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ABSTRACT

Gold has for many years been regarded as being inert and catalytically inactive
compared to the PGMs (platinum group metals). However, in the past decade it has
attracted a lot of interest as both a heterogeneous and a homogenous catalyst and has
been shown to catalyse a wide range of reactions e.g. oxidation, hydrogenation and
reduction among others. Highly dispersed gold nanoparticles on metal oxides, like
titanium oxide (Degussa, P25) have predominantly been studied because they yield
some of the most active and stable catalysts. Modification of the catalysts and/or
supports has been shown to affect their catalytic properties.

Likewise, perovskites, which can be manipulated by partial substitution, are reported
to be active supports for CO oxidation, but only at high temperatures with no activity
shown for temperatures below 200°C. In this study, these perovskites were
investigated at low temperatures (below 100°C) with improved activity found upon
gold deposition. The presence of gold nanoparticles therefore significantly enhanced
the catalytic activity, while the support itself was suspected to be involved in the

reaction mechanism.

A series of perovskites of the type ABO3; (LaMnOs, LaFeO3, LaCoO3 and LaCuOs3)
were prepared using the citrate method, while the gold was deposited on them using
the deposition-precipitation method. The supports were calcined at different
temperatures for optimisation. The catalysts were tested for carbon monoxide
oxidation and the active catalysts characterised by XRF, XPS, XRD, Raman

spectroscopy and BET surface area measurements.

With the support calcined at 800°C, the best catalyst was then modified and compared
with the unmodified catalyst. The 1-wt%Au supported on LaFeO; was found to give
the best catalytic performance. This support was then modified with various weight

loadings of calcium to determine the effect of calcium on the catalytic activity.



Calcium-doped materials showed decreased surface area, poorer crystalinity and a
drop in catalytic activity relative to the Au-LaFeO3z which indicated the best results
for CO oxidation. In addition, Au-LaFeO3 showed online stability over 21 hours.

Calcining the support improved the incorporation of gold nanoparticles into the
perovskite lattice, resulting in superior catalytic activity. Nevertheless, at higher
calcination temperatures, the catalytic activity of Au-CaTiOs; was depressed while
that of Au-LaFeO; was enhanced. The activity of perovskites increased upon gold
deposition. XPS, revealed that in the active catalysts, both cationic and metallic gold
co-existed, whilst in the inactive catalysts the gold existed predominantly either as

cationic or metalic gold.



DEDICATION

In memory of my late grandmother

Thandiwe Jane M akhubo

Vi



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to the following people and institutions

for the various roles in making this project a success:

My supervisor, Prof. M. S. Scurrell, for his guidance and helpful suggestions
during this project

Basil Chassoulas for all histechnical help

Albert Carley from Cardiff University for the XPS analysis

Werner Jordaan from NMISA for the TOF-SIMS analysis

Rudolph Erasmus from the University of the Witwatersrand for the Raman
spectroscopy anaysis

Performance Laboratories for the gold content analysis

Sharon from the University of the Witwatersrand for the XRF anaysis

My main sponsor for the project, MINTEK, through project AUTEK, for the
financial assistance

NRF, South Africa, for additional funding

The University of the Witwatersrand for alowing me to undertake this project
My family, my mom, dad, sister, brother and my fiancé for their undying love
and support

The Catalysis, Organometallic and Materials (CATOMAT) group members of
the School of Chemistry at the University of the Witwatersrand for providing
awonderful working environment and helpful suggestions

Prof. L. Carlton from the University of the Witwatersrand for his guidance
and belief in me

