atom on a bridging O-atom). The lower part of 

the figure shows three different geometries of adsorbed H-atoms. 

With these adsorption energies, diffusion of OH over the TiO2 anatase (001) 

surface is expected to be highly anisotropic (see Fig. 6.3). Moving OH from a 

Ti-5c site in the [010] direction to the O-3c site which is the transition state for 

diffusion, yields a – substantial – barrier of +0.84 eV, but the barrier in the 

[100] direction towards the O-2c site is much larger and on the order of 2.2 eV. 
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Hence diffusion of OH is expected to occur along the Ti – O-3c – Ti rows in 

the [010] direction. 

6.3.2.2 Adsorption and dissociation of water 
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Figure 6.3. Anisotropy of OH diffusion on anatase (001). The activation energy 

for OH diffusion in the [010] direction along the Ti – O-3c – Ti rows is around 

0.84 eV. Diffusion in the [100] direction, however, is energetically unfavorable.  

 

Anatase (001) readily dissociates water without any barrier into two non-

equivalent tilted OH groups terminally bound to adjacent Ti sites, whereby the 

latter O-atom originates from a lattice O-2c atom (see Figure 6.2). The reaction 

is exothermic and the products are stabilized by -1.46 eV with respect to water 

in the gas phase, in good agreement with the literature.
70-72

 We also investigated 

the dissociation in case of two H2O molecules per (2x2) unit cell by positioning 

the H2O on adjacent Ti-5c sites in the [010] direction and found spontaneous 

dissociation with an average adsorption energy of -1.28 eV per molecule. It is 

remarkable, the increase in the adsorption energy of terminal hydroxyl groups 
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in the presence of atomic hydrogen, jumping to -3.79 eV for the resulting 

geometry after dissociation of one water molecule.  

Considering the OH diffusion in [010] direction from the dissociated water 

molecule – which is the similar situation if OH and H are adsorbed on O-3c and 

O-2c sites, respectively – the mobility of OHs is slowed down due to surface 

reduction and the hydrogen bond (Figure 6.2b, c). In this case, the diffusion 

barrier is 0.95 eV, which is 0.11eV higher than that for isolated OH. Using the 

rule of thumb that a barrier of 1 eV corresponds to a reaction temperature of 

roughly 400 K, the diffusion barriers can easily be overcome at typical 

operating temperatures of around 475 K for the WGSR on gold. 

6.3.2.3 Adsorption and diffusion of H-atoms 

We observe that H-atoms bound on bridging oxygen (O-2c) in tilted mode at 

82° with respect to the surface normal yields the highest adsorption energy, 

namely -3.15 eV. This value agrees well with the value reported in ref.
73

 

whether we refer to the situations shown in Figures 6.2d and e as adsorbed 

hydrogen or as a bridged hydroxyl is a matter of semantics, but we prefer the 

former terminology. The H-atom can also adsorb on the O-3c (Eads = -2.48 eV) 

or in the hollow position (-2.3 eV). Coadsorbing two or four H-atoms in the 

unit cell decrease the adsorption energies per H-atom to -2.86 and -2.24 eV, 

respectively.  

On the basis of the adsorption energies on different positions, the energetically 

favorable route for H-hopping is from the O-2c via the nearby O-3c to the next 

O-2c, which would correspond to a endothermic step of about 0.7 eV through a 

diffusion barrier of about 0.90 eV. Also diffusion from the O-3c site via the 

hollow seems possible as the adsorption energies on these sites differ by less 

than 0.2 eV only. This pathway would enable the H-atom to diffuse over long 

distances in the [100] direction. Diffusion in the [010] direction over the O-2c 

is energetically less favorable.  

 

6.3.2.4 Carbon monoxide 

Adsorption of CO has been investigated at top Ti-5c, O-3c, O-2c and hollow 

sites of TiO2. The most favorable configuration is adsorption through the 

carbon atom in perpendicular fashion on top of the Ti atom with adsorption 
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energy of -0.55 eV at ¼ ML, where 1 ML is defined as 4 molecules of CO in 

the unit cell. Adsorption on the other sites is substantially weaker. In a CO 

oxidation DFT study over TiO2 (001), a lower adsorption energy of -0.23 eV 

has been reported at coverage of 1ML.
74

  

 

6.3.3 Comparison of adsorption on TiO2 and on gold 

 

Table 6.1. Comparison of adsorption energies in eV on gold and anatase. 

Diffusion of the species on Au is relatively easy. 

adsorbate Au(310) Au(100) 
ΔEdiffusion 

Au(100) 

TiO2 (001) 

low coverage 

ΔEdiffusion 

TiO2(001) 

TiO2 (001) 

higher coverages 

H -2.18 -2.24 0.32 -3.15 0.90 
-2.86    2H/(2x2) 

-2.24    4H/(2x2) 

O -3.32 -3.14 0.04 -2.42 0.85  

OH -2.31 -2.11 0.02 -1.85 0.84  

CO -0.73 -0.55 0.09 -0.55 0.20  

H2O -0.23 -0.16 0.12 
-1.46 

(dissociative) 
 

-1.28  2H2O/(2x2) 

(dissociative) 

OH ( + H)    -3.79 0.95  

H ( + OH)    -5.09   

 

Table 6.1 shows a comparison between adsorption energies of some key species 

on gold and on titania. Isolated OH groups and oxygen atoms adsorb more 

strongly on the gold (310) and (100) surfaces than on the titania. Sensible 

differences appear from the dissociative adsorption of H2O on TiO2, equivalent 

to OH + H coadsorption states. Cooperative effects raise individual OH and H 

adsorption energies on anatase (001) to -3.79 eV and -5.09 eV, respectively. 

We should keep in mind that water splitting on Au(310) is endothermic by 1 eV 

while exothermic by -1.46 eV on anatase. For CO the difference is smaller, 

though it adsorbs somewhat stronger on the stepped Au (310). For isolated H-

atoms, bonding is stronger on the anatase (001), but if the coverage increases, 

the difference becomes smaller.  

The existence of moderate activation barriers for the diffusion of OH and H 

atoms on the anatase surfaces, which allow for sufficient mobility at reaction 



Redox and Carboxly mechanisms of water gas shift reaction on Au/TiO2  

107 

 

conditions, make it likely that both OH and H atoms are able to diffuse over the 

entire titania metal oxide. Additionally, the co-adsorption energies for OH + H 

evidence that the migration of hydroxyls from the metal oxide to the gold 

particles is thermodynamically disfavored by about 1.5 eV. Hence, from our 

contribution, temperatures of at least 500 K are needed for the diffusion of OH 

and H from the anatase (001) to the gold surfaces. In the next sections, we will 

consider the reactions available on the gold.  

 

6.3.4 Elementary reactions 

6.3.4.1 H2 formation 

Figure 6.4 shows energy diagrams for the recombination of two H-atoms on 

Au(310) and Au(100). First, we calculated the adsorption energy of two H-

atoms in several co-adsorbed configurations. Values fall in the range of -3.87 to 

-4.11 eV (as compared to -4.0 to -4.6 eV for two isolated H-atoms) which 

indicates that interactions between the two H-atoms are only weakly repulsive. 

These co-adsorption energies agree well with results reported by Norskov and 

co-workers.
67

 For reaction, the lowest activation barrier (0.48 eV) was found on 

the terrace of (310), while reaction on the (100) surface has an activation 

energy of 0.75 eV (see Table 6.2). The reaction is mildly exothermic, while, as 

noted above, the H2 molecule does not interact with the surface and is expected 

to desorb instantaneously. We conclude that once H-atoms are available on Au 

surfaces (e.g. as a result of water dissociation on the metal oxide and 

subsequent exodus over to the metal), that H2 formation is relatively facile on 

the Au(100) and particularly so on the stepped Au (310) surface.  
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TS

IS

Au(100)

Au(310)

 

Figure 6.4. Initial, transition and final states of H2 formation from co-adsorbed 

hydrogen atoms on Au (310) and (100) surfaces. The energy axis on the left 

shows Eads values with respect to two gas phase H-atoms, while the zero of the 

right axis corresponds to molecular H2 in the gas phase.  

 

H2 formation on the anatase (001) surface, however, leads to endothermic 

reactions with high activation barriers on the order of 2 eV. Only at very high 

coverages, and with H-atoms on energetically less favored adsorption sites, 

such as one H-atom on a Ti-5c and the other on an O-2c, the activation energy 

drops to values on the order of 1.2 eV. However, it is somewhat difficult to 

imagine how such a high coverage might result from water splitting, as noticed 

also in other theoretical and experimental studies.
71,72

 We therefore conclude 

that H2 formation from atomic hydrogen is energetically feasible on the 

Au(310) and (100) surfaces, but difficult – though perhaps not impossible – on 

TiO2.  
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Table 6.2. Activation barrier, reaction energy and H-H bond length and 

imaginary frequency in TS on different gold surfaces for H2 formation. 

Surface Ea (eV) ΔE (eV) dH-H (Å) ν (cm
-1

) 

Au(100) 0.75 -0.21 1.04 241i 

Au(310) 0.48 -0.50 1.45 322i 

 

6.3.4.2 Reactions of OH groups on gold 

Gold has a particularly high activity for CO oxidation in alkaline media, and 

OH adsorption leads to CO oxidation in solution.
75,76

 The fact that Au/titania 

catalyzes CO oxidation in the vapor phase may well come from a similar 

promotional effect of hydroxyl ions. Also the effect that calcination has on the 

catalytic activity of gold may be related to the hydroxyl density on the metal 

oxide.
77

 Direct O-H bond breaking on the Au surfaces is difficult and 

thermodynamically unfavorable. As Figure 6.5 shows, OH adsorbed at the step 

of the (310) surface faces a barrier of 1.8 eV towards O-H bond breaking, while 

the overall reaction is endothermic. Similarly high activation barriers and 

endothermicities have been reported for OH on copper.
8
 Hence direct 

dissociation of adsorbed OH groups is energetically unfavorable.   

Next, we consider disproportionation of 2 OH groups, which is inherently more 

favorable as it creates water. The lower part of Figure 6.5 illustrates the 

feasibility of this route. We note that the formation of 2 O-atoms together with 

H2 is not favorable.
36

 

In the most favorable OH + OH co-adsorption configuration, shown in the 

initial state of Fig. 6.6, both OH groups are tilted. One OH is bound at the step 

and the other near the hollow of the (100) terrace. This coadsorbed state is at -

4.0 eV, slightly repulsive as compared to the two OHs at infinite separation (-

4.5 eV). However, this coadsorption energy is -0.35 eV more favorable than the 

one reported for Au(111).
68

 The activation barrier for the reaction to water + O 

is 0.1 eV, and should be added to the energy needed to bring the two OH 

groups together. The resulting barrier amounts to 0.6 eV. In the transition state 

shown in Fig. 6.6, the OH at the step has moved towards the OH on the terrace. 

This configuration reduces the distance between the H-atom of the former and 

the O-atom of the OH on the terrace from 2.9 to 1.85 Å in the transition state. 

Water forms and leaves an O-atom near the step. The reaction is slightly 

exothermic (-0.06 eV), implying that the reverse reaction, i.e. water dissociation 
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on an O-covered surface, should not be difficult either. Indeed, a recent 

experimental study
66

 of water adsorption on O/Au(111) indicates the formation 

of OH groups, followed by subsequent formation and desorption of water at 

higher temperatures. Our result is also in good qualitative agreement with a 

previous study on Au(111) where the reaction even proceeded with a negative 

barrier (-0.07 eV).
68
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Figure 6.5. Reaction pathways for atomic oxygen formation on Au(310). Top: 

direct dissociation of OH is energetically uphill; bottom: disproportionation of 

two OH groups into H2O and an adsorbed O-atom is energetically favorable. 

Adsorption energies are given with respect to gas phase OH and the empty 

Au(310) slab. 

  

We conclude that disproportionation of OH groups provides a straightforward 

and energetically feasible pathway to generate O-atoms on the Au (310) 

surface. Date et al. have proposed a reaction of OH groups at the periphery of 

Au nanoparticles on the metal oxide.
40
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6.3.4.3 Reaction of CO with O to CO2 on gold 

The reaction path for the reaction between adsorbed carbon monoxide and 

atomic oxygen on the Au(310) surface is included in Fig. 6.6. Since we did not 

find a significant difference in the energies of different CO + O coadsorbate 

systems, we have calculated the barrier for CO oxidation for the arrangement 

with CO on its most favorite position at the step and O bound to the (100) 

hollow site on the terrace. In the transition state the O-atom remains in the 

hollow while CO moves towards it to form CO2. The activation energy barrier 

found is very small, 0.04 eV. Liu et al.
78

 have reported a barrier of 0.25 eV on 

Au(221) and 0.68 eV on Au(211). The lowest barrier reported in
61

 on Au(321) 

is 0.01 eV in agreement with our calculations. The reaction is highly 

exothermic by -2.85 eV. This is 0.25 eV more negative than reported in.
61

 Since 

CO2 interaction with this surface is very weak, it desorbs immediately after its 

formation, as we already discussed earlier in the chapter. 
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Figure 6.6. Potential energy diagram for the reaction between OH and CO on 

Au(310) based on the formation of atomic oxygen as an intermediate. Zero 

energy corresponds to Au(310) + coadsorbed OH + gas-phase CO. Species 

between parentheses are in close proximity. 
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6.3.4.4 Reactions of CO and OH 

The diffusion of OH from titania to gold is the most endothermic step reported 

here so far, and it may well be rate limiting for the entire reaction. We therefore 

expect that the coverage of OH on the gold is low and the reaction of two OH 

groups is less likely. Alternative ways to arrive at CO2 are conceivable as well. 

First, the potential reaction of CO with OH groups on the anatase (001) metal 

oxide was considered. It is worth mentioning here that hydroxy carbonyl 

(COOH) itself is not stable on this surface. The most stable coadsorption 

configuration of CO and OH decreased the adsorption energy of CO from -0.55 

to -0.36 eV. For the reaction of CO with OH on the TiO2 (001), as the CO was 

moved towards OH, CO was further destabilized and was found to desorb 

without reaction. Second, reaction of OH with CO on the gold surface is 

feasible. In principle, it can produce formate (HCOO), carboxyl (COOH) and 

carbonate (CO3) species as key intermediates.
66

 Although formates and 

carbonates have been detected in many experiments studying WGSR on 

metal/oxide catalysts,
79

 the COOH intermediate is favored in DFT and 

experimental studies for the WGSR on gold surfaces.
18,63,66

 In a recent 

photoemission and IR spectroscopy study,
66

 as a result of CO – OH interactions 

on Au(111), a COOH intermediate with short life time was formed but HCOO 

and CO3 intermediates were not detected. 

In our calculations of CO and OH interaction on Au(310), COOH appeared as a 

stable specie, with a barrier of 0.18 eV and a reaction enthalpy of -0.91 eV, see 

Figure 6.7. In the transition state the carbon atom of CO and the oxygen atom 

of OH are 2.31 Å apart, and the bond has an imaginary frequency of 161i cm
-1

. 

An activation barrier of 0.32 eV has been reported for this reaction on Au(111) 

by Ojifinni et al.
18

  Hence COOH formation appears feasible on the gold. For 

decomposition of COOH into CO2 and H, the most stable co-adsorbed 

configuration of CO2 and H is stabilized by 0.19 eV. Hence, hydroxyl carbonyl 

formation and decomposition are exothermic and thermodynamically favorable. 

However, decomposition of COOH is not easy and requires a barrier of 1.20 

eV. A lower activation barrier of 0.93 eV for COOH decomposition has been 

reported on Au(111).
18

 In the transition state the O- atom of the COOH 

complex and the H-atom are at a distance of 2.65 Å, and the bond has an 

imaginary frequency of 89i cm
-1

. CO2 will desorb upon formation and H2 can 

be formed as discussed above. 
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Figure 6.7. Reaction profile for the carboxyl mechanism on Au(310). COOH 

formation and decomposition into CO2, H and reaction to CO2 and H2O are 

presented. Zero energy as in Figure 6.6.  