All other friends who helped in one way or another

Above all to God amighty

vii



CONTENTS

Pages

I PR PPRPTOPRPPRPRPRRN I
DECLARATION ..ottt sttt st st sae e see e e e sse e be et esensennenns 11
ABSTRACT ..ttt ettt s bt b et b et e et ettt ne e e erenre s v
[ =11 1@ ANy T TS VI
ACKNOWLEDGEMENTS.....ccoiiiiesieieieese ettt sa e ee e esaenesnas Vi
ABBREVIATIONS ...ttt s e e e nes X111
1 INTRODUCTION ....cooiiiitieiesiisieseeseeseeeeeesessessessessessessesessessessessessessessessessessesensens 1
1.1  Basic PrinCiples Of CatalySiS......cccuiriiieriiiniinieniere et e 1
1.2  Classification of CatalytiC SYSEMS .......cccveiirieriererie e e 3
1.3  RequirementSfor aCatalySt......ocevereierieiriisire e e 5
1.4 History Of CalalYSiS......cceriruiriiniiiienie ettt e 6
S 5 = 1= (=010 TSRS 7

2 GOLD IN CATALYSIS ..ottt st st st enens 8
P28 R = 7= o1 (o {011 [T ISR 8
2.2 Properties, characteristics, uses and chemistry of gold..........cccocevevvevieennen. 10
2.3 GOld @S ACAAYSE ...occveeeeeieesieesieesee s 13
24  Methods of preparing gold CatalyStS........oivveiieiiieiiie s 15
24.1 Deposition—precipitation method [ 17] .....ccccceveeeveeninnieniieesie e 16
24.2 Impregnation Method [17] ......ccvevvie i 17
24.3 Precipitation method [17] ....c.cooveveiieiiieieecreeee e 17
24.4 lon-exchange MEthOd [ 17] ....ocveeieeie e 17
245 Vapour-phase deposition and grafting method [17] ......cccccovevveriennee. 18
24.6 Co-sputtering method [17] ....ccooveveeveeiie e 18
24.7 Colloidal mixing Method [17] ....coovveeienieie e e 18
248 Other MELNOUS......cc.eeiiiee e e 19

25  Characterisation of Gold CatalyStS ........cevirirrierenerieereserie e 19
251 Transmission Electron Microscopy (TEM).......cccvvverienenienniesieeeene 19
25.2 Nitrogen physiosorption (BET surface area).........c.cceeeverervereenennn. 20
253 X-Ray Diffraction (XRD) .......cccueerirrieniniesiesieeee s 20
254 Inductively Coupled Plasma (ICP) Elemental AnalysiS..........ccceeuue. 20
255 Photoel ectron spectroscopy (X-Ray and UV-induced) ..........cc.cc...... 21
25.6 Infrared (IR) SPECIFOSCOPY.....cevverrereerierieeiesieeteeieses e see e eeseesseeneens 21
257 Extended X-ray absorption fine structure (EXAFS) ......cccocevvvvnennen. 21
258 MOSSDAUET SPECIIOSCOPY ...vverveereerrenreereesserseessessessesssesseeseessesseessessessens 22

viii



259 (101 g 01051 (010 SRR 22

2.6 SUMIMAIY ..eiiiiiieitiee sttt st b e sae e e b e e s s st e e e sbe e e nasaesateesanee s 23
25 REFEIENCES.....ceeeee e e s 24
PEROV SKITES..... .ottt s st 26
G350 R [ 011 oo [0 ox i o o USRS 26
3.2  Properties, Uses and Characteristics of Perovskites..........ccccccvecveveerveennen. 28
3.3  Oxidation Catalysisusing PeroVsKites..........ccoverirerieenesenienesee e 29
35 MOtiVaion OF STUAY .....cocveivirieiieseeeieeee e 34
35  AIMSand ObJECHIVES.....cccciieiieeeeerteee e e 35
3.6 REFEIENCES......ci et e 37
EXPERIMENTAL METHODS.........ooi it 38
4.1 REAGENTS.....c et 38
4.2  Preparation Of SUPPOITS......ccueieeririiesiiesie s siessee e ste s e e ssee e sns 39
4.2.1 Preparation Of CaTiOs.....uuieeiiiie e s eee e 39
422 Preparation of Lag xCayFeOs3.....cccuiiiiiiieiecieccee e 39
4.3  Preparation Of AU CalalYSES.....cccoveriieririeniese e s 41
4.4  ACHVILY MEASUIEMENES .....ccueieeiesieeiee ettt e s seesrenneens 41
45  CharaCteriZalion ........cccceieieeieiesieie e s seesreeneens 43
45.1 BET surface area determination.............cceoeieienneneseenesiesee e 43
45.2 X-ray powder diffraCtion...........cccoeeeiiiininne e 43
45.3 RamMaN SPECLIOSCOPY ....vveevreerrreriieeeireessieeesreessbeesree s e e sneeesnneesneeesnes 43
454 X-ray photoelectron SPECtrOSCOPY ......covvereerereerierienieeie e 44
4.6 (08 Lo B[ =1 11 o) = 44
4.7 (RS L= (= 10T 45
CATALYSTSBASED ON CALCIUM-TITANIUM PEROVSKITES............ 46
5.1  Activity and Stability Measurements for Au-CaTiOs.....c.ccceeveveiiennieeivennnen. 47
51.1 ACHVITY TESES ...eeiieiiee ettt e enes 48
512 SADITLY TESES. ..o e 49
52 Characterisation Results for AU-CaTiOz .....cccveeeeeiieceieieee e 51
521 BET SUIfACE ArEa ......cccveeiie ettt 52
52.2 X-ray diffraCtioN........c.oovveiieiesec e 53
5.2.3 RaMaN SPECIIOSCOPY ...uvveerveieiieesiiieeteessieeeseeesrtes s e s sreesaee e ssaeesaeeesnes 54
524 X-ray photoel eCtr on SPECIFOSCOPY ...evvrrrrrrrrrireeireeieesieeseeesseesreesreeneens 55
TG T B £ o1 S o o USRS 58
54 REFEIENCES. ...t e 60
CATALYSTSBASED ON LANTHANUM-IRON PEROVSKITES............... 61
6.1 Activity Measurements for AU-LaFeO0s3......ccccceevecviieeececceesee e 61
6.1.1 ACHVITY TESES .ttt s 62
6.1.2 SADIILY TESIS...cieiieieiee e s 63
6.2 Characterisation results for AU-LaFeOs;........cccueveeiiiecieiie e 65
6.2.1 BET SUIfACE ArEa ......cccveeiie ettt st 66



6.2.2 X-ray diffraCtioN........c.oovveiieiesee s 66

6.2.3 RaMaN SPECLIOSCOPY ....vvveveeeiriesirireieeesieeeseeessbessreessseeeseeessaeesseeesnes 67
6.2.4 X-ray photoel eCtr on SPECIFOSCOPY ...ovverrrrrrreireeieerieesieereeeseeesreesreenaees 69

LG T B £ o1 S Ko o SRS 72
6.4  REFEIONCES....ccoi i e 73

7 CATALYSTSON SUBSTTUTED LANTHANUM-IRON PEROVSKITES... 74
7.1 Activity Measurements for Au-LagxCaFeOs.....ccocvvveieeiieiieiie e 74
711 ACHVITY TESES .t sr e 75
7.1.2 SADITTY TESIS. .. eiiiie e e 76

7.2 Characterisation Results for Au-LagyCaFeO3.......ccccvveieeeeiieee e, 78
721 BET SUIMfACE ArEa ......cccveeieeceeciie ettt st 79
7.2.2 X-ray diffraCtioN........c.oovieiieiiecee s 79
7.2.3 RaMaN SPECIIOSCOPY ... vveerveeeireeriiieerteeesieeeseeesrbee s e e ssaeessree e 80
724 X- ray photoel eCtron SPECLIOSCOPY .....vvvrverererveeiersieesieeseesreesreesseesns 81