Alternatively, the COOH fragment may also react with a second OH group to 

CO2 and water, in a facile reaction, as indicated in Figure 6.7. For this highly 

exothermic reaction, we did not find a transition state. For Au(111) a barrier of 

0.28 eV was reported for this step.
18

 

 

6.4 Conclusions 

The possible roles of Au and TiO2 in the water gas shift reaction were 

examined using density functional theory. While CO adsorbs with a substantial 

strength on the stepped gold surface, H2O interacts only weakly and cannot 

dissociate on the gold. In contrast, anatase (001) dissociates water 

spontaneously with a dissociative heat of adsorption of -1.46 eV. High 

activation barriers for H2 formation on the metal oxide, 2.0 eV, suggest that H 
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atoms first need to diffuse to the gold, where recombination is 

thermodynamically favorable with a small barrier of 0.48 eV. The diffusion of 

the dissociation products of H2O, coadsorbed OH + H, on the TiO2 surface 

towards the metal has a substantial barrier in the order of 1.0 eV, while the 

energy cost of moving a single hydroxyl to the Au(310) surface is about 1.5 eV. 

This implies that the water gas shift reaction requires temperatures on the order 

of 500 K or more. Active metal oxides provide a route with a reduced barrier 

for H2O dissociation, not available on gold that impede its individual catalytic 

activity. Spillover of hydrogen and hydroxyl groups appears as rate limiting, 

what also indicates that reaction will preferentially occur at the periphery of the 

Au/TiO2 interphase. 

Two mechanisms were investigated and compared for the CO oxidation on gold 

in the WGSR. In the first, two OH groups form water and an adsorbed O-atom 

which reacts with CO almost without barrier to CO2, which desorbs 

instantaneously. The second mechanism involved the reaction of CO and OH 

on the Au surface to COOH. In this carboxyl mechanism an additional 

hydroxyl group reacts with the COOH towards CO2 and H2O. In both cases, the 

catalytic cycle corresponds to the overall reaction 2 H2O + CO  H2O + CO2 + 

H2, where both mechanisms discussed above could take place interchangeably. 
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CHAPTER 7

 

Two extended Au surfaces with 

remarkable reactivity for CO 

oxidation: Diatomic rows of Au on 

Au(100), and Au(310)  

  

Abstract 

CO oxidation has been studied on diatomic rows of Au on Au(100) and on 

stepped Au (310) surfaces using density functional theory. The diatomic row 

structure appears as the first extended gold surface capable of dissociating O2, 

after which reaction between O-atoms and adsorbed CO can occur readily. The 

stepped Au(310) surface enables a mechanism in which molecular O2 reacts 

directly with CO to CO2 and atomic O, which may subsequently react with 

adsorbed CO. The results illustrate the extreme structure sensitivity of CO 

oxidation on gold surfaces, and suggest that multiple reaction channels may 

operate in parallel in the oxidation of CO on gold nanoparticles.  

 

7.1 Introduction 

Catalysts based on gold particles with a size of a few nanometers supported on 

metal oxides have gained enormous attention in the area of surface science and 

catalysis since Haruta et al. reported a remarkably high activity of these 
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catalysts for low temperature CO oxidation.
1
 This reaction has been studied 

extensively on gold catalysts since this break through.
2-14

 Although it is 

generally accepted that the catalytic activity of Au depends to a large extent on 

the size of the nanoparticles,
15

 the question which property of the nanoparticles 

is responsible for the reactivity has not been answered in a comprehensive way 

and the issue of gold‟s high activity is still under debate.
16

 Several explanations 

have been proposed, including the role of the support,
17

 quantum size effects, 

charge transfer to and from the support, support induced-strain, oxygen spill 

over to and from the support, the Au oxidation state,
18

 and the role of very low 

coordinated Au atoms on Au nanoparticles.
19,20

 Of course, it is possible that 

several of the aforementioned effects occur simultaneously.
19,21

  

Based on kinetic studies and scanning tunneling microscopic (STM) data, it has 

been proposed that the most active structures of supported Au particles have 

been shown to be two atomic layers in thickness.
22-24

 These Au bilayers were 

grown on thin TiO2(110) films supported by a Mo single crystal. Goodman and 

co-workers attributed the exceptionally high activity of these  supported 

bilayers to a significant excess of electronic charge in comparison to bulk 

Au,
15,22

 together with quantum size effects and the low degree of coordination 

of the topmost Au atoms. It is important to realize here that Ti
n+ 

sites are not 

accessible to the reactants since the support is entirely covered by gold. 
15,24

 

Therefore, it has been suggested that the combination of first- and second- layer 

Au sites is necessary to enable reaction between CO and O2. One cannot 

exclude that in realistic conditions the surface reconstructs to expose TiO2 

which might play a role in the reaction.
3
 Nørskov and coworkers stress the 

importance of low coordinated Au atoms on the nanoparticles as the crucial 

ingredient in the activity of gold catalysis.
19,25

 

With respect to the mechanism of the CO oxidation, both atomic and molecular 

oxygen have been suggested as active species.
26-30

 In fact, using DFT 

calculations on stepped Au surfaces, Liu et al.
14

 and Fajin et al.
9
 have suggested 

that both atomic and molecular adsorbed oxygen can oxidize CO, the former 

having the lower activation barrier. Under experimental conditions, water and 

water derived species such as hydroxyls may play a role,
2,21

 and reducible 

support oxides may provide active oxygen for the reaction.
31

 It seems plausible 

that multiple reaction channels and, therefore, multiple O2 activation 

mechanisms may exist. O2 molecules may directly dissociate on the support, 

leaving oxygen atoms to diffuse to the gold particles, or it may diffuse 
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molecularly to the gold and react or dissociate at the particle-support interface, 

or somewhere on the gold particles. Essential intermediates may be atomic, or 

molecular oxygen, or some type of oxygen-containing species such as 

peroxides or carbonates.
32,33

  

We have investigated the reaction of CO and O2 on various Au surfaces 

including low index, stepped and diatomic Au rows created on Au(100) 

employing periodic self-consistent DFT calculations. Our aim is to investigate 

the explicit ability of gold to provide by itself active oxygen for CO oxidation. 

Some papers claim that unsupported gold powder catalyzes CO oxidation,
34,35

 

but how the O2 is activated is not obvious.
36

 It has been demonstrated that Au 

bilayers and clusters without support can be active for CO oxidation,
22,37,38

 and 

clusters of varying size are reported to interact strongly with O2.
39-41

 Roldan et 

al. have studied O2 adsorption and dissociation on Aun (n = 25, 38, 55 and 79) 

clusters. They observed a variation in adsorption energy on different clusters 

and found that Au38 was possibly able to split O2.
41,42

  

In this chapter we confirm that O2 does not dissociate on flat or even the 

stepped, relatively reactive (310) surface of gold that we used in previous work, 

but that a surface consisting of diatomic rows of gold atoms on a (100) 

substrate is able to dissociate O2 according to DFT calculations. 

 

7.2 Computational details 

We used the Vienna ab-initio simulation package (VASP),
43

 which performs an 

iterative solution of the Kohn-Sham equations in a plane-wave basis set. Plane-

waves with a kinetic energy below or equal to 400 eV were included in the 

calculations. The exchange-correlation energy was calculated within the 

generalized gradient approximation (GGA) proposed by Perdew and Wang 

(PW91).
44

 The electron-ion interactions for C, O and Au atoms were described 

by the projector-augmented wave (PAW) method developed by Blöchl.
45

 This 

is essentially a scheme combining the accuracy of all-electron methods and the 

computational simplicity of the pseudo-potential approach.
46

 

The relative positions of the Au metal atoms were initially fixed as those in the 

bulk, with an optimized lattice parameter of 4.18 Å (the experimental value is 

4.08 Å).
47

 The optimized lattice parameter was calculated using the face-

centred cubic (fcc) structure  unit cell and its reciprocal space was sampled with 
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a (15x15x15) k-point grid generated automatically using the Monkhorst-Pack 

method.
48

 A first-order Methfessel-Paxton smearing-function with a width  0.1 

eV was used to account for fractional occupancies.
49

 Partial geometry 

optimizations were performed including  the RMM-DIIS algorithm.
50

 Geometry 

optimizations were stopped when all the forces were smaller than 0.05 eV/Å. 

Vibrational frequencies for transition states (TS) were calculated within the 

harmonic approximation. The adsorbate-surface coupling was neglected and 

only the Hessian matrix of the adsorbate was calculated.
51

 The climbing-image 

nudged elastic band (cNEB) method
52

 was used in this study to determine 

minimum-energy paths.  

Closed shell CO and CO2 molecules were optimized at the -point by non-spin 

polarized calculations using a 10x10x10 Å
3
 cubic unit cell. Spin-polarized 

calculations in a 10x12x14 Å
3
 orthorhombic unit cell were performed for open 

shell species, O and O2. Spin polarized calculations were done for adsorbates 

on gold.  

A 4 layer slab model, with two top most relaxed, was chosen for constructing 

diatomic rows on the Au(100) surface by removing one row of Au atoms along 

the vector b as shown in Figure 7.1a. A p(3x2) unit cell was used, and its 

reciprocal space was sampled with (3x5x1) k-point meshes with a vacuum gap 

> 10 Å. The Au(100surface was represented with a slab model using five-metal 

layers of which the top two were relaxed ) and for Au(310) we used 11 layers 

with the top four relaxed, both with a vacuum gap of >10 Å to separate the 

periodic slabs. For the (100) slab, we used a p(2x2) unit cell with the reciprocal 

space sampled with (5x5x1) k-point meshes, and for the Au(310) surface 

(3x9x1) k-point meshes were used for sampling the reciprocal space of the 

(310) p(2x1) unit cell. 

 

7.3 Results and discussion 

7.3.1 CO oxidation on Au via O2 dissociation 

7.3.1.1 Adsorption of O2 

Interaction of molecular oxygen with Au surfaces varies markedly depending 

upon the surface structure, location and mode. Adsorption energies fall between 

+0.33 (i.e. endothermic) and -0.52 eV for our investigated sites and structures. 

The highest adsorption energy corresponds to the O2 in a hollow configuration 
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in a flat mode on top of and the O-O axis perpendicular to the diatomic row 

built on Au(100), see Figure 7.1a. The bridged coordination (Figure 7.1c) is 

less stable. The distances show that the Au atoms of the row relax in the 

direction perpendicular to the row, with Au-Au distances significantly larger 

than the 2.96 Å of bulk gold. The O-O bond is clearly activated in the hollow 

adsorption geometry, as evidenced by the elongated O-O distance of 1.44 Å, 

which is almost 0.2 Å larger than the bond in gas phase molecular O2 

(calculated at 1.24 Å; the experimental value is 1.207 Å
53

). Elongation of O-O 

bond in case of favorable adsorption has been reported previously on Au 

clusters (Au38,  dO-O = 1.45Å).
41

 Additionally, interaction of O2 for this 

configuration results in a significant decrease of the stretching frequency (νO-O 

=748 cm
-1

) with respect to the gas phase reference (1520 cm
-1

 calculated versus 

1556 cm
-1

 experimental
53

) indicating substantial bond weakening. 

The O2 adsorption energy decreases significantly when the O2 molecular axis is 

rotated over 90°, with the bridged configuration slightly more stable than the 

hollow (Figures 7.1b and c). Activation of the O2 is still taking place, and is 

more effective in the hollow than in the bridged geometry (Figure 7.1b).  

For comparison we investigated O2 adsorption on the Au(310), Au(100) and 

Au/Au(100) surfaces, see Figure 7.2. The full set of adsorption energies and 

geometric parameters is given in Table 7.1s (Appendix B). O2 interaction with 

the Au (310) surface is generally weak or even repulsive. Adsorption may occur 

on the bridge site near the step on the (100) terrace and on the long-bridge site 

at the step as shown in Figure 7.2a and c. The adsorption on (100) and 

Au/Au(100) (an additional Au atom placed in every fourth hollow site) is even 

weaker and is on the order of -0.1 eV.
54

 Modes of adsorption with the O-O 

molecular axis normal to the surface, or in the cross configurations shown in 

Figures 7.2(b, d) are predicted to adsorb endothermically. On the whole, O2 

interaction with gold, if it exists, is weak except for the diatomic row 

configuration presented in Figure 7.1. Endothermic adsorption on Au(111) and 

even on Au-step has been reported employing RPBE functional.
55

 Such 

remarkably large differences in adsorption energy highlight the structure 

sensitivity in the interaction of O2 with Au. 

We conducted Bader charge analysis to quantify the amount of charge transfer 

from gold to O2.
56

 Au atoms having direct bonding with O2 on the diatomic 

rows are substantially more oxidized than those on the stepped (310) surface. 

For instance, for the most stable configuration of Figure 7.1a, O-atoms are 
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reduced by 0.53e and 0.32e and the Au atoms are oxidized by 0.23e. However, 

for the most favorable configuration on (310), O-atoms gained a charge of 

0.20e merely, with a loss of charge on the relevant Au atoms only up to 0.13e. 

Hence we conclude that the strength of the O2 binding to Au strongly depends 

upon that structure of Au which is capable of donating charge to the anti-

bonding 2π* orbitals of O2. The charge transfer weakens the O-O bond and 

consequently the bond elongates. 

 

 

Eads =     -0.24 eV

dAu-Au(a) = 3.33 Å

dAu-Au(b) = 2.96 Å

dAu-O =       2.16 Å

dO-O =       1.34 Å

Eads =     -0.32 eV

dAu-Au(a) = 2.95 Å

dAu-Au(b) = 3.08 Å

dAu-O =       2.26 Å

dO-O =       1.31 Å

Eads =     -0.30 eV

dAu-Au(a) = 3.13 Å

dAu-Au(b) = 3.03 Å

dAu-O =       2.29 Å

dO-O =       1.44 Å

a

b

Eads =     -0.52 eV

dAu-Au(a) = 3.14 Å

dAu-Au(b) = 3.11 Å

dAu-O =      2.26 Å

dO-O =      1.44 Å

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

 

Figure 7.1. Top view of adsorption of O2 on diatomic rows on Au(100). The 

adsorption energies and geometrical parameters for each case are indicated. 

The dAu-Au(a) and –(b) indicate the nearest neighbor distances of top most Au 

atoms along vectors a and b. Distances between Au atoms involved in bonding 

and O are denoted by dAu-o .  

 

Xu and Mavrikakis
33

 have studied adsorption and dissociation of O2 on the 

(111) and (211) surfaces of Au (GGA=PW91). They found no adsorption on 

(111) but observed weak interaction (-0.15 eV) on the stepped surface with O2 

in a top-bride-top configuration at the step. An adsorption energy of -0.12 eV 

was reported in an earlier paper by Mavrikakis et al.
57

 for O2 Au(211) with the 

molecular O-O axis parallel to the surface. Again, no adsorption was found on 

Au (111). Fajin et al.
58

 have recently investigated the adsorption of O2 on 

Au(321) in detail (GGA=PW91). The highest Eads (-0.17 eV) occurred with O2 

on the bridge site. A value of < -0.05 eV is reported on Au(221) (GGA=PBE).
14

 

A recent experimental study also reports a weak interaction of O2 with 

Au(111).
59

 Experimental results for the diatomic rows of Figure 7.1 are not 
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available. We will therefore compare our results with those of Roldan et al.,
41,42

 

who reported the O2 adsorption energies in the range of -0.19 to - 0.91 eV on 

Aun (n = 25, 38, 55 and 79) clusters. Au38 had the  highest Eads for O2 and was 

found to dissociate O2 with a small activation barrier of 0.46 eV
41  

 

 

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

22 2

1 1

2

3
3

Eads = -0.19 eV

dO-2 =  2.16 Å

dO-3 =  2.20 Å

dO-O=  1.33 Å

Eads = +0.33 eV

dO-2 =  2.34 Å

dO-3 =  2.58 Å

dO-O=  1.36 Å

Eads = -0.17 eV

dO-1  = 2.31 Å

dO-2  = 2.31 Å

dO-O = 1.30 Å

Eads = +0.10 eV

dO-1 = 2.55 Å

dO-2 = 2.56 Å

dO-O = 1.36 Å
 

Figure 7.2. Top view of O2 adsorption on Au(310) in different geometries, 

along with adsorption energies and structural parameters.  