S T B £ 1S Lo o SRS 85
A 5 (= 1= = 00 SRS 86

8 CONCLUSION ... cociiieiieiteeiesiesiie ettt sbe e et sbe e e e e sbeese e eesneeneas 87



LIST OF FIGURES

Figure 1: Some physical properties of platinum, mercury and the metals of group II. ............. 9
Figure 2: The general perovskite SIrUCTUIE [1]....cooveeeiererierieseeee e 27
Figure 3: LaFeO; after being heated at 100 °C OVErNIgNt .......ccveveeieeiiee e 40
Figure 4: L& xCaFeOs (X = 4%, 10%, 16% and 20%) after being heated at 100 °C.............. 40
Figure 5: Schematic representation of areactor used for CO oxidation..........ccccceeevereeeenne. 42
Figure 6: CO conversion over AU-CaTiO3 CAAlYSES.....covierierenerie et 49
Figure 7: Stability testsfor Au-CaTiOz CAAlYSIS ......ocovvevieiieiriiese e e 51
Figure 8: Diffractograms for CaTiO3 calcined at different temperatures..........cocceeevevveeenee. 53
Figure 9: Raman spectrafor CaTiO;3 calcined at different temperatures..........ccoccoeevvveeeenee. 55
Figure 10: Spectra showing Au (4f) binding energies for AU-CaTiOz.....cccccvvveeveriieieesnnnn 56
Figure 11: Spectrafor Au-CaTiO3; showing the Ca (2p) binding energies...........ccccccvvcverunnnne. 57
Figure 12: The spectra showing the O (1s) binding energies for Au-CaTiOs ......ccccevervruenee. 57
Figure 13: CO conversion over Au-LaFeOs CaalYSES ......oovvrieiieeriieiie e e 63
Figure 14: CO conversion for Au-LaFeOs CalalYSES.......covvevueriiiieeniiesis e s 65
Figure 15: Diffractograms for LaFeO3 systems at various calcination temperatures............... 67
Figure 16: Raman spectrafor LaFeO; at different calcination temperatures.........ccooceveeeeenee. 69
Figure 17: Spectra showing Au (4f) binding energies for Au-LaFeO0s.......ccccevveeveeiieieeiiennnn, 70
Figure 18: Spectra showing La (3d) binding energiesfor Au-LaFeOs........ccccevererieinceenen. 70
Figure 19: Spectrashowing Fe (2p) binding energiesfor Au-LaFeOs........cceceiereriennieenen. 71
Figure 20: Spectra showing O (1s) binding energies for Au-LaFeOs........ccccevveeveviieieniinnnn 71
Figure 21: CO conversion over Au-La xCacFeOs at different reaction temperatures............. 76
Figure 22: CO conversion over time on stream for Au-Lag «CaFeOs3 ......oovveveeveecieieec, 78
Figure 23: XRD patterns showing the effect of calcium loading on LaFeOs..........cccccveneee. 80
Figure 24: Spectra showing Au (4f) binding energies for Cadoped Au-LaFeOs ................... 82
Figure 25: Spectra showing Ca (2p) binding energies for Cadoped Au-LaFeOs.................... 82
Figure 26: Spectrashowing La (3d) binding energies for Cadoped Au-LaFeOs ................... 83
Figure 27: Spectra showing Fe (2p) binding energies for Cadoped Au-LaFe0;.................... 83
Figure 28: Spectrashowing O (1s) binding energies for Cadoped Au-LaFeOs........cccccueeee. 84

Xi



LIST OF TABLES

Table 1: Number of phase combinationsin heterogeneous Systems [7].....cccccveveeieeveeniieeienne 3
Table 2: Classification of heterogeneous CatalYSIS [7] .....vevverereerienenieiesesiee et 4
Table3: BasiC propertieS Of gOIA [4] ..ocvvviviie ettt 10
Table 4: Other gOI USES [4] ....ui ittt st teer e sre e s nneesnes 11
Table 5: Comparison of the properties of Auwith Agand Cu [4] .....ccooeveriennnenieeneseen 12
Table 6: Perovskite-type oxides as oxidation CatalyStS [6] ........cceovrereriierenienninseseesiesieeeene 30
Table 7: Activity measurements for the different gold-supported perovskites...........ccceveenne. 47
Table 8: Activity measurements for AU-CaTiOz CaAlYSES.......coveeereririeneniese e 48
Table 9: Stability measurements for Au-CaTiOgz CaalYSES .......ceeverereriieieriere e 50
Table 10: BET Surface arearesults for CaTiOzcalcined at different temperatures................ 52
Table 11. Symmetry assignments for the observed Raman spectrafor CaTiOs......ccccceevveneen. 54
Table 12: Surface compositionsfor Au-CaTiOz by XPS.......coooo oo 56
Table 13: Activity measurements for the Au-LaFeOz SyStem ........ccccvvevieciccecse e, 62
Table 14. Stability measurements for Au-LaFeO; catalyStS.......ccooveveeeieiie e 64
Table 15: Surface area anaysisfor LaFeO; calcined at different temperatures...................... 66
Table 16: Symmetry assignments for observed Raman peaksfor LaFeOs ........cccocevevvveneneen. 68
Table 17: Activity measurements for AU-Lay xCaFeO3.....covvviiiiii e 75
Table 18: Stability measurements for Au-LagxCaFeO3 ..c..oovvvveeiee i 77
Table 19: Surface arearesultsfor Au-Lag xCaFeO3 .....oovveeieiicieeeiee e 79

Xii



BET

XRD

TEM

XPS

XAS

UPS

ICP

ABBREVIATIONS

Brunauer Emmet and Teller

X-ray Diffraction

Transmission Electron Microscopy

X-ray Photoel ectron Spectroscopy

X-ray Absorption Spectroscopy

Infrared

UV -induced Photoel ectron Spectroscopy

Inductively Coupled Plasma emission/absorption spectroscopy

Xiii



CHAPTER 1

1 INTRODUCTION

Gold catalysts have been investigated extensively in order to understand the
mechanism of their catalytic activity, especially in low temperature CO oxidation
reactions. The Au-TiO, system has by far proved to be the most active catayst,
although it deactivates over time [1, 2]. Since the support plays an important role in
catalyst activity and stability [3], in this project we have attempted to design a stable
catalyst, by depositing gold nanoparticles on some titanium-containing materials,
namely the perovskites. These have the formula ABO3;, where A and B are metal
atoms. Perovskites can be manipulated by partial substitution of either the A or B site
or both, in order to create structural defects. As a result, the activity and stability can
be optimised [4, 5, 6].

In this Chapter, a brief background of genera catalysis is given, including the basic
principles, classification of cataytic systems and solid catalysts, requirements for

catalysts and a brief history of catalysis from different sources as referenced.

1.1  BasicPrinciplesof Catalysis

The word ‘catalysis comes from two Greek words, with the prefix ‘cata-’" meaning
‘down’ and the verb ‘lysein’, meaning ‘to split or break’. A catalyst generdly is
defined as a substance that increases the rate at which a chemical system approaches

its equilibrium without being consumed in the process.



Catalysis has made mgjor contributions to many areas in the chemical industry. Most
products are manufactured through catalysis and, importantly, many of the difficulties
which we face today, such as problems of energy, natural resources, pollution etc, can
be solved by catalysis [7]. Catalysis plays a vital role, not only in the removal of
pollutants such as NOy, CO and sulphur compounds, but also in improving the
selectivity of manufacturing processes so that undesirable by-products are not
generated [8]. Catalysis and catalyst development is essential in the production of a
wide range of chemicals or products, such as wine, detergents, beer, fertilizers and
herbicides which otherwise could not be obtained or would be very expensive to

produce [8].

To understand the process of catalysis and to study a reacting chemical system, the
following points need to be considered. Firstly, the extent to which the reaction will
proceed, if it will proceed at all and the equilibrium position of the system. The
answers to these and related questions are found in thermodynamics. Secondly, the
rate of the reaction, i.e. how rapidly the equilibrium will be reached and other related
guestions are found by chemical kinetics. Both considerations are important in the

design of achemical process|[7].

No matter how fast the reaction proceeds, the yield and equilibrium constant are both
central to the process viability. For instance, a process with a very small equilibrium

constant and alow yield of product will not normally be economically viable [7].

Essentially, a catalyst will only increase the rate of the reaction if the reaction is
favourable thermodynamically. It cannot initiate a reaction that is not feasible. It does
not ater the equilibrium constant as it only increases the rate of the forward and

reverse reactions[7].