 

Roldan et al. also investigated the effect of exchange-correlation functional on 

the adsorption and dissociation energy of O2.
42

 Values calculated using PW91 

were larger than the PBE by roughly 0.20 eV, however, the effect of changing 

the functional on the activation barriers is smaller. Overestimation of about 

0.30 eV in binding of O2 to gold clusters employing GGA=PW91 has been 

reported in previous works as well.
60,61 

An agreement with the active site on diatomic rows is observed for O2 

dissociation on Au38.
41

  

7.3.1.2 Adsorption of atomic oxygen (O) 

All surfaces were used to examine the adsorption of atomic O. Details of the 

adsorption energies and geometries are given in the Appendix B (Table 7.1s). 

Calculated energies fall between -1.9 and -3.50 eV, depending upon the surface 

structure and the binding position. Adsorption on the diatomic rows yields the 

strongest bonds for adsorbed O-atoms. The highest value of -3.49 eV was found 

for the bridge position across the row (along vector a), while adsorption is 

slightly lower (-3.42 eV) for the hollow configuration.  
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On the Au (310), the long bridge yields the highest adsorption energy (-3.32 

eV) while the lowest value (-1.9 eV) was computed for O on the top position of 

the (100).  

Adsorption energies of -2.47 to -2.71 eV for O on the fcc hollow site of 

Au(111) have been reported in literature.
14,62,63

 Energies reported by Liu et al.
14

 

(GGA=PBE) on the step bridge site of Au(221) and Au(211) are -2.91 and -

3.09 eV, respectively. Fajin et. al.
58

 (GGA=PW91) reported -3.30 eV for O on 

the most stable sites of Au(321). All these values are in good agreement with 

our results.  

The high adsorption energies of O-atoms on and near steps clearly demonstrate 

how Au atoms of low coordination are more active. Again, the strongest 

adsorption of O-atoms is on the diatomic rows. For comparison we note 

however that the highest adsorption energy on this corrugated Au surface (-3.5 

eV) is still ~ 0.50 eV lower than that on the least reactive surface of platinum, 

(4.00 ~ 4.30 eV for O/Pt(111)), where the O2 is experimentally seen to 

dissociate. 
14

 

7.3.1.3 Co-adsorption of two O atoms 

In preparation of investigating the dissociation of O2, several combinations of 2 

O-atoms per unit cell have been calculated first. The most favorable co-

adsorption configuration is found on the diatomic row as shown in Figure 7.3a. 

This configuration is almost energy neutral (0.14 eV endothermic) with respect 

to O2 adsorbed molecules, and the adsorption energy is 3.32 eV per oxygen 

atom with respect to gas phase atomic oxygen. This arrangement is slightly 

(0.34 eV) repulsive if compared with infinitely distant O-atoms. The co-

adsorption on the hollow positions is significantly less favorable (-5.58 eV or -

2.79 eV per O atom).  

The system exhibiting the most coordinatively unsaturated Au atom in our 

study, namely the Au(Au(100) system, also furnishes a relatively stable 

coadsorption geometry for two O-atoms, see Figure 7.3b. Here the two O atoms 

reside in three-fold hollow sites on both sides of the adatom. However, 

molecular adsorption was unfavorable on this site. On Au(100) co-adsorption 

on cis-bridge sites (-5.92 eV) is favored over the cis-hollow configuration, but 

the co-adsorption systems are energetically slightly destabilized in comparison 

with adsorbed O2. 
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On Au(310) the two most stable geometries are shown in Fig. 7.3 c and d. In 

the combination shown in Fig. 7.3 (d), co-adsorption energy is 0.30 eV less 

stable as compared with the sum of Eads energies of O when adsorbed at infinite 

separation on these positions (one atom per unit cell). In the other configuration 

shown in Fig. 7.3 (c) these lateral interactions diminish to 0.1 eV.  

We conclude that coadsorption of two O-atoms on the diatomic rows is 

expected to provide the largest thermodynamic driving force for dissociation. 

 

 

Eads(2O) = -6.18 eV
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Figure 7.3. Co-adsorption of O-atoms on a) a diatomic row, b) Au(Au(100) 

and c,d) Au(310). The distances of all the O atoms from their nearest Au atoms 

lie in the range of 2.12-2.19 Å. Eads values have been calculated with respect to 

gas phase atomic O. 

 

7.3.1.4 O2 dissociation 
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Figure 7.4. Adsorption and dissociation of O2 on diatomic rows on Au(100). 
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For O2 to dissociate it is imperative that the transition state for dissociation has 

an energy lower than the activation energy for desorption of the O2. Among the 

surfaces and geometries of adsorbed O2 and the coadsorbed two O-atoms 

considered in this chapter we found only one feasible route for dissociation, 

namely on the diatomic Au rows on Au(100). All other combinations led to 

transition states with activation energies much higher than the O2 heat of 

adsorption. We present an overview of all dissociation pathways in the 

Appendix B. 

Figures 7.1a and 7.3a appear as likely start and end configurations for O2 

dissociation. Both are stable with respect to gas phase oxygen, and the reaction 

is only slightly endothermic (0.14 eV). We calculate a transition state with an 

activation barrier of 0.5 eV, which is almost equal to the activation energy for 

desorption of O2 (0.52 eV), see Figure 7.4.  

In the transition state, which is symmetric, the O-O bond length increases from 

1.44 to to 2.08 Å and each O-atom is at a distance of 2.07 Å from the nearest 

Au atoms. To ascertain whether the above arrangement is a saddle point or a 

local minimum, vibrational analysis was carried out. The TS was characterized 

by a unique imaginary frequency of 265 cm
-1

 and the normal mode analysis 

shows that the O-atoms move in opposite directions. As the activation energy 

for dissociation is almost similar to that for desorption, it is possible that 

dissociation may successfully compete with desorption, and lead to O-atoms on 

the gold surface. 

It is interesting to note that the diatomic row structure has similarity to sites on 

a Au38 cluster used in a recent computational study.
41,42

 This cluster is 

terminated by (111) faces along with 4-atom (100) facets and is predicted to be 

able to dissociate O2. These 4-atom (100) sites bear resemblance to the diatomic 

row structure, which provide the same type of binding geometry for the O2 

molecule.  

The surfaces ((310), (100) and add-atom on (100)) are not able to dissociate O2. 

For details of adsorption energies and the activation barriers, see Appendix B 

(Fig. 7.2s and related text).  

7.3.1.5 CO adsorption 

CO adsorbs very weakly on close-packed surfaces of gold, but when the surface 

contains steps, adsorption energies become appreciable. On Au(310) CO binds 

linearly through the C-atom to the low-coordinated Au atoms at the step yields 
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the highest adsorption energy, namely -0.73 eV. For details we refer to our 

previous work.
64

  

On the diatomic rows CO binds preferentially on bridge sites, with an 

adsorption energy of -0.75 eV. The bridge configuration is a local minimum 

with real frequencies, the CO stretch being at 1890 cm
-1

. The values of Eads are 

on the order of 0.2 eV higher than on the corresponding sites of Au(100).
64

 

Adsorption on the top site (-0.63 eV) has two imaginary modes at 50i, 95i cm
-1

 

and corresponds to a second order saddle point. As the adsorption energies on 

bridge and top sites are very similar, we conclude that the CO molecule will be 

able to diffuse easily on the diatomic rows.  

7.3.1.6 CO oxidation on diatomic rows 
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Figure 7.5. Potential energy diagram for CO oxidation on diatomic row. Top 

(below) and side (above) views for O2 adsorption and dissociation, CO and O 

co-adsorption and CO2 formation are shown. Zero reference corresponds to 

gas phase CO, O2 and clean slab. 

 

The diatomic row may catalyze the CO oxidation reaction as illustrated in 

Figure 7.5. Once CO and O-atoms are coadsorbed on the diatomic row, reaction 

takes place spontaneously with a negligible activation barrier of 0.02 eV. This 

is in agreement with previous work.
9,65

 In the most favorable co-adsorption 

state CO and O are both on bridge positions (see Fig. 7.5) In the transition state 

the carbon atom of CO and O-atom are 2.41 Å apart. This state has one 
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imaginary frequency of 112 cm
-1

, and is a true transition state Two other 

combinations were tried, one with both CO and O on bridge locations along the 

vector b and other with positioning CO on top and O on adjacent bridge. The 

former state is 0.45 eV less stable indicating substantial repulsion and the latter 

pattern leads to the formation of CO2 despite the fact that before starting 

optimization procedure carbon atom of CO and O were placed 1.69 Å apart. 

CO2 formation is highly exothermic (-2.22 eV) and thus thermodynamically 

favorable. As its adsorption energy is very small, it will desorb instantaneously 

upon formation. 

 

7.3.2 CO oxidation via OCOO complex formation and 

decomposition 
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Figure 7.6. Reaction energy profile for CO2 formation on Au(310) via O2 

dissociation (red path) and direct reaction of CO with O2 (blue path) . O2 

dissociation is highly activated but if dissociated O-atoms are available, 

reaction occurs almost spontaneously. Following the direct bi-molecular 

reaction of CO with O2, activation barriers both for OCO-O metastable 

complex formation as well as for its decomposition towards CO2 formation are 

small and thermodynamically favorable. Species within brackets „()‟ are 

coadsorbed and show repulsive interaction. Zero level corresponds to gas 

phase CO, O2 and the clean slab. 
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We have investigated the direct reaction between CO and O2 on (310), and have 

extended this mechanism also to the diatomic row. In Figure 7.6 bimolecular 

and O2 dissociation paths on the (310) surface are compared. A few initial 

configurations for carbon monoxide and molecular oxygen coadsorbed on the 

(310) surface were considered. Knowing that O2 is adsorbed weakly on this 

gold surface, and that CO is preferentially chemisorbed (-0.73 eV) at the top of 

the step,
64

 the selected configurations benefit the higher adsorption energy of 

the latter. In co-adsorption of CO with O2, destabilization occurs depending 

upon the mutual distance. As shown in Figure 7.6, the adsorption energy of co-

adsorbed system for the most favorable configuration is -0.70 eV in agreement 

reported in ref.
9
 One initial configuration in which O2 was placed on bridge at 

step (f-site) led to the formation of a carbonate-like species on the surface, 

which is 0.7 eV more stable than the coadsorbate configuration, see Figure 7.6. 

During its formation, the carbon atom of the CO molecule interacts directly 

with the O-O bond of the O2 molecule, with a transition state characterized by a 

small activation barrier of 0.20 eV and a unique imaginary frequency of 113 

cm
-1

. The structural parameters of the OCO-O complex are in excellent 

agreement with a recent DFT study reported on Au(321) (GGA=PW91).
9
 The 

same species was also proposed on (211) (GGA=PBE),
14

 and (221)
14

 surfaces 

of gold. However, on all these surfaces the activation energies for its formation 

are substantially higher (0.58-0.68 eV) than the barrier of 0.20 eV on the (310) 

surface in our work. However, an even lower barrier of 0.08 eV was calculated 

for OCOO formation on a Au strip supported on ZrO2
65

  

Once formed, the OCOO needs to decompose in CO2 and O, and therefore the 

O-O bond needs to break. This decomposition is energetically favorable and the 

products of this reaction are 2.08 eV more stable than the OCO-O complex. 

The transition state has an O-O bond length of 1.72 Å and a small activation 

energy of 0.25 eV is required for O-O bond cleavage. After reaction, the CO2 

molecule appears at a large distance from the surface indicative of desorption 

and the O-atom is adsorbed at the terrace of the (310) step. Literature reports 

barriers for dissociation of the OCO-O species of 0.33-0.43 eV.
9,65

 The 

remaining O-atoms react with CO almost without barrier (0.04 eV), in 

agreement with other recent investigations.
9,65

 The process is highly exothermic 

(-2.85 eV), in agreement with previous paper reported by Fajin et al.
9
 

While the diatomic rows represent the most reactive Au surface for O2 splitting 

reported thus far, this structure is almost inactive for OCO-O complex 
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formation. The constituent molecules CO and O2 for the complex were placed 

in several co-adsorbed states (see Fig. 7.7). OCO-O compound formation was 

tried by keeping the carbon atom of CO and one O-atom of O2 close enough to 

create a bond but such attempts resulted in movement of the molecules away 

from each other. The configuration of Figure 7.7(d - e) resulted in OCO-O 

species, but the complex is destabilized relative to co-adsorbed CO and O2. 

Thus the diatomic row structure is active enough for O2 dissociation and 

oxidation of CO, but not via the direct reaction between O2 and CO. 

Conversely, on the (310) surface both OCO-O compound formation and 

subsequent O-O bond cleavage are thermodynamically favorable and proceed 

by surmounting small energy barriers of 0.20 and 0.25 eV for the two steps. 

This may imply that on nanoparticles both channels may be operative for 

catalyzing low temperature CO oxidation.  

 

 

(c)
(a)

(b) (d) (e)

Eads= -1.01 eV Eads=  -0.95 eV Eads= -0.60 eV Eads= -0.25 eV
 

Figure 7.7. Co-adsorption of CO and O2 on diatomic row (a-c). Top d) and 

side e) view of OCO-O complex formation. Eads are with respect to gas phase 

CO and O2. 

  

7.4 Conclusions 

CO oxidation has been studied on diatomic rows of Au on Au(100) surfaces as 

well as on stepped Au (310) surfaces using density functional theory. These 

calculations provide a breakthrough in the sense that we identified an extended 

Au surface which is capable of splitting O2. While O2 interacts weakly with low 

index and stepped surfaces, the adsorption energy increases to -0.52 eV on the 

diatomic row structure, on a specific site containing four low coordinated Au 

atoms and the O-O intermolecular axis perpendicular to the rows. The 

adsorption is accompanied by O2 activation, elongating the O-O bond to 1.44 

Å, from 1.24 Å calculated for the gas phase. O2 on the diatomic row can 

dissociate with an activation energy of 0.50 eV, which is on the same order of 
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magnitude as the O2 heat of adsorption on this surface (-0.52 eV). The range of 

activation barriers on other gold surfaces surfaces is more than 1 eV, while the 

heats of O2 adsorption is generally well below 0.5 eV, implying that O2 will 

desorb before it dissociates. In this sense the diatomic rows of Au on the 

Au(100) surface clearly stand apart among all the surfaces reported in the 

literature. Reaction between atomic O and CO on these diatomic rows follows 

with a negligible activation energy of 0.02 eV only. An alternative pathway for 

CO oxidation is the direct reaction between molecular O2 and CO. This reaction 

is not energetically favorable on the diatomic rows, but is very well feasible on 

the stepped Au(310) surface, similarly as has been reported in the literature for 

other stepped surfaces. However, it appears that the Au(310) exhibits the 

potentially highest reactivity among the stepped surfaces, as the barrier for both 

the formation of the OCOO surface intermediate (0.2 eV) and that for the O-O 

bond breaking in this complex (0.25 eV) are the lowest among the stepped Au 

surfaces considered here and in the literature.  

The results in this chapter highlight the importance of sites consisting of Au 

atoms with low coordination, as found on the outer edge of steps such as on the 

Au(310) and the diatomic rows on the Au(100) surface. Both surfaces favor 

different mechanisms for CO oxidation. Hence it appears likely that on gold 

nanoparticles multiple reaction channels operate simultaneously. 
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CHAPTER 8 
 

 

Why the presence of H2 is 

beneficial for CO oxidation over 

Au catalysts in the PrOx reaction  

 

Abstract 

Density functional theory calculations have been carried out to explore the role 

of H2 towards the enhanced CO oxidation activity in PrOx (Preferential 

Oxidation) reaction. Calculations were performed on (100), stepped (310) and 

diatomic rows on (100) surfaces of gold. O2 hydrogenation strongly enhances 

surface-oxygen interactions and assists in scission of the O-O bond. Despite a 

small activation energy required to make the important stable hydroperoxy 

(OOH) reaction intermediate on Au from O2 and H, its presence on Au seems 

nevertheless the result of diffusion from the support. The OOH on Au in turn 

opens many low energy cost channels to produce H2O and CO2, and 

consequently enhances the CO oxidation rate. In competing reaction of CO and 

H for oxidation, CO is selectively oxidized in a H2 atmosphere due to the 

favorable reaction barriers.  
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8.1 Introduction 

The oxidation of carbon monoxide has been studied extensively on gold based 

catalysts since Haruta et al. found a surprisingly high activity of supported Au 

nanoparticles.
1
 The reaction is important as a model process as well as for its 

practical applications like the purification of gases in breathing apparatus, 

engine exhaust gases, or hydrogen for polymer electrolyte membrane fuel cells 

(PEMFCs).  