1.2  Classification of Catalytic Systems

Catalytic systems can be divided into two distinct categories [7]:

1. Homogenous:. catalyst and reactants are of the same phase i.e. there are no

phase boundaries. Catalysis may take place either in the gas or liquid phase.

2. Heterogeneous. there is a phase boundary separating the catalyst and

reactants. The different phase combinations are given in Table 1.

There is, however, one extremely important group of substances that cannot be
accommodated within this classification, namely the enzymes, which are neither
homogeneous nor heterogeneous catalysts but they are large, complex organic

molecules, usually proteins|[7].

Table 1: Number of phase combinations in heterogeneous systems [ 7]

Catalyst Reactant Example

Liquid | Gas Polymerization of alkenes catalyzed by phosphoric acid
Solid Liquid Decomposition of H,O, catalyzed by Au

Solid Gas Ammonia synthesis catalyzed by Fe

Solid Liquid and Gas Eé/drogenation of nitrobenzene to aniline catalyzed by

For catalysis to occur, a chemical interaction between the catalyst and reactant system
is required, with no change in the chemical nature of the catalyst except at the
surface. The ability of a substance to act as a catalyst depends on its chemical nature

and Table 2 gives a summary of the classification of heterogeneous catalysts [7].




Table 2: Classification of heterogeneous catalysts [ 7]

Class Functions Examples
Hydrogenation, -
Meta s Dehydrogenation, Fe, Ni, Pd, Pt, Ag

Hydrogenolysis, Oxidation

Oxidation,

aSr?énlsSﬁJr;l(Ijggtsmg oxides Dehydrogenation, N.|O, ZnO, MnOy, Cr,03,
Desul phurization, Bi>O3—Mo003, WS;
Hydrogenation
Insulator oxides Dehydration Al,O3, SO,, MgO
. Polymerization, .
Acids | someri zation, HaPOs, H250s, SO

Cracking, Alkylation

Aleg, Zeolites

Transition metals are good catalysts for reactions involving hydrogen and

hydrocarbons because they readily adsorb these substances on their surface. Base

metals are not good for oxidation because they are rapidly oxidized throughout the

bulk at the required reaction temperature. Only noble metals are resistant to corrosion

and may be used for oxidation reactions. Alumina, silica, and magnesia do not

interact with oxygen and therefore they are poor oxidation catalysts, but they readily
adsorb water and can be used to catadyze dehydration. The oxides used for
hydrogenation must be resistant to reduction by hydrogen at the temperatures at

which they are active [7].




1.3  Requirementsfor a Catalyst

A catalyst must be able to effect the desired reaction at an acceptable rate under
practicable conditions and sustain the reaction over prolonged periods. The longer it
lasts, the smaller the contribution its initial cost will make to the overall cost of the
process. It must also be selective, reflecting its ability to direct conversion of

reactants along one specific pathway.

Side reactions must be minimal, especialy the ones that lead to poisoning and/or
deactivation. Reversible poisoning due to the presence of either impurities in
reactants or side reactions and irreversible physical changes, such as fouling, loss of

surface area or mechanical failure, are the main causes of catalyst deterioration [9].

For reactions in general, a plot of conversion against temperature is obtained. The
conversion depends on the contact time or the gas flow rate, the amount of catalyst

used as well as on the loading (type, percentage etc.) of the active component.

At low conversion the rate is limited by the catalytic process known as the kinetic
regime, but as the rate increases and becomes faster than the rate of diffusion of
reactants to the surface it becomes limited by mass transfer, known as the diffusion
regime. Deactivation of a catalyst can be estimated by following conversion as a

function of time at afixed temperature [9].



1.4  History of Catalysis

Catalysis is at the heart of both the chemica and the petrochemical industries, the
production of fuel, foodstuffs, pharmaceuticals and other numerous manufactured
goods. Industrial catalysis plays a huge role in the creation of wealth and the great
achievements reached in the 20" century demonstrates this. It has been applied for

thousands of years in processes such as fermentation, production of H,SO, etc. [9].

Its history dates back to the beginning of civilization when humankind began to
produce alcohol by fermentation. Catalysis is the means through which many
syntheses are achieved. In the present day, it is increasingly applied in the
suppression of atmospheric pollution, in the design of environmentally compatible
new technologies and in the pursuit of new ways of generating energy and materials.
More than 90% of the chemica manufacturing processes in use throughout the world

utilize catalysts in one form or another [9].

The period of catalysis that can be characterized by the continuous invention of new
catalytic processes, has clearly not yet passed. The point in time when the transition
into a new erawill take place is at present not easy to predict. What we can say with
certainty, however, is that the future of catalysis will be as exciting tomorrow as it

was during the early years[10].
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CHAPTER 2

2 GOLDINCATALYSS

The chemistry of gold and its complexes has been a subject of interest for many
years. Colloidal gold has attracted a lot of attention and this chapter summarizes the
structure, characteristics, uses and applications of gold, especially in carbon

monoxide oxidation reactions.

21  Background

Actua mining of gold started around 3500 B.C but this vaued commodity was
known and treasured long before that. Naturally, gold occurs as alluvial or in lodes or
veins and replacement deposits. Gold has a lot of applications like in medicine but
most importantly it is used in trade and this has caused a lot of political and

economical uncertainties [1].

Before the 1980s gold did not play a magjor role in catalysis due to the presence of
impurities in the solid, but it is now considered to be extremely active for some
reactions when deposited on certain supports [2]. Gold is known as one of the most
stable metals among the elements that are resistant to oxidation and other harsh
environments. This is why the discovery that gold is capable of being a very active

catalyst when highly dispersed made a great impact on the scientific community [3].



Gold is found in group eleven in the periodic table, in the same group as silver and
copper. It lies between platinum and mercury. Mercury is generaly toxic, whilst
platinum is a versatile catalytic metal. Gold has been used as a second component in
platinum-based alloys, the gold being considered as immiscible with platinum and
found to segregates to the platinum surface [3]. Figure 1 compares some properties of

gold with respect to its neighbours.

0.128 745
Cu

a b
1356 337 M
c d

0.1445 731

1234 285
0.1385 866 | 0.1442 890 | 0.151 1007

Pt Au Hg

2042 469 | 1337 343 | 234 59

Figure 1. Some physical properties of platinum, mercury and the metals of group I1.

a- metal radius (nm);

b - first ionization potential (kJ/mol);
¢ - melting temperature (K);

d - sublimation enthalpy (kJymol) [5]



2.2 Properties, characteristics, usesand chemistry of gold

Gold is a soft, malleable yellow metal. It is highly conductive and has been used for
electrical wiring in some high energy applications. It is unique in a number of ways —
it is the most electronegative metal (2.54), with an electron affinity greater than that
of oxygen [6].

Gold readily forms aloys with other metas [7, 8] giving intermetallic compounds of
definite composition with copper, auminium, tin and titanium [8]. It exhibits al the
properties of the metal in terms of lustre, hardness, ductility, malleability, etc. It will
not react directly with other electronegative elements such as sulphur or oxygen, as
well as with common acids, but is attacked by aqua regia (a three-to-one mixture of

HCI and nitric acid). Some of the basic properties of gold are listed in Table 3 [4].

Table 3: Basic properties of gold [4]

Symbol Au

Atom number 79

1

. _ 14 10
Electron configuration [ Xe]4f 5d 6s

Density 196,97 g/mol
Metallic radius 144,20 pm
Melting point 1337 K
Boiling point 3081 K

10



Gold is stable and inert which resultsin it being used in electrical circuitry and recent
advances in gold nanotechnology signal exciting new developments. It is used for IR
reflective coatings on glass for aircraft cockpit/space shuttle windows and
architectural glass in office buildings. Gold foil is used for decorative gilding
coatings in, for example, books, church furniture, steeples and statues. This element
is aso found in ceramic tableware and glassware. Table 4 gives a summary of some
of the uses of gold [4].