Automotive exhaust gases are contributors to atmospheric pollution and global 

warming.
2,3

 PEMFCs are potentially an attractive and clean energy source for 

vehicle propulsion and auxiliary power units. However, currently it is not 

practical to store hydrogen in large quantities aboard a vehicle. Hydrogen 

storage and distribution can be avoided by producing hydrogen locally (on-

board) from gasoline, methanol or natural gas via steam-reforming (e. g. 

CH3OH + H2O  CO2 + 3H2) or partial oxidation (e.g. CH3OH + 1/2O2  

CO2+ 2H2) combined with the water-gas shift reaction (CO + H2O  CO2 + 

H2).
3,4

 Unfortunately, both steam reforming and partial oxidation produce a 

considerable amount of CO as a by-product. Traces of CO (>20 ppm) in the 

reformate gas deteriorate the Pt electrode of PEMFCs by CO-poisoning at the 

operating temperature, typically 60-100°C.
5
 The most promising approach to 

remove the trace amounts of CO from H2 is by preferential oxidation of CO 

(PrOx) in the presence of excess H2 or selective catalytic oxidation (SCO) of 

CO.
6,7

 Hence, an efficient PrOx catalyst should have a high activity for CO 

oxidation (to make CO2) as well as a low activity for H2 oxidation (water 

formation is undesired) at PEMFC operating temperatures.
8
 However, these 

requirements are hard to meet because on most of the noble metal catalysts 

hydrogen oxidation is faster than CO oxidation.
4,9

  

For selective CO removal in an H2 stream, supported Au catalysts are 

potentially advantageous over other noble metal catalyst due to their 

extraordinary high activity for CO oxidation as well as their unique property 

that CO oxidation is faster than H2 oxidation in the relevant temperature range 

for fuel cells.
6,8,10

 The significant differences between Au and the platinum 

group metals (PGM) catalysts are the lower adsorption energies of CO and O 

on Au. At higher temperatures the CO coverage becomes small, allowing more 

hydrogen to dissociate and react with oxygen resulting in a decrease in the 

selectivity towards CO2. At low temperatures hydrogen adsorption is blocked 
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by CO (T < 100°C). Hence the selectivity towards CO2 is higher in the 

temperature range relevant for fuel cell applications (~ 80°C).  

Interestingly, CO oxidation is enhanced by the addition of H2 in the feed under 

PrOx conditions.
6,11

 Different mechanisms have been proposed to explain the 

effect of H2 on CO oxidation. Grisel and Nieuwenhuys
6
 observed a pronounced 

effect of H2O and H2 on the reaction rate for CO oxidation even at room 

temperature. The effect was ascribed to a beneficial role of surface OH groups 

in CO oxidation. The promotional effect of H2 on CO oxidation has been 

investigated on a Au/TiO2 catalyst by Piccolo et al. using infrared 

spectroscopy.
11

 They suggested a mechanism that involves an OOH 

(hydroperoxy) intermediates, possibly adsorbed on Au particles. In another 

study various supported Au model catalysts viz. Au/Al2O3, Au/ZrO2 and 

Au/TiO2 in PrOx were used under H2 rich conditions
12

. H2 dissociation was 

proposed to occur on the Au particles. It was further suggested that reaction 

takes place between adsorbed CO and an adsorbed OOH species (or any HxOy 

species). According to another mechanism formate and carbonate species 

formed during the reaction over Au/TiO2 catalyst represent side 

products/inhibitors, but they do not take part in the reaction as reaction 

intermediates. A H2-rich atmosphere was found to inhibit the formation of 

formates.
13

 

In the present theoretical study we have investigated the CO oxidation in the 

presence of H2 on Au surfaces and have addressed the issue how the H2 

facilitates the O2 dissociation to enhance the CO oxidation rate.  

 

8.2 Computational details 

We used the Vienna ab-initio simulation package (VASP),
14

 which performs an 

iterative solution of the Kohn-Sham equations in a plane-wave basis set. Plane-

waves with a kinetic energy below or equal to 400 eV were included in the 

calculations. The exchange-correlation energy was calculated within the 

generalized gradient approximation (GGA) proposed by Perdew and Wang 

(PW91).
15

 The electron-ion interactions for C, O, H and Au atoms were 

described by the projector-augmented wave (PAW) method developed by 

Blöchl.
16

 This is essentially a scheme combining the accuracy of all-electron 

methods and the computational simplicity of the pseudo potential approach.
17
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The relative positions of the Au metal atoms were initially fixed as those in the 

bulk, with an optimized lattice parameter of 4.18 Å (the experimental value is 

4.08 Å).
18

 The optimized lattice parameter was calculated using the face-

centred cubic (fcc) structure  unit cell and its reciprocal space was sampled with 

a (15x15x15) k-point grid generated automatically using the Monkhorst-Pack 

method.
19

 A first-order Methfessel-Paxton smearing-function with a width  0.1 

eV was used to account for fractional occupancies.
20

 Partial geometry 

optimizations were performed including  the RMM-DIIS algorithm.
21

 Geometry 

optimizations were stopped when all the forces were smaller than 0.05 eV/Å. 

Vibrational frequencies for transition states (TS) were calculated within the 

harmonic approximation. The adsorbate-surface coupling was neglected and 

only the Hessian matrix of the adsorbate was calculated.
22

 The climbing-image 

nudged elastic band (cNEB) method
23

 was used in this study to determine 

minimum-energy paths.  

Closed shell CO, CO2 and H2 molecules were optimized at the  point by non-

spin polarized calculations using a 10x10x10 Å
3
 cubic unit cell. Spin-polarized 

calculations in a 10x12x14 Å
3
 orthorhombic unit cell were performed for open 

shell species, H, OH, OOH and O2. Wherever necessary spin polarized 

calculations were done for adsorbed species on gold.  

A 4 layer slab model, with two top most relaxed, was chosen for creation of 

diatomic rows on the Au(100) surface. In fact one top most row of Au atoms 

was removed from the surface along the vector b as shown in Figure 8.2a. The 

Au(100) and Au(310) surfaces were represented within the slab model 

approximation. We used a five-metal layer model having 2 at the top relaxed 

for (100) and 11 layers with top 4 relaxed for (310) with vacuum gap of  >10 Å  

for both the surfaces to separate the periodic slabs. For Au(100) slab, we used a 

p(2x2) unit cell with the reciprocal space sampled with (5x5x1) k-point meshes. 

(3x9x1) k-point meshes were used for sampling the reciprocal space for 

Au(310) p(2x1) unit cell. 

 

8.3 Results 

8.3.1 H2 adsorption and dissociation 

Both molecular and dissociated hydrogen have been considered for a possible 

role in the CO oxidation reaction.  In this section H2 adsorption and dissociation 
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are reported for the Au(100), stepped Au(310) surfaces and diatomic rows on 

Au(100). We have examined the adsorption of H2, both H-H molecular axis 

horizontal (parallel to the surface) as well as perpendicular to the surface. Our 

main conclusion is that H2 adsorption is independent of the surface structure, 

adsorption mode and site preference. The adsorption energy on each site of 

every surface is only -0.02 eV, indicating a very weak interaction and 

consequently the metal to H2 distance is large keeping the H-H bond distance 

essentially equal to that at of free H2 (0.75 Å).  

H-atoms are stable on all the surfaces with varying strength. The highest 

adsorption energy, namely -2.41 eV, is found on the bridge position of diatomic 

rows. Adsorption on the nearby hollow position is only -1.88 eV. The 

adsorption energy of the H-atom decreases to -2.24 and -2.18 eV for bridge 

locations on the (100) and the (310) surfaces, respectively. H is about 0.3 eV 

less stable on hollow and top locations. For further details see Tables in 

Appendix C. 

Co-adsorbed H-atoms have an adsorption energy per hydrogen atom of -2.38, -

2.18 and -2.04 eV on diatomic rows, (100) and (310), respectively, 

demonstrating the minimal effect of lateral interactions between the hydrogen 

atoms on all the studied systems. 

In the next step, dissociation of H2 was studied on these systems. Of course, 

dissociation starting from the molecularly adsorbed state is not expected, but 

the barriers are of interest for the reverse reaction, recombination of 2 H-atoms. 

Gas phase hydrogen continuously collides with the surface and in such cases 

direct dissociation may be feasible if the barrier is not too high.  

On (100), the four fold hollow site with H2 having the axis horizontal and thus 

parallel to the surface was taken as the initial state and two hydrogen atoms 

sitting on bridge sites were taken as the final configuration. The final state is 

energetically higher suggesting an endothermic reaction with a reaction energy 

of +0.21 eV. The dissociation barrier was calculated to be 0.96 eV. The 

transition state was found to be symmetric and the hydrogen atoms were 1.04 Å 

far apart in the transition state. A similar energy barrier of 0.98 eV but with a 

comparatively more endothermic (0.5 eV) reaction was observed on the terrace 

of (310). Therefore, the reverse reaction which is important on gold surfaces 

e.g. for the water gas shift reaction, is both energetically and 
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thermodynamically more favorable on (310) than on (100). In the transition 

state the H atoms are 1.45 Å separated.  

 

 

Initial state

Transition state

Final state

Au(100)

Au(310)

Diatomic row on Au(100)

Reaction coordinate

eV)

 

Figure 8.1. Summary of the results for H2 dissociation is presented. Diatomic 

rows on Au(100) surface offer significantly lower activation barriers.  

Although diatomic rows on (100) surface do not help to adsorb H2, they may 

play an important role for its direct dissociation from the gas phase. The 

activation barrier as shown in Figure 8.1 is markedly decreased to 0.69 eV. This 

barrier suggests that H2 may split on this system below room temperature. The 

previously discussed surfaces were favorable for H2 formation but this surface 

with diatomic rows is thermodynamically favorable for the reverse reaction. 

The product state with two H-atoms on bridge locations is stabilized relative to 

the H2 initial state (over the top) by -0.16 eV. In the transition state two 

participating hydrogen atoms are at 1.41 Å away and its interaction has 

animaginary frequency of 1044 cm
-1

. 



 Why the presence of H2 is beneficial for CO oxidation over the Au catalysts 

 

147 

 

Theoretical studies
 
reported for the interaction of hydrogen with Au are in  

agreement with our results.
5,24-28

 For instance, an Ea of 1.13 eV to dissociate H2 

on Au(111) surface is reported in reference.
5
 Barrio et al. employed PW91 

functional to examine H2 adsorption and dissociation on Au (100), (111) 

surfaces and Au14 and Au29 clusters
26

. They found that the flat surfaces were not 

active (Eads -0.02 eV) towards H2 adsorption. However, spontaneous 

dissociation was predicted on clusters with stabilization energy of -0.30 to -0.40 

eV. A recent DFT study
27

 of adsorption and dissociation of molecular hydrogen 

on single crystal Au(111) and Au(001) surfaces, mono-atomic rows in an 

extended line defect and different Au nanoparticles reveals that the necessary 

and sufficient condition for H2 dissociation is the existence of low coordinated 

Au atoms. These low coordinated Au atoms may be present on nanoparticles or 

at extended line defects. However, single crystal surfaces were not active 

towards H2 adsorption in agreement with our study. Our diatomic row model 

contains an ensemble of four atoms, which help to reduce the activation barrier 

considerably. 

Experimental studies also support the idea that molecular hydrogen adsorption 

does not occur on clean extended surfaces of gold, and that hydrogen 

chemisorption (or dissociative hydrogen adsorption) only occurs on thin non-

sintered gold films
28

 or supported gold nanoparticles.
29

 Therefore, it has been 

proposed that hydrogen reacts and dissociates on low coordinated gold atoms at 

the corners or edges of single crystalline gold nanoparticles.
27,28

 

8.3.1.1 Hydroperoxy formation and decomposition on Au (O2 + H  OOH  

OH + O) 

Hydroperoxy formation has been identified in recent experimental studies on 

the PrOx reaction.
11,30,31

 We considered its formation from the interaction of 

molecular O2 and pre-dissociated hydrogen atoms present on the stepped (310), 

the diatomic rows (100) and the (100) surfaces. Later in this chapter, the 

interaction of molecular hydrogen with molecular oxygen will be discussed.  

Firstly, the OOH formation and dissociation has been examined on the stepped 

(310) surface. Co-adsorption of H and O2 was investigated considering a few 

sets of configurations but here only the most stable one shown in Figure 8.2 has 

been described because energetical differences are trivial. In this arrangement 

of species O2 is placed on its favorite adsorption configuration, the bridge at the 

step, and H on the (100) bridge at the inside step. The adsorption energy of the 
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coadsorbed system is -2.16 eV (the sum of adsorption energies in separate unit 

cells would be -2.18 eV) which indicates that while species are coadsorbed, 

they neither repel nor attract each other for the pattern adopted.  
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Figure 8.2. Reaction profile for CO2 formation in the presence of H on 

Au(310). After OOH formation, two paths have been explored: a) 

decomposition of OOH into O and OH where the former subsequently reacts 

with CO to form CO2 and b) via direct reaction of CO with OOH.  Activation 

energy and reaction energy have been indicated for each elementary step. Zero 

level corresponds to gas phase CO, O2, H and the clean slab. The horizontal 

dashed line indicates the desorption level of O2.  

 

Adsorption of the hydroperoxy (OOH) intermediate was checked at a few 

locations by adding H atom to one O-atom of the O2 molecule. The most stable 

adsorption occurs for the configuration in Figure 8.2 with an adsorption energy 

of -1.0 eV. It is important to note here that addition of H to the O2 molecule 

increases the Au-(O-O) interaction significantly. During the optimization 

procedure, the O2 molecule that is pushed towards (100) bridge at the outer step 

becomes activated and the O-O bond length increases markedly from 1.33 to 

1.47Å. Consequently, the O-O bond becomes weaker, which is important for O2 
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dissociation. In the adsorbed state the O atom in O2 near the gold atom forming 

the step is at a distance of 2.13 Å whereas the second O atom is 2.52 Å away 

from the gold atom on the terrace. The O-H bond length is 0.99 Å. The 

hydroperoxy species is energetically 1.2 eV more stable than its coadsorbed 

constituents O2 and H, making the reaction thermodynamically favorable.  

The transition state has an activation barrier of 0.33 eV and is followed by an 

exothermic (-1.2 eV) reaction. In the transition state the H atom has moved 

from the (100) bridge at the inside step to the (100) top at the terrace, and 

simultaneously the O-O bond length shortens to 1.31 Å. The O2 molecule 

slightly shifts in the direction opposite to the approaching way of H. The O-H 

bond separation is 2.53 Å. The transition state looks like the initial one because 

the reactants remain close to their initial positions. 

To discern the O-OH bond scission barrier, co-adsorption of O and OH has 

been studied on different locations of this surface. For the preferred case on the 

(310), OH occupies its most favored position on the bridge at the step while O 

is on a four fold (100) hollow (Fig. 8.2 ) on the terrace. An adsorption energy of 

-4.97 eV for the co-adsorbed system was found calculated with respect to gas 

phase values of OH and atomic O; this is ~ 0.40 eV less than if the adsorbates 

were at infinite separation. This shows the presence of weak repulsive 

interactions and suggests that the adsorbates will further move away to relieve 

the repulsion. OH adsorption (bond length 0.98 Å) is tilted where the H atom is 

pointing towards the bottom of the step as shown in Fig. 8.2 and the O-atom of 

OH is at a distance of 2.38 and 2.29 Å from the nearest gold atoms forming the 

step. The dissociated O-atom occupies a position slightly pushed away from its 

symmetrical position at (100) hollow towards the bottom of the step. An 

activation barrier of 0.50 eV is required to break the O-O bond and the reaction 

products are stabilized by 0.21 eV suggesting a slightly exothermic reaction. In 

the transition state OH remains tilted and is bonded to the top position at the 

step and O is bridge-bonded at the (100) outer step. It is worth mentioning here 

that the barrier to dissociate O2 with the assistance of H has been reduced to 

less than one half of that found without the introduction of H2 on the (310) 

(Chapter 7). This is an important consequence of H2 induction which will 

increase the rate of the PrOx reaction. The O produced can easily be removed 

by CO to form CO2 and OH can be reduced to produce water or can react with 

another OH to provide water and O. 
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Secondly, several co-adsorbed (O2 and H) configurations were investigated on 

the diatomic row structure on Au(100). Adsorption energies fall between -2.12 

and -2.73 eV (reference is gas phase O2 and H). The preferred configuration 

consists of O2 on the hollow and H on the bridge (Fig. 8.3a). The co-adsorbed 

system exhibits 0.30 eV repulsion with respect to the adsorbates at infinite 

separation. 
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Figure 8.3. Potential energy diagram for hydroperoxy formation and 

decomposition on diatomic rows on the Au (100) surface. The horizontal 

dashed line shows the desorption level of O2. Zero energy corresponds to gas 

phase O2, atomic hydrogen and the empty slab.  

 

The adsorption energy of the intermediate product OOH varies slightly when 

adsorbed on different positions. The preferred configuration is with the O-O 

axis perpendicular to the row at the hollow site (Eads = -1.09 eV with respect to 

gas phase OOH; Fig. 8.3d). The bridged bonded OOH as shown in Figure 8.3f 

is 0.13 eV less stable relative to the preferred arrangement. The OOH formation 

for these two configurations has been studied starting from the co-adsorption 

arrangements of O2 and H shown in Figure 8.3a and c. The minimum energy 

path (blue) corresponding to the most stable co-adsorption configuration, 
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requires a barrier of 0.63 eV to form OOH. In the transition state (Fig. 8.3b) the 

hydrogen atom moves from the bridge to top pushing nearby O-atom slightly 

backward and O-H distance is 2.1 Å. The product state is stabilized by -0.73 eV 

relative to the co-adsorbed configuration. The transition state is characterized 

by one unique imaginary frequency of 468 cm
-1

.  

As an alternative, we examined another route (red) from the situation depicted 

in Fig. 8.3c. This configuration is less favorable by 0.35 eV compared to the 

most stable one discussed above. However, the activation barrier is smaller, 

0.27 eV. The total activation energy (0.35 + 0.27 = 0.62) is similar in both 

cases. In the transition state H approaches the top configuration pushing O2 

slightly backward and the O-atom near to the H moves up (see Figure 8.3e). 

The distance between O and H is 2.63 Å. The transition state character of this 

complex has been confirmed by an imaginary frequency of 287cm
-1

.  

The OOH decomposes readily into hydroxyl group and active oxygen, which is 

spontaneously consumed by CO to produce CO2. The co-adsorbed OH + O 

product has an adsorption energy of -5.98 eV on the positions shown in Figure 

8.3h demonstrating a weak repulsive interaction, because the sum of adsorption 

energies of OH and O in separate unit cells is -6.12 eV. However, the co-

adsorption exhibits attractive interactions if the H is facing (opposite to the 

direction shown in Fig. 8.3h) towards O by 0.12 eV.  The activation barrier for 

decomposition is negligibly small (0.07 eV) as predicted by NEB calculations. 

Both OOH formation and decomposition are thermodynamically favorable 

processes. The amount of exothermicity is indicated in each case in Fig. 8.3.  

Finally, for comparison and to determine whether an ensemble of Au atoms of 

higher coordination is able to decompose OOH, the process has been repeated 

on the (100) surface. Here the most stable configuration as shown in Figure 

8.4a is less stable by 0.36 eV if compared with the diatomic rows on Au(100). 

However, the co-adsobates neither repel nor attract each other. An activation 

barrier of 0.42 eV is needed for the OOH formation, which is lower than that 

for the diatomic row structure. On the other hand, for the OOH dissociation a 

slightly higher activation barrier of 0.24 eV is predicted, but O-O bond scission 

of OOH takes place on similar sites (see Figs. 8.4e and 8.3g). The OOH 

preferably occupies hollow positions on both surfaces. The Eads of the OOH 

fragment decreases by 0.17 eV on (100) if compared to the diatomic row 

structure and a similar difference can be noted in the exothermicity towards the 

final products OH and O (see Fig. 8.3 and 8.4). The co-adsorption energy of 
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OH and O configuration as depicted in Figure 8.4f is -5.74 eV, which reflects a 

significant (0.53 eV) attractive interaction. 

Activation energies (0.33, 0.62 and 0.42 eV) for the OOH formation on the 

stepped (310), diatomic rows as well as on the (100) surfaces are small and the 

reaction is thermodynamically favorable. However, these barriers are 

competitive with desorption of O2. In each case the activation energy is slightly 

higher than the adsorption energy of O2. Although these differences are within 

the error limit of DFT, the possibility of this reaction to happen is limited. 

Practically, O2 is expected to desorb before OOH formation can happen on the 

studied surfaces. Once formed, further chemistry is very well possible, as 

decomposition of the OOH is energetically favorable on all the three surfaces. 

However, this decomposition is easier on the more compact (100) than on the 

stepped (310) surface. The lower barrier on Au(100) might be due to the nature 

of the site (hollow) constituted by four Au atoms on the (100) and on the 

diatomic row on (100) (see Figure 8.3 and 8.4). Therefore, it is important to 

consider the role of the support in the supply of OOH fragments. 
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Figure 8.4. Potential energy diagram for hydroperoxy formation and 

decomposition on the Au(100) surface. The horizontal dashed line shows the 

desorption level of O2. Zero level corresponds to gas phase O2, atomic 

hydrogen and the clean slab. 
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8.3.1.2 The role of reducible support for OOH formation 

Another route for enabling the presence of OOH on the Au surface is possible 

via spillover of OOH from the support to Au as discussed in Chapter 6.
32

 H2 

can dissociate on Au; the adsorption energy of atomic hydrogen, -2.41 eV on 

the diatomic rows on Au(100), is lower than that on TiO2(001) (-3.15 eV). This 

difference in adsorption energies may cause H to diffuse from Au to the support 

where it stabilizes O2 that may react with H to make OOH when an extra H-

atom is present in its vicinity.
32

 After its formation the OOH may diffuse to the 

Au. On the clean TiO2 (001), the adsorption energy of OOH is -0.59 eV,
32

 

which is lower than on the Au surfaces (-0.96 to -1.09 eV). This provides a 

thermodynamic driving force for migration of OOH from the support to the 

gold. 

8.3.1.3 Reaction between molecular oxygen and hydrogen (O2 + H2  OH + 

OH) 

The possibility of a direct bi-molecular reaction of H2 with O2 was also 

considered on Au(310). Aim of this investigation was to evade the requirement 

of H2 pre-dissociation on gold. The very small adsorption energy (-0.19 eV) of 

co-adsorbed O2 and H2 reveals the minimal interaction between these molecules 

and of the molecules with the surface at the adsorbed positions. A high 

activation barrier of 2.05 eV is required for the direct reaction between the two 

molecules. The final state is highly stabilized with an exothermicity of -2.83 

eV. As the molecules surmount the barrier, both molecules dissociate 

immediately forming two OH species. In the transition state taking place at the 

step, two H atoms are symmetrically 1.46 Å distant from the two O atoms and 

simultaneously the bond lengths of H2 and O2 increase from 0.75 to 0.95 Å and 

1.33 to 1.54 Å, respectively. However, this reaction path is not energetically 

favorable and is unlikely to happen. The reactants will desorb before they have 

the chance to react with each other.  

8.3.1.4 Reaction between CO and OOH (CO + OOH  CO2 + OH) 

We have examined direct coupling of CO with the hydroperoxy intermediate as 

a route to CO oxidation. Co-adsorption of OOH and CO was investigated by 

keeping OOH near the bridge at the step and CO positioned on (100) bridge at 

the inside step as shown in Fig. 8.2 (blue path). In the co-adsorbed state the 

adsorption energy of the system is -1.31 eV with reference to gas phase CO and 
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OOH. In this state the C atom of CO is 2.92 Å from the nearest O atom of 

OOH. 

A moderate barrier of 0.50 eV for reaction of CO with OOH is required. In the 

transition state shown in Figure 8.2, the CO molecule has moved to a four fold 

(100) hollow site on the terrace whereas the OOH complex is slightly pushed 

away from the approaching CO, resulting in O-O bond compression from 1.48 

to 1.44 Å. The carbon atom of CO is 2.71 Å away from the nearest O atom in 

the transition state. From this point, the optimization process does not yield a 

bicarbonate (HOOCO) complex; instead it dissociates immediately into OH and 

CO2, leaving OH bound to the gold atom at the step and CO2 at a large distance 

from the surface as shown in Fig. 8.2. The dissociative adsorption of HOOCO 

is thermodynamically a highly exothermic process where the final state (OH + 

CO2) is 3.71 eV more stable in energy than coadsorbed CO + OOH. This result 

indicates that the O-O bond of O2 when weakened by interaction with H, 

immediately breaks as CO approaches complex. Hence, bicarbonate 

compounds are not formed on the surface. This is another highly 

thermodynamically favorable channel which requires only 0.50 eV for CO 

oxidation, causing a rate enhancement. Here again, H plays an important role in 

the O-O bond scission for the subsequent CO oxidation reaction. 

 

8.3.2 Hydrogen peroxide formation (HOOH) 

Thus far we have seen the effect of a single H atom attached to one O atom. To 

elaborate the effect of two H atoms attached to two O atoms of O2 molecule, we 

started by attaching another H atom to the already optimized structure of OOH. 

We were interested in the formation of O2H2. During the optimization process 

the O2 molecule dissociates into two hydroxyl groups (OHs) which move away 

from each other, lowering the system in energy towards more stable state. As a 

consequence of this spontaneous process, in the final product state one OH 

group is bound in tilted mode at an off top position to the gold atom forming 

the step, with the H atom pointing towards the upper terrace. The other OH 

group binds almost symmetrically on the (100) bridge at the outer step with the 

O-H bond axis roughly perpendicular to the surface. In this way, two OH 

groups make a configuration favorable for their mutual reaction (we discuss 

this later) for the production of H2O and O. The two O atoms are 3.44 Å apart 

in the final state. The energy released during this exothermic process, calculated 
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with respect to the gas phase values of the OH, is -3.89 eV. This route for 

dissociation of molecular oxygen is the cheapest one as it requires no energy, 

but it does not directly produce CO2 or O. 

 

8.3.3 Water formation on Au 

8.3.3.1 OH formation (O + H  OH) 

O-H bond breaking on the Au surfaces is quite difficult but on the other hand 

the reverse reaction is straightforward and thermodynamically favorable. A few 

coadsorption configurations were chosen to optimize. In the most stable state O 

is adsorbed on the bridge at the step and H occupies the (100) bridge at the 

inside step position (Fig. 8.5). The adsorption energy of -5.49 eV is slightly 

higher (-0.03 eV) than for the case with these atoms adsorbed at infinite 

separations on these positions, thus showing a negligible attraction. This energy 

is -0.9 eV more negative than reported in reference
8
 on Au(111). The product 

OH state is 1.62 eV more stabilized than the O+H coadsorbed state making the 

reaction exothermic. In the transition state H has covered a larger distance from 

its initial position and is bound to the Au atom at the step as shown in Fig. 8.5.  
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Figure 8.5. Water formation on the Au(310) surface from adsorbed O and H. 

Zero energy corresponds to gas phase O, H and the clean slab. 
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The O-atom is slightly pushed towards the (100) bridge at the outer step, having 

a symmetrical 2.1 Å distance from the gold atoms forming this site and 1.87 Å 

apart from the approaching H. The transition state lies energetically 0.19 eV 

above its initial state with a unique imaginary frequency of 553i cm
-1

. A high 

barrier of 0.90 eV is reported for this step on the close packed Au(111) surface 

by Mavrikakis and coworkers
8
 using GGA-PW91 exchange correlation 

functional. 

8.3.3.2 OH + H  H2O 

It has been established in the previous sections that the lower energy paths 

studied for PrOx involving O2 activation produce OH species. Once H and OH 

species are present on the surface, they can react to produce water. For the most 

favorable case in the co-adsorption state, OH is bound to the bridge at the step 

having its O-H axis roughly perpendicular to the surface and the O-atom of OH 

sits symmetrically between the gold atoms forming the step; its distance from 

both near gold atoms is 2.46 Å. The H atom binds symmetrically at the (100) 

bridge at the inside step with a distance from the gold atoms equal to 1.76 Å. 

The co-adsorbed system has an adsorption energy of -4.44 eV calculated with 

respect to the gas phase values of OH and H. If compared with the adsorption 

energies of OH and H when these are at infinite separation, we do not find any 

attractive or repulsive interaction between the adsorbates. The product of the 

reaction, water, is 1.1 eV thermodynamically more stable than its reactants. A 

small activation barrier of 0.24 eV is needed to form it. On the other hand, 

dissociation of water on Au surfaces is very difficult. In the final product state 

water binds very weakly (-0.08 eV) at the step, but it can diffuse to the most 

stable (-0.23 eV) adsorption configuration on the top at the step. Water interacts 

very weakly with gold and may desorb at a temperature as low as 100 K. 

During the PrOx reaction the presence of H2O has been observed in a recent in 

situ  infrared spectroscopy.
11

 In the presence of CO on the surface, CO will 

preferentially be oxidized to CO2 in comparison with H oxidation because 

former needs a lower barrier of 0.04 eV to proceed.
32

 

8.3.3.3 Disproportionation of OHs (OH + OH  H2O + O) 

From the previous results, it is obvious that production of OH groups on the 

Au(310) by direct reaction of O2 with H2 is impossible. However, OOH 

decomposition into OH and O and/or reaction of H with OOH provides OH on 

the Au. These OH groups are reactive on Au and they either disproportionate 
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into H2O and an O-atom or may react with CO as discussed in our previous 

Chapter 6. The subsequent reaction for CO2 formation (from CO and O) 

follows almost spontaneously. 

 

8.4 Discussion 

A promotional effect of H2 on CO oxidation over supported Au catalysts has 

been observed in experimental studies.
11,33

 However, this effect is not 

understood and, hence, an important issue in PrOx is to investigate a feasible 

mechanism, which explains how H2 is involved and how it increases the CO 

oxidation rate. The presence of OH and OOH have been observed on Au 

catalysts under PrOx conditions in various investigations.
11,30,31

 In an infrared 

spectroscopy study the presence of hydroxyl groups and hydroperoxy adsorbed 

on Au has been reported.
28

 Based on these observations Piccolo et al.
28

 have 

proposed that during PrOx the formation of CO2 may result following the 

mechanism: 

CO* + OOH*  HCO3*  CO2* + OH* CO2 + OH* 

We have examined the formation of OH and OOH on the stepped (310) and 

diatomic rows model and (100) surfaces of gold. Based on our calculations and 

literature results, it can be concluded that H2 does not dissociate on low index 

and stepped surfaces but low coordinated Au atoms present on clusters can 

probably activate H2  readily.
26-29

 For instance, our Au(100) with diatomic rows 

model requires a considerably lower energy (0.69 eV) for H2 dissociation. A 

direct reaction of H2 from the gas phase to H-atoms on the surface seems 

therefore not impossible. Once H-atoms are present on the surfaces, hydroxyl 

and hydroperoxy species may be formed.  Activation barriers are 0.33, 0.62 and 

0.42 eV for the OOH formation and 0.50, 0.07 and 0.24 eV for decomposition 

into OH and O on the (310),  diatomic rows and the (100) surfaces, 

respectively. Despite the small activation barriers, chances of the OOH 

formation on our chosen models are limited because the respective adsorption 

energies of -0.17, -0.52 and -0.12 eV corresponding to above mentioned 

activation barriers are lower. An alternative and energetically feasible route for 

OOH on Au is its spillover from the support.
32

 

The OOH and OH on the Au surfaces are reactive species on Au catalysts and 

enhance the CO oxidation rate in various ways. For example: CO may react 

with OOH to form CO2 and OH by surpassing a moderate barrier of 0.50 eV in 
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agreement with experimental work.
28

 This step is highly exothermic (-3.71 eV). 

Our calculations predict that OCOOH is not stable on the (310) surface which 

negates the formation of bicarbonates on the surface. OH groups may 

disproportionate into water and O-atoms, which are readily consumed by CO. 

OH and CO may also react to form COOH which may give CO2 and H or in 

turn react with another OH spontaneously to generate water and carbon dioxide 

as discussed in Chapter 6. 

Hydrogen-peroxide formation was examined by adding H to OOH. But during 

the optimization procedure the O-O bond scission takes place producing two 

OH groups on the (310) surface releasing energy equivalent to -3.89 eV.  

Simultaneous presence of H, O, CO and OH species on the surface may lead to 

competition between CO and H oxidation. According to our model, CO 

oxidation is preferred over H oxidation owing to a lower barrier and high 

exothermicity and the order of preference is CO oxidation (Ea 0.04 eV) > OHs 

disproportionation (Ea 0.10 eV) > H oxidation (Ea 0.2 and 0.23 eV). This 

observation is supported by a DFT study performed on Au(111) surface by 

Mavrikakis and coworkers.
8
 However, the concentration of the species on the 

surface may alter the situation and water is also formed as observed in a 

number of studies under PrOx conditions which in turn also promotes CO 

oxidation.
11,34-40

  

Hence, introduction of H2 in a CO + O2 mixture opens several channels which 

cause O2 to hydrogenate and dissociate easily providing O for CO oxidation. 

The most important reactive intermediates are the hydroperoxy and OH species 

which in our opinion are responsible for the enhanced CO oxidation rate. 

 

8.5 Conclusions 

The mechanism and kinetics of CO oxidation in PrOx over the Au surfaces 

have been investigated using DFT. The effect of H2 addition has also been 

explored. Our main conclusions are: 

Direct bi-molecular reactions between O2 and H2 cannot take place because it 

demands a high activation barrier of 2.05 eV. Therefore, H2 dissociation is 

required for the PrOx reaction. Au systems containing low coordinated Au 

atoms are capable of dissociating H2 below room temperature. 
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The OOH formation on the (100),  the diatomic rows on (100) and the (310) 

surfaces seems difficult because of respective activation barriers of 0.42, 0.62 

and 0.33 eV on these surfaces which are slightly above the corresponding O2 

adsorption energies of -0.12, -0.52 and -0.17 eV. Alternatively, hydroperoxy 

intermediates may migrate from the support (TiO2 (001) to Au particles.  The 

OOH on the support is formed as a consequence of reaction of O2 with H 

(spilled over from Au). 

The OOH on Au dissociates easily giving active oxygen for CO oxidation. 

Alternatively, it may react with CO giving OH and CO2 or it may react with 

another H to produce two OHs, which may disproportionate into H2O and O. 

For all these processes the activation barrier ranges from 0.0 to 0.50 eV. 

Consequently, O2 dissociation after hydrogenation occurs easily and the CO 

oxidation rate is enhanced. Formation of COOH and decomposition towards 

CO2 by reaction with OH is also a favorable process.  

The CO oxidation competes with H oxidation. The process of CO oxidation 

occurs preferential to Hydrogen oxidation as it requires a lower energy barrier 

(0.02-0.04 eV) than hydrogen oxidation (0.20 for OH and 0.24 eV for water 

formation). Hence, CO can selectively be oxidized in a hydrogen atmosphere. 
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CHAPTER 9

 

Summary, general conclusions 

and future prospects 

 

Surface models of gold 
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Au(310) top (above) and 

side (below) view

(110)

Additional Au atom on 

Au(100)  top (above) and 

side (below) view

 
Figure 9.1. Top and side view of the top layers of the various Au surfaces used 

in this thesis. 
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9.1 Summary 

Although the catalytic properties of Pt were already discovered by Faraday in 

1835, and soon after also those of other transition metals and their oxides, it has 

until recently been widely believed that gold is too inert to catalyze chemical 

reactions. In 1987, Masatake Haruta in Japan reported that gold‟s noble 

character seems to disappear if it is present in the form of particles with a size 

in the nanometer range
1
. Haruta found that Au nanoparticles supported on 

transition metal oxides can be exceptionally active catalysts for oxidation 

reactions at relatively low temperatures. However, what it is that makes gold, 

being inert in the bulk form, active in the nano crystalline state, is still an open 

question. Key challenges to understand are the particle size effect, the role of 

supports and the nature of the active sites at the surface of the particles.  

The reactivity of Au/TiO2 catalysts as well as reaction mechanisms for CO 

oxidation, water gas shift reaction (WGSR) and preferential oxidation of CO 

(PrOx) have been studied in this thesis. Density Functional Theory has been 

used to calculate the energetical, geometrical and vibrational properties of the 

adsorbates as well as minimum energy paths for the reactions on the different 

surfaces. To explore the nature of active sites, a decrease in the coordination of 

gold atoms and bi-functional behavior between metal and support have been 

considered as the major factors of importance. 

To investigate the effect of structure and coordinative saturation of the Au 

atoms on reactivity, a series of different surfaces has been used, such as the 

standard low index faces (111), (100), (110), and the stepped (310), which has 

low coordination atoms at the step. In addition two structures with maximally 

uncoordinated atoms were considered, consisting of a single additional Au 

atom on the (100) surface, and a structure with ensembles of uncoordinated 

atoms, namely the diatomic row on the (100) face. Since all these surfaces 

contain Au atoms with varying coordination numbers (9 to 4), calculations on 

these give us insight into the reactivity of sites present on nanoparticles.  

To include the effect of an oxidic support, the anatase TiO2 (001) surface was 

used. This surface is partially reducible and highly reactive and can be 

envisioned to take part in the chemistry, which the calculations indeed 

confirmed.  

In Chapter 4, the effect of a decreasing coordination number of the Au surface 

atoms towards the adsorption properties of small molecules NO and CO has 



Summary, general conclusions and future prospects 

165 

 

been described in detail. It was found that these molecules have chemisorption 

energies between -0.4 and -0.9 eV on gold surfaces, provided the Au atoms are 

significantly less coordinated than on the close packed (111) surface. The 

adsorption energy of CO decreases in the order Au/Au(100) > Au(310) > 

Au(110) ≈ Au(100) > Au(111), and a similar trend is followed by the NO 

adsorption energies. CO linearly coordinated to the atoms at step edges or 

isolated adatoms on terraces exhibit the strongest interaction. A slight decrease 

in adsorption energies at increased coverage is predicted due to lateral 

interactions. These results confirm that the catalytic activity of small gold 

particles with diameters of a few nanometers can indeed be attributed to the 

presence of low coordinated gold atoms. However, this is not the only 

important factor. 

In order to enable water gas shift and CO oxidation reactions, none of the 

previously mentioned surfaces is able to chemisorb and dissociate water and 

O2. Therefore, the role of anatase TiO2(001) was explored as an active surface 

towards the chemistry of oxygen and hydrogen containing species (Chapters 5 

and 6). It was concluded that the perfect surface had weak interactions with 

molecular hydrogen, while O2 adsorbs even repulsively. The chemisorption 

energy of atomic hydrogen decreases significantly with coverage, while the 

diffusion of H atoms becomes easier. Under these conditions of high coverage, 

the system is relatively less stable and hydrogen atoms are prone towards 

reactions as OOH formation in the presence of O2. O2 binds strongly to the 

anatase surface with H-atoms in its vicinity. Thus facilitated O2 adsorption on 

TiO2 may create an O2 pool for CO oxidation reactions on Au/TiO2 catalysts.  

The anatase (001) surface is capable of dissociating H2O spontaneously (heat of 

adsorption -1.46 eV), creating two non-identical OH groups on the surface 

along with Ti-O bond rupture. Due to the diffusion of one OH, the next OH fills 

the vacancy, leaving H adsorbed on its favorite position, namely in a bridged 

OH group. The diffusion of the dissociation products of H2O, coadsorbed OH + 

H, on the TiO2 surface towards the metal has a substantial barrier in the order of 

1.0 eV, while the energy cost of moving a single hydroxyl to the Au(310) 

surface is about 1.5 eV. This implies that the water gas shift reaction requires 

temperatures on the order of 500 K or more and there may also be a role for 

Au/TiO2 interface. High activation barriers for H2 formation on the support, 2.0 

eV, suggest that H atoms first need to diffuse to the gold, where recombination 

is thermodynamically favorable with a small barrier of 0.48 eV.  
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Two mechanisms were investigated and compared for the CO oxidation on gold 

in the WGSR. In the first, two OH groups disproportionate to form water and 

an adsorbed O-atom, that spontaneously reacts with CO to CO2, which desorbs 

instantaneously. This mechanism also provides an explanation for the 

promoting role of water in the CO oxidation. The second mechanism involves 

the reaction of CO and OH on the Au surface to COOH. In this carboxyl 

mechanism an additional hydroxyl group reacts with the COOH towards CO2 

and H2O. In both cases, the catalytic cycle corresponds to the overall reaction 2 

H2O + CO  H2O + CO2 + H2, where both mechanisms discussed above could 

take place interchangeably.    

Chapter 7 deals with investigations regarding the ability of Au to oxidize CO. 

Two mechanisms, via O2 dissociation and via a bimolecular reaction between 

CO and O2, were examined. The surface consisting of a diatomic row on 

Au(100) comes close to being capable of splitting O2 while other surfaces of 

gold cannot. The dissociation takes place on the diatomic row structure, on a 

specific site containing four low coordinated Au atoms and the O-O 

intermolecular axis perpendicular to the rows. The adsorption is accompanied 

by O2 activation, elongating the O-O bond to 1.44 Å, from 1.24 Å calculated 

for the gas phase. An activation energy of 0.50 eV is needed, which is on the 

same order of magnitude as the O2 heat of adsorption on this surface (-0.52 eV). 

Due to the intrinsic error in DFT concerning overestimation in bond energies, it 

may be that O2 dissociation (if it happens) might be limited.  The range of 

activation barriers on other gold surfaces is more than 1 eV, while the heats of 

O2 adsorption are generally well below 0.5 eV, implying that O2 will desorb 

before it dissociates. In this sense the diatomic rows of Au on the Au(100) 

surface clearly stand apart among all the surfaces reported in the literature. The 

nature of the active site on diatomic row surface resembles the active site found 

on a Au38 cluster where O2 dissociation has been computed as feasible. 

Reaction between atomic O and CO on these diatomic rows follows with a 

negligible activation energy of 0.02 eV.  A direct reaction between molecular 

O2 and CO is not energetically favorable on the diatomic rows, but is feasible 

on the stepped Au(310) surface, similarly as has been reported in the literature 

for other stepped surfaces. However, it appears that the Au(310) exhibits the 

potentially highest reactivity among the stepped surfaces, as the barrier for both 

the formation of the OCOO surface intermediate (0.2 eV) and that for the O-O 

bond breaking in this complex (0.25 eV) are the lowest among the stepped Au 



Summary, general conclusions and future prospects 

167 

 

surfaces considered here and in the literature. Hence it appears likely that on 

gold nanoparticles multiple reaction channels operate simultaneously.  

Chapter 8 highlights the role of H2 for purification of reformate gas for fuel cell 

applications. Au systems containing an ensemble of low coordinated Au atoms 

are capable of dissociating H2 below room temperature, after which H-atoms 

can be involved in the PrOx reaction. The OOH formation on the (100), the 

diatomic rows on (100) and the (310) surfaces seems difficult because the 

respective activation barriers of 0.42, 0.62 and 0.33 eV on these surfaces are 

slightly above the corresponding O2 adsorption energies of -0.12, -0.52 and -

0.17 eV. Alternatively, hydroperoxy intermediate may migrate from the support 

(TiO2 (001) to Au particles.  

The OOH on Au reacts with CO giving OH and CO2, and OOH may react with 

another H to produce two OH groups, which may disproportionate into H2O 

and O, or decompose into O and OH. For all these processes activation barriers 

range from 0.0 to 0.50 eV. Consequently, O2 dissociation after hydrogenation 

occurs easily and the CO oxidation rate is enhanced. The CO oxidation 

competes with H oxidation. CO oxidation occurs preferential to H-oxidation, as 

the former faces lower energy barriers (0.02-0.04 eV) than the latter (0.20 for 

OH and 0.24 eV for water formation). Hence, CO can selectively be oxidized in 

the hydrogen atmosphere. 

 

9.2 General conclusions 

The effect of increasing degree of coordinative unsaturation of gold atoms to 

which molecules bind has been explored in detail. Adsorption energies, 

geometrical and vibrational properties of CO and NO on gold (111), (100), 

(110), (310) and additional Au atom on (100), with Au atoms having 

coordination numbers in the range of 9 to 4 have been examined. 

Coordinatively unsaturated atoms bind with considerable bond strength to CO 

and NO. However, dissociation of molecules like O2, H2O and H2 is not 

possible, even on single Au atoms of the lowest possible coordination. Specific 

sites and structures (di-atomic rows on (100) in our study) are necessary to 

adsorb and dissociate O2 on Au. Nevertheless, our di-atomic row model 

predicts O2 dissociation only marginally, because of competition with 

desorption. Our conclusion is thus that Au alone cannot catalyze reactions like 
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WGSR and selective catalytic oxidation of CO, etc. Active supports, however, 

can assist gold in the catalysis.  

To understand the role of TiO2 as metal oxide (support), the (001) anatase 

surface has been explored. We found that above mentioned reactions are 

catalyzed by gold-based catalysts due to co-operative effects between the metal 

and the active metal oxide. For instance, in case of the WGSR, OH and H 

which are produced as result of water dissociation on the anatase (001)), are 

proposed to migrate to gold surfaces where H-atoms combine to generate H2 

and OH-groups disproportionate into water and active oxygen, or react with CO 

to form carboxyl. CO bonded to low coordinated Au atoms consumes O-atoms 

spontaneously to produce CO2. In addition, TiO2 in the presence of atomic 

hydrogen, spilled over from Au, serves as capture zone for O2. For purification 

of reformate gas for fuel cell applications, OH and OOH are key intermediates 

to oxidize CO selectively. Based on the comparison between activation barriers, 

Au surfaces are efficient to preferentially oxidize CO as compared with 

hydrogen in the relevant temperature range of fuel cells.  

 

9.3 Adsorption and dissociation of small molecules (CO, 

NO, CO2, O2, H2, H2O) on gold surfaces 

Finally we provide an overview on the behavior of molecules and on the most 

relevant reaction steps on gold.  

CO and NO  These molecules chemisorb on Au surfaces provided they 

contain Au atoms with coordination numbers of eight or 

lower. However, dissociation of these molecules on these 

surfaces is impossible. 

CO2 Interacts very weakly with all studied Au surfaces (Eads 0 to 

-0.06 eV).  

O2  Adsorbs weakly (Eads + 0.33 to -0.19 eV) on all the surfaces 

but chemisorbs on diatomic row structure (Eads -0.52 eV). 

O2 directly dissociates on this surface with activation energy 

of 0.50 eV. However, dissociation competes with 

desorption. O2 adsorbs quite strongly on the anatase 

TiO2(001) in the presence of H atom (s) in the vicinity. 
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H2 Interacts very weakly (Eads -0.02 eV) with all the surfaces. 

The activation barrier for dissociation is high (~ 0.7 eV) and 

dissociation does not seem feasible. However, due to 

collisions of molecule with the ensamble of Au atoms, 

dissociation is achievable and is supported by literature. 

H2O Weakly adsorbs on the Au surfaces. The highest value of 

H2O adsorption corresponds to linearly coordinated water 

on the stepped (310) surface. None of the studied Au 

surfaces can dissociate water completely or partially.  

 

9.4 Reactions catalyzed by Au surfaces 

9.4.1 CO oxidation (2CO + O2  2CO2) 

Au surfaces are able to form CO2 from CO and O-atoms spontaneously. 

However, production of O-atoms from O2 dissociation is not easy. According to 

our DFT calculations only the diatomic row surface would be able to dissociate 

O2, but only marginally. The process may occur by direct bimolecular reaction 

between CO and O2 through OCOO intermediate on Au(310) also. 

9.4.2 Disproportionation of OH (OH + OH  H2O +O) 

We have studied this reaction on Au(310). The reaction takes place readily. 

This is an easy way to produce O-atoms for CO oxidation if OH diffuses onto 

Au from a support. 

9.4.3 Carboxyl formation (CO + OH  COOH) 

This step has been studied on (310). The formation of this intermediate is 

possible by surmounting a very small activation barrier of 0.18 eV. Formation 

of the complex is thermodynamically favorable. 

9.4.4 Oxidation of COOH (COOH + OH  CO2 + H2O) 

Carboxyl on (310) oxidizes to water and carbon dioxide instantaneously subject 

to availability of OH. COOH formation and decomposition are 

thermodynamically favorable. 
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9.4.5 Hydroperoxy formation (O2 + H  OOH) 

Although activation barriers for OOH formation are on the order of 0.3 to 0.4 

eV only, due to the smaller adsorption energy of O2, the latter may desorb 

before OOH forms. OOH formation on the anatase (001) support is 

straightforward, and it may diffuse onto the gold. 

9.4.6 OOH decomposition (OOH  OH + O) 

Au surfaces readily catalyze this reaction. This reaction is spontaneous on (100) 

and diatomic rows but faces a barrier of 0.50 eV on the stepped (310) surface. 

Both OOH formation and dissociation are favorable with respect to 

thermodynamics. 

9.4.7 Water formation (O + H  OH and OH + H  H2O) 

These reaction steps happen easily on (310) by crossing an activation barrier on 

the order of 0.20 eV. However, according to our calculations, if CO is present 

on the surface, then CO2 will be formed selectively, because it happens without 

activation energy. 

9.4.8 Bicarbonate formation (CO + OOH  OCO-OH) 

The bicarbonate complex is not stable on the stepped surface (310) and OOH 

decomposes into CO2 and OH as CO approaches to it after surmounting an 

activation barrier of 0.50 eV. However, bicarbonate intermediate is stable on 

the diatomic row model surface and activation energy of 0.44 eV is needed for 

its formation. The complex decomposes into CO2 and OH with high 

exothermicity and a small barrier of 0.20 eV. 

 

9.5 Future prospects 

With the investigations described in this thesis, progress was made to 

understand the activity of Au/TiO2 catalysts in CO oxidation and related 

reactions using a varity of Au surfaces and a representative metal oxide. There 

are still challenges to tackle to bring a clearer picture to light. We mention a 

few of them below. 

One of the important reasons for slow commercialization of Au based catalysts 

is their rapid deactivation. A number of studies point out that deactivation of 

the Au based catalysts is caused by the production of carbonates, bicarbonates 
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and formates, which block active sites causing the catalyst to die with the 

passage of time. Systematic investigations of the suspected species (e. g. 

adsorption strength and decomposition etc.) on surfaces of Au with varying 

coordination number and on the different support surfaces would be interesting.  

We have investigated adsorption and diffusion of oxygen and hydrogen 

containing species on anatase TiO2(001) (a minority surface) to examine its role 

as an active oxide (Chapter 5). An exploration of these species on the other 

surfaces like (101) and (100) of anatase will give more complete insight into 

the role of the support. Including rutile into the study would be beneficial to 

understand the role of TiO2 as a whole. Also the study of other oxides including 

ceria and the irreducible oxide alumina, two oxides often used in gold catalysis, 

may help to understand the reasons for high activity of Au particles when 

supported on reducible oxides in oxidation reactions.  

In literature it has been widely reported that CO oxidation takes place at the Au 

particle-support interface. The concept of crossover - between support and 

metal (as presented in Chapter 6 and 8) of the species like OH, OOH and H 

based on the difference in adsorption energies of these intermediates - will gain 

support if  different Au clusters supported on TiO2 are studied. It will help to 

understand the preferential regime for occurrence of these reactions. However, 

it demands more computational resources. 

This study can be extended to Au clusters of varying size and shape to get more 

insight into the fundamental issues discussed above on realistic catalysts. 

Investigating alloys like Au-Pd and Au-Cu might be interesting for reactions 

like PrOx, and we can easily continue to extend the list of interesting questions 

and ideas for several more pages. 
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APPENDIX A (CHAPTER 4) 
 

 

DFT study of CO and NO 

adsorption on low index and 

stepped surfaces of gold 

 

Table 4.1s: CO adsorption energy, metal carbon and carbon to oxygen 

distance, and CO frequencies for adsorption on Au(111) 

site 
Eads 

(eV)
a
 

dM-C 

(Å)
b
 

dC-O 

(Å)
c
 

v1
d

 v2 v3 v4 v5 v6 

p(2x2) 

top -0.16 2.058 1.149 2062 255 173 173 48 48 

bridge -0.15 1.481 1.170 1899 322 283 254 162 51 

fcc-hollow -0.16 1.341 1.181 1819 260 260 243 117 117 

hcp-hollow -0.12 1.366 1.178 1836 254 254 232 109 108 

(√3x√3)R30º 

top -0.24 2.233 1.151 2056 254 154 154 52ie 52i 

bridge -0.25 1.466 1.169 1909 320 278 242 150 40 

fcc-hollow -0.15 1.446 1.176 1857 241 236 236 98 98 

hcp-hollow -0.17 1.424 1.175 1867 236 236 225 89 89 

b
 dM-C is the displacement between the gold surface and carbon atom in Å. 

c
 dC-O is the distance between carbon and oxygen atoms. 

d
 ν1 – ν6 are frequencies in cm

-1
. ν1 is CO stretching frequency, one out of ν2-ν6 

is CO metal stretching frequency and remaining are frustrated translations and 

frustrated rotations. Gas phase value of CO stretching frequency calculated 

using VASP is 2130 cm
-1

. 
e
 Letter i with some numbers under frequency columns indicates imaginary 

frequencies. 

All symbols used have same meanings in all the tables except stated otherwise. 
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Table 4.2s: CO adsorption energy, metal carbon and carbon to oxygen 

distance, and CO frequencies for adsorption on Au(100) 

site 
Eads 

(eV) 

dM-C 

(Å) 

dC-O 

(Å) 
v1 v2 v3 v4 v5 v6 

p(2x2) 

top -0.46 2.020 1.150 2064 299 233 233 54 54 

bridge -0.55 1.540 1.168 1898 375 320 249 177 65 

hollow -0.07 1.264 1.180 1812 223 223 156 95i 95i 

c(2x2)          

top -0.43 2.000 1.152 2062 287 172 172 74i 74i 

bridge -0.53 1.480 1.170 1921 352 322 259 165 59 

hollow -0.05 1.380 1.172 1880 195 195 160 131i 131i 

 

 

Table 4.3s: CO adsorption energy, metal carbon and carbon to oxygen 

distance, and CO frequencies for adsorption on Au(110) 

site 
Eads 

(eV) 

dM-C 

(Å) 

dC-O 

(Å) 
v1 v2 v3 v4 v5 v6 

p(2x2) 

top -0.53 2.000 1.150 2060 288 233 213 53 50 

bridge-s -0.58 1.467 1.169 1907 342 301 271 167 61 

bridge-l -0.09 1.323 1.166 1913 253 229 153 119 89i 

½(√3x√3)R55˚ 

top -0.50 2.000 1.151 2059 283 202 168 37 32 

bridge-s -0.58 1.531 1.168 1926 327 280 264 144 34 

bridge-l -0.13 1.282 1.169 1900 275 258 183 134 27i 

p(2x1) 

top -0.53 1.995 1.152 2063 315 222 193 52 36 

bridge-s -0.58 1.480 1.170 1917 337 275 238 165 51 

bridge-l -0.06 1.482 1.160 1966 196 181 141 72i 125i 
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Table 4.4s: CO adsorption energy, metal carbon and carbon to oxygen 

distance, and CO frequencies for adsorption on Au(310) 

site 
Eads 

(eV) 

dM-C 

(Å) 

dC-O 

(Å) 
v1 v2 v3 v4 v5 v6 

p(2x1) 

top at step -0.73 1.98 1.13 2062 330 832 231 165 36 

bridge at step -0.13 1.29 1.15 1922 180 175 123 43 152i 

(110) short 

bridge -0.54 1.50 1.15 1900 346 277 253 166 35i 

(100) top -0.41 2.01 1.15 2047 301 198 189 77 65i 

(100) bridge 

at inside step -0.41 1.48 1.15 1894 345 288 238 168 63 

(100) bridge 

at outer step -0.53 1.45 1.15 1894 332 285 254 170 70 

p(1x2) 

top at step -0.69 1.99 1.13 2063 - - - - - 

bridge at step -0.27 1.24 1.17 1853 - - - - - 

(110) short 

bridge -0.53 1.45 1.16 1883 - - - - - 

(100) top -0.39 2.02 1.13 2056 - - - - - 

(100) bridge 

at inside step -0.40 1.44 1.17 1891 - - - - - 

(100) bridge 

at outer step -0.54 1.44 1.15 1888 - - - - - 

p(1x1) 

top at step -0.69 1.98 1.16 2067 335 739 237 148 50 

bridge at step -0.08 1.37 1.14 1951 179 146 108 73 164i 

(110) short 

bridge 
-0.53 1.79 1.15 1912 361 272 266 162 47i 

(100)top -0.38 2.02 1.11 2055 305 172 169 54i 63i 

(100) bridge 

at inside step 
-0.35 1.53 1.15 1901 356 278 257 173 67 

(100) bridge 

at outer step 
-0.50 1.45 1.15 1902 336 286 253 156 20 

p(2x2) 

top at step -0.71 1.99 1.15 - - - - - - 
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Table 4.5s: CO adsorption energy, metal carbon and carbon to oxygen 

distance, and CO frequencies for adsorption on Au/Au(100) 

site 
Eads 

(eV) 

dM-C 

(Å) 

dC-O 

(Å) 
v1 v2 v3 v4 v5 v6 

p(2x2) 

top -0.88 1.96 1.15 2060 360 218 218 29 29 

p(3x3) 

top -0.89 1.96 1.15 2045 292 229 229 36 36 

 

Table 4.6s: NO adsorption energy, metal nitrogen and nitrogen to oxygen 

distance, and NO frequencies for adsorption on Au(111) 

site 
Eads 

eV) 

dM-N 

(Å)
a
 

dN-O 

(Å)
b
 

v1 v2 v3 v4 v5 v6 

p(2x2) 

top 0.17 2.613 1.163 1839 69 62i 73i 261i 273i 

bridge -0.13 1.607 1.181 1671 403 170 87 39 128i 

fcc-hollow -0.15 1.572 1.189 1629 266 266 110 57 53 

hcp-hollow -0.10 1.594 1.187 1646 257 257 129 30 35 

(√3x√3)R30 

top 0.15 2.597 1.166 1834 60 40i 42i 265i 265i 

bridge -0.27 1.444 1.187 1651 425 186 166 110 60 

fcc-hollow -0.27 1.371 1.196 1600 326 326 175 78 78 

hcp-hollow -0.22 1.483 1.190 1635 298 298 144 42 40 

a 
dM-N (Å) is distance between metal (gold) surface and Nitrogen atom in Å.       

b
 dN-O is NO bond length in Å. Remaining columns headings have same 

meaning as for Table 1. Gas phase value of NO stretching frequency calculated 

using VASP is1904 cm
-1

. 

 

Table 4.7s: NO adsorption energy, metal nitrogen and nitrogen to oxygen 

distance, and NO frequencies for adsorption on Au(100) 

site Eads (eV) dM-N (Å) dN-O (Å) v1 v2 v3 v4 v5 v6 

p(2x2) 

top -0.04 2.120 1.170 1771 204 50 50 230i 230i 

bridge -0.57 1.412 1.190 1638 498 233 160 113 67 

hollow -0.45 1.460 1.185 1649 315 315 135 28i 29i 

c(2x2)          

top 0.01 2.160 1.175 1785 162 65i 65i 331i 331i 

bridge -0.54 1.482 1.190 1673 466 225 104 45 33i 

hollow -0.43 1.541 1.185 1684 307 307 159 74i 74i 
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Table 4.8s: NO adsorption energy, metal nitrogen and nitrogen to oxygen 

distance, and NO frequencies for adsorption on Au(110) 

site Eads (eV) dM-N (Å) dN-O (Å) v1 v2 v3 v4 v5 v6 

p(2x2) 

top -0.07 2.120 1.170 1762 210 48i 70i 293i 336i 

bridge-s -0.50 1.584 1.193 1636 495 253 274 173 54 

bridge-l -0.38 1.330 1.181 1680 390 155 121 83 112i 

hollow -0.23 1.649 1.168 1765 264 177 110 61 43i 

½(√3x√3)R55˚ 

top -0.07 2.078 1.177 1776 200 51 48 314i 371i 

bridge-s -0.55 1.431 1.193 1651 477 211 164 161 52 

bridge-l -0.45 1.332 1.181 1695 386 148 144 40 49i 

hollow -0.23 1.660 1.167 1776 242 159 130 29i 62i 

p(2x1) 

top -0.10 2.066 1.177 1778 209 58i 73i 322i 370i 

bridge-s -0.61 1.545 1.191 1669 248 85 79 73 58 

bridge-l -0.43 1.367 1.176 1736 375 192 151 61 58i 

hollow -0.22 1.690 1.167 1796 237 130 111 34i 93i 

 

Table 4.9s: NO adsorption energy, metal nitrogen and nitrogen to oxygen 

distance, and NO frequencies for adsorption on Au(310) 

site Eads (eV) dM-N (Å) dN-O (Å) v1 v2 v3 v4 v5 v6 

p(2x1) 

top at step -0.71 2.080 1.190 1726 737 237 133 111 36 

bridge at step -0.57 1.335 1.160 1690 358 208 164 62 78i 

(110) short 

bridge -0.55 1.487 1.180 1640 463 218 130 37 135i 

(100) top 0.03 2.150 1.070 1707 179 8 58i 275i 281i 

(100) bridge 

at inside step -0.48 1.788 1.170 1648 358 246 180 93 54 

(100) bridge 

at outer step -0.65 1.391 1.170 1631 444 219 152 140 79 

p(1x1) 

top at step -0.71 2.020 1.180 1738 391 229 99 78 72i 

(110) short 

bridge -0.50 1.585 1.170 1653 447 216 121 35i 160i 

(110) hollow -0.26 1.801 1.150 1787 244 185 140 37i 85i 

(100) top 0.05 2.180 1.180 1759 156 78 60i 289i 296i 

(100) bridge 

at inside step -0.37 1.384 1.170 1651 458 209 121 58 140i 

(100) bridge 

at outer step -0.64 1.464 1.170 1642 407 202 193 113 72 
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Table 4.10s: NO adsorption energy, metal nitrogen and nitrogen to oxygen 

distance, and NO frequencies for adsorption on Au/Au(100) 

site Eads (eV) dM-N (Å) dN-O (Å) v1 v2 v3 v4 v5 v6 

p(2x2) 

top -0.47 1.96 1.18 1792 321 43i 43i 291i 291i 

p(3x3) 

top -0.47 1.97 1.18 1781 316 70i 70i 311i 311i 

 

p(1x1)

p(1x2)

p(2x1)

(100) top

top at step

(100) hollow

(100) bridge  at outer step

(100) Bridge at inside step

(110) Short bridge

bridge at step

(110) hollow

 

Figure 4.1S. Top view of the Au(310) stepped surface. Different unit cells and 

adsorption sites are indicated. 

Au(100)-p2x2-CO-bridge

Au+CO

CO

Clean Au

Au(100)-p(2x2)-bridge-NO

Au+NO
NO

Clean Au

Au(310)-p(2x1)-top-CO

Au+CO

CO

Clean Au

Au(310)-p(2x1)-top-NO

Au+NO

NO

Clean Au

                                   
Figure 4.2s. Density of States for the CO and NO adsorption on Au(100) and 

Au(310) surfaces. 
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APPENDIX B (CHAPTER 7) 
 

 

Two extended Au surfaces with 

remarkable reactivity for CO 

oxidation: diatomic rows of Au on 

Au(100), and Au(310) 

 

  

 

 
Figure 7.1s. Gold atoms are labeled by numbers which we will refer in the 

tables. Lower case letters in circles indicate the positions of different sites on 

the surfaces. In (a); a corresponds to the top at the step; b,(100) hollow; c, 

(100) bridge at inside step; d, (100) top; e, bridge at step; f, (100) bridge at 

outer step and g, bridge at step bottom site. For an additional gold atom on the 

(100) surface two unit cells p(2x2) and p(3x2) are shown in (b) and (c), 

respectively. In (b); a, symbolizes top; b, 3-fold hollow and c bridge position. In 

(c); a, represents top; b, tilted bridge and c fourfold hollow location. Finally, 

(d) shows the diatomic row structure along with site information. 

Diatomic row on Au(100) 
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Au(310)-(2x1)-(f  e + b)

Au/Au(100)-(3x2)-(a  b + b)

Au/Au(100)-(3x2)-(c  b + b)

Au/Au(100)-(2x2)-(b  b + c)

Au(310)-(2x1)-(f  e + b)

Au(310)-(2x1)-(e  e + b)

Au-diatomic rows(100)-(3x2)-(hollow-b  bridge-b + bridge-b

O2

Au(310)-(2x1)-(e  e + g)

TS O + O O2 TS O + OErot

Reaction coordinate  
 

Figure 7.2S . Summary of O2 dissociation pathways on different gold surfaces. 

Clarification of sites in figure 7.1s. Zero energy corresponds to gas phase O2. 

In the right hand panel O2 has been first rotated to favorable orientation for 

dissociations e. g. from t-b-t position shown in fig. 7.2(a) to the across mode of 

fig. 7.2(b). Erot is the energy required to rotate the molecule. Although all but 

one pathways shown would lead to the desorption of molecular oxygen, we 

provide this figure for comparison with suggestions made in the literature for 

possible dissociation pathways of O2 on gold. Only the dissociation of O2 on the 

diatomic row structure on (100) – indicated as Au-diatomic rows (100) in the 

figure – appears as a likely possibility of O2 dissociation. 

 

The calculated O2 dissociation barriers are listed in Table 7.2s, together with 

the O-O bond lengths and imaginary frequencies for all the TSs on these 

surfaces. A summary of the computed results is also depicted in Fig. 7.2s. 

These values clearly demonstrate that the activation barriers are far above the 

adsorption levels. Although the variation in Ea is significant the various 

surfaces and sites, the minimum activation level is ~ 1 eV above the reference 

level which suggests that O2 will essentially desorb from the surface before 

dissociation. The activation barriers on the additional Au low coordinated 

atoms are even higher which might be due to less charge transfer from single 

atom to the 2π* anti-bonding orbital of O2. This shows that the presence of low 
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coordinated atom(s) is not a sufficient condition to dissociate O2. Similar 

observations have been made by Roldan et al.
41

 

Previous literature on the subject does not provide any clue that O2 can 

dissociate on Au surfaces; because O2 has only a weak interaction and the 

activation barriers are too high.
14,33,58

 Only negatively charged cluster have been 

reported to react with O2 strongly.
39

 A range of activation barriers starting from 

2.23 eV on Au(111) to 0.95 eV on stepped surfaces have been reported based 

on DFT calculations.
14,33,58

 Experimental observation also suggests that O2 does 

not dissociate on Au particles with a size 1.5 nm.
13

 However, Au6
-
 clusters have 

been reported to catalyze CO oxidation reaction from co-adsorbed molecular 

oxygen and CO at room temperature effectively
37

 (For references see Chapter 7) 

Table 7.1s: O2, O and O+O adsorption energy, the distances between the 

oxygen atom(s) and the nearest gold atom(s), between oxygen and oxygen on 

different gold surfaces. The numbers in parenthesis have been used to 

indicate the nearest gold atom(s) to O as labeled in Fig. 7.1s. In some cells t-

b-t stands for top-bridge-top mode and across when molecule is rotated 

horizontally at 90° to its previous t-b-t configuration. The digit 2 or 4 around 

some distances indicates that the 2 or 4 distances are equivalent from the 

nearest atom(s) for all the tables.  

Species Position / adsorption 

mode 

Eads 

(eV) 

Au-O  

(Å) 

O-O 

(Å) 

Au-diatomic row on (100)-p(3x2) 

O2 Hollow-a -0.52 4 (2.26) 1.44 

 Hollow-b -0.30 4 (2.29) 1.44 

 Bridge-a -0.32 2 (2.16) 1.34 

 Bridge-b -0.24 2 (2.26) 1.31 

O + O Bridge + bridge -6.64 2 (2.01); 2 (2.01) 3.63 

 Hollow +hollow -5.58 2.25 -2.36 2.96 

O Bridge -3.49 2 (2.02)  

 hollow -3.42 2 (2.25); 2 (2.39)  

 Hol-3fold -3.35 2 (2.07), 2.41  

Au(310)-p(2x1) 

O2 f- (100) bridge at outer step 

(t-b-t)  
-0.19 2.16 (2); 2.2 (3) 1.33 

 f- (100) bridge at outer step 

across 
+0.33 2.34 (2); 2.58 (3) 1.36 

 e- bridge at step (t-b-t) 
-0.17 

2.2 (1) ; 2.31 (2)-

2.55 (3) 
1.3 
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Species Position / adsorption 

mode 

Eads 

(eV) 

Au-O  

(Å) 

O-O 

(Å) 

 e- bridge at step across +0.1 2.55 (1); 2.56 (2) 1.3 

O+O e- bridge at step + b- (100) 

hollow 
-6.08 

2.12 (1); 2.12 (2) and 

2.92 (2); 2.2 (5) 
3.31 

 e- bridge at step + g- g- bridge 

at bottom of step -6.18 

2.15 (1); 2.15 (2) 

and 2.19 (6); 2.19 

(7) 

3.38 

O e- bridge at step -3.32 2.16 (1); 2.16 (2)  

 f- (100) bridge at outer step -3.15 2.03 (2); 2.05 (3)  

 b- (100) hollow -3.06 2.2 (1); 2.67 (4)  

 g- bridge at step bottom -2.94 2.16 (6); 2.16 (7)  

 c- (100) bridge at inside 

step 
-2.91 2.04 (3); 2.06 (4)  

 a- top at step -2.16 1.88  

Au/Au(100)-p(2x2) 

O2 a- top (perpendicular) 0.50 2.11 1.27 

 b- tilted bridge (flat) -0.14 2.12 (1); 2.32 (2) 1.33 

O+O b- tilted bridge + c- holow 
-5.39 

1.98 (1); 2.07 (2) 

and 2.07 (3) 
3.22 

O b- tilted bridge -2.87 2.01 (1); 2.06 (2)  

 c- hollow -2.59 4 (2.34)  

 a- top at add atom -2.49 1.86  

 d- bridge -2.78 2 (2.06)  

Au/Au(100)-p(3x2) 

O2 a- top  at add atom (flat) 0.42 2 (2.24)  

 c- bridge across 0.01 4 (2.85) 1.29 

O+O e- hollow + f- bridge -5.44 -  

 e- hollow + d- hollow -5.38 -  

 b- 3-fold hollow + b- 3-fold 

hollow 
-6.58 

2.02 (1); 2.22 (2); 

2.22 (3) 
4.02 

O b- 3-fold hollow 
-2.83 

2.14 (1); 2.17 (2); 

2.17 (3) 
 

Au(100)-p(2x2) 

O2 top (perpendicular) 0.01 2.45 1.26 

 bridge (t-b-t) -0.12 2(2.2) 1.33 

O+O bridge + bridge -5.92 2(2.03) and 2 (2.03) 2.96 

 hollow + hollow (cis) -5.64 4 (2.36) and 4 (2.36) 2.95 

O top -1.9 1.9  

 bridge -3.10 2 (2.04)  

 hollow -3.14 4 (2.31)  
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Table 7.2s: Activation barrier, rotation energy (defined as energy required to 

rotate a molecule) reaction energy, O-O bond length and imaginary 

frequency in TS on different gold surfaces 

Initial position Ea 

(eV) 

Erot 

(eV) 

ΔE 

(eV) 

dO-O 

(Å) 

ν        

(cm
-1

) 

Au-diatomic row on (100)-p(3x2) 

Hollow-a 0.50 0 0.14 2.08 265i 

Au/Au(100)-p(2x2) 

tilted bridge 1.78 0 1.01 2.39 202i 

Au/Au(100)-p(3x2) 

a- top  2.40 0 -0.74 2.38 303i 

c- bridge (t-b-t) 1.72 0.11 -0.33 1.88 397 i 

Au(310)-p(2x1) 

e- bridge at step 1.22 0 0.36 1.99 315i 

e- bridge at step (t-b-t) 1.44 0.52 -0.15 1.78 524i 

f- (100) bridge at outer 

step 
1.47 0.27 -0.02 1.96 424i 

f- (100) bridge at outer step 

(t-b-t) 
1.92 0 0.37 1.94  
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Table 7.3s: Adsorption energy and geometric parameters of different species 

on Au(310)-p(2x1) 

Species Position Eads 

(eV) 

dAu-C (Å) dC-O (Å) 

Au-diatomic row on (100)-p(3x2) 

CO Bridge-b -0.75 2 (2.12) 1.15 

 top -0.63 2 1.13 

 hollow -0.17 
2 (2.48) and 2 

(2.72) 
1.17 

CO2 All sites -0.03 
Away from 

surface 
2 (1.18) 

CO + O Bridge –b + bridge -b -4.26 2 (2.15); 2 (2.03) 1.16 

 
Bridge –b + bridge –b in 

line 
-3.91 2 (2.11); 2 (2.12) 1.17 

CO + O2 Top + hollow-a -1.01 
2.02; 3.03, 2.27, 

2.34, 2.23 
1.15 

 Bridge-b + hollow-a -0.95 
2(2.12); 2(2.35):: 

2(2.26) 
2.16 

Au(310)-p2x1 

CO a- top at step -0.73 1.98 1.13 

 
f- (100) bridge at outer 

step 
-0.53 2.14 (1);  2.14 (3) 1.15 

 
c- (100) bridge at inside 

step 
-0.41 2.13 (3); 2.17 (4) 1.15 

CO2 a- top at step (flat) -0.01 3.22 2(1.18) 

 
f- (100) bridge at outer 

step (t-b-t) 
-0.06 3.41 (2);3.41 (3) 2(1.18) 

 e- bridge at step (across) -0.02 3.62 (1); 3.62 (2) 2(1.18) 

 d- (100) top  0.05 3.02 2(1.18) 

CO + O 
a- top at step + b- (100) 

hollow 
-3.61 

1.99 and 2.68 (1); 

2.22 (4) 

1.15; 

3.29 

 
c- (100) bridge at inside 

step + e- bridge at step 
-3.65 

2.13 (3); 2.16 (4) 

and 2.15 (1); 2.15 

(2) 

1.17; 

3.41 

CO+O2 
a- top at step + c- (100) 

bridge at inside step 
-0.70 

1.99 and 2.23 (3); 

2.3 (4) 

1.15, 

3.41 
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APPENDIX C (CHAPTER 8) 
 

 

Why the presence of H2 is 

beneficial for CO oxidation over 

Au catalysts: A computational 

study 
 

Table 1s. Activation barrier, reaction energy and H-H bond length and 

imaginary frequency in TS on different gold surfaces 

Surface Initial position Ea (eV) ΔE (eV) dH-H (Å) ν (cm
-1

) 

Diatomic rows Au(100) Top 0.69 -0.16 1.41 1044i 

Au(100) hollow 0.96 0.21 1.04 241i 

Au(310) (100) top 0.98 0.50 1.45 322i 

 

Table 4s. Activation barrier, reaction energy and bond length and imaginary 

frequency in TS on Au(310)-p(2x1) 

Step Ea (eV) ΔE (eV) dTS (Å) ν (cm
-1

) 

O2* + H*          OOH* 0.33 -1.2 2.53 112i 

OOH*              OH* + O* 0.52 -0.21 2.07 388i 

CO* + OOH* CO2* + OH* 0.50 -3.71 -  

O2* + H2*        OH* + OH* 1.95 -2.83 1.46  

OH* + OH*    H2O* + O* 0.1 -0.06 1.85  

O* + H*         OH* 0.19 -1.62 1.87 533i 

OH* + H*       H2O* 0.23 -1.1 1.86 277i 

CO* + O*       CO2 0.01 -2.85 3.29 53i 

Overall Reaction 

CO + O2 + H2  CO2 + H2O 
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Table 2s. Adsorption energy and geometrical parameters of different species 

on Au(310)-p(2x1). For site information see Fig. 7.1s. 

Species Position Eads 

(eV) 

dAu-O (Å) Mutual 

distance (Å) 

H (100)bridge at outer step -2.18   

 (100)bridge at inside step -2.14   

 bridge at step -1.96   

 (100) hollow -1.9   

 top (100) -1.89   

 top at step (110) -1.98   

O2 + H 
bridge at step + (100) 

bridge at inside step 
-2.16 

2.2 (1); 2.32 (2) and 

2(1.72) 
3.04 (O-H) 

OOH bridge at step -1.00 
2.47 (1);2.3 (2);2.3 

(3) 

0.98 (O-H); 

1.48 (O-O) 

OH + O 
bridge at step + (100) 

hollow 
-4.97 

2.29 (1);2.38 (2) and 

2.73 (2);2.24 (5) 
0.98 (O-H) 

OOH + 

CO 

bridge at step + (100) 

bridge at inside step 
-1.31 

2.46 (1); 2.34 (2)-

2.38 (3) and 2.21 

(3);2.11 (5) 

0.98 (O-H); 

1.16 (C-O) 

OH + 

CO2 

bridge at step + (100) 

bridge at outer step 

(across) 

-2.2 
2.06 (1) and > 3 from 

surface 
0.98 (O-H) 

O2 + H2 bridge at step  -0.19 
2.16 (1); 2.21(3) and 

> 3 from surface 

3.52 (O-H); 

1.33 (O-O) 

OH+ 

OH 

bridge at step + (100) 

hollow 
-4.00 

2.12 (1); 2.94 (2) and 

2.45 (2);2.95 (4) 

2(0.98); 2.90 

(O-H)
a
 

O + H 
bridge at step + (100) 

bridge at inside step- 
-5.49 

2.16 (1);2.16 (2) and 

1.76 (7);1.76 (9) 
3.8 

OH bridge at step -2.31 2.46 (1);2.46 (2) 0.97 

OH + H 
bridge at step + (100) 

bridge at inside step 
-4.44 

2.46 (1);2.46 (2) and 

1.76 (7);1.76 (9) 

4.29 (O-H); 

0.98 

H2O top at step (flat) -0.23 2.75 2(0.97) 

H2O + O 
bridge at step + (100) 

bridge at outer step 
-3.46 

3.82 (1); 4.25 (2) and 

2.04 (2);2.05 (3) 

0.97, 0.99; 

(O-H) (1.81) 

CO + O 
top at step + (100) 

hollow 
-3.61 

1.99 and 2.68 (1); 

2.22 (4) 

1.15; 3.29 (O-

C) 

 



Why the presence of H2 is beneficial for CO oxidation over Au catalysts 

187 

 

Table 3s. Adsorption energy of different species on diatomic row on Au(100)-

p(3x2). For site explanation see Figure 8.1s (d). 

Species Position Eads (eV) 

H bridge-b -2.41 

  hollow -1.88 

H + H bridge-b + bridge-b -4.75 

 bridge-b + bridge-b inline -4.72 

O bridge-b -3.49 

 hollow -3.42 

 3-fold hollow -3.35 

OH bridge-b -2.63 

O2 + H 
hollow-a +  

bridge-b 
-2.73 

 hollow-b + bridge-b -2.43 

 bridge-b + bridge-b -2.38 

 hollow-a + hollow -2.12 

OOH hollow-a -1.09 

 bridge-b -0.96 

 hollow-b -0.95 

OH + O bridge-b + bridge-b (H facing O) -6.24 

 bridge-b + bridge-b (O facing O) -5.98 

 bridge-b + bridge-a  -5.46 

CO + OOH bridge-b + bridge-b -1.65 

 bridge-b + bridge-x -1.64 

 hollow + top -1.58 

 hollow + bridge-b -1.09 

OC-OOH top 
stabilized by -0.73 ev w. r. t.  

most stable CO + OOH 

CO2 + OH gas phase + bridge-b -2.74  
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