Table 4: Other gold uses[4]

Form of gold Some uses

Gold salts Have anti-inflammatory properties and are used as pharmaceuticals
in treatment of arthritis and similar conditions

Gold-ledf, Used in gourmet foodstuffsi.e. sweets and drinks as a decorative

flake or dust ingredient

Gold alloys Used in restorative dentistry

Gold toners Used in photography

Colloidal gold | Used in medicine, biology and materials science

The differences in the chemical behaviour of gold compared to copper and silver,
particularly the resistance of gold to oxidation, can be attributed largely to the impact
of arelativistic effect as explained by Raphulu [4]. In Table 5, the different properties

of gold as compared to other metals are shown.
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Table 5: Comparison of the properties of Auwith Ag and Cu [4]

Property Cu Ag Au
Atomic number 26 47 79
Electron configuration [Ar]3d'%4s® | [Ar]4d'%5s! | [X €] 4f*5006s™
Structure FCC FCC FCC
L attice constant (nm) 0.361 0.409 0.408
Metallic radius (nm) 0.128 0.1445 0.1442
Density (g/cm®) 8.95 10.49 19.32
Melting temperature (K) 1356 1234 1337
Boiling temperature (K) 337 285 368
Electron affinity (eV) 1.228 1.202 2.039
Heat of atomization (kJ/mol) 338 285 368
lonization potential (kJ/mol) 1% 746 730 890
lonization potential (kJ/mol) 2" 1958 2073 1980

There are clear differences between gold, copper and silver, for example, the usual

trends that are expected within a group in the periodic table are not uniformly found

in group eleven metas. For instance, the atomic radius measurements show that the

Au atom is dlightly smaller than the Ag atom and the same is true for the Au(l) and

Ag(l) ions. This is attributed to the lanthanide contraction. The consequences of the

relativistic effect have an impact on metallic gold being more resistant to oxidation

than silver [4].
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23 Gold asaCatalyst

Bulk gold has long been known to be chemically inert, but small gold particles appear
to be extremely active catalytically. An example of the known catal ytic application of
gold is in carbon monoxide oxidation at low temperatures [9]. In the present study,
gold supported on perovskite catalysts for low temperature carbon monoxide

oxidation has been studied, which to our knowledge, has not been explored to date.

Since the 1980s, when gold was considered inert, there have been many interesting
findings regarding the activity of gold nanoparticles as a catalyst. The chemistry of
these nanoparticles has been widely studied in an attempt to understand the different

reactions that have been reported to be catal ysed by these nanoparticles.

The first example of a reaction for which a gold catalyst was the catalyst of choice
over many others was demonstrated by Hutchings on the hydrochlorination of
acetylene to vinyl chloride, which exhibited a very high activity. The study
demonstrated clearly that any metal cation with a higher electrode potential than that
of Hg?* should give enhanced catalytic activity. On this basis gold cations should be
the most active. Subsequent research confirmed this prediction and gold catalysts
were found to be about three times more active than the commercial mercuric
chloride catalyst [10].

Other demonstrations of gold activity were described by Haruta, at the Osaka
Nationa Research Institute in Japan, who reported gold to be extremely active for
some reactions if deposited on various supports [9]. Haruta was the first person to
show that gold could be effective for CO oxidation at ambient temperature. When
gold was co-precipitated with certain metal oxide supports, Haruta found that the
resulting catalysts were very active for carbon monoxide oxidation. After testing a
range of metal oxide supports, he observed that the best results were obtained with a-
Fe,O3 and a gold loading of 5%.
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Nowadays gold catalysis is receiving increasing attention from a number of research
groups around the world, and the subject has been extensively reviewed by Bond and
Thompson [11, 12].

The relatively new field of gold catalysis has diverse and promising applications, but
CO oxidation is the reaction that has received the most attention. It represents one of
the key processes in the fractionation of molecules via selective oxidation or the
removal of pollutants via total oxidation. Oxidation is used in many processes and
therefore influences everyday life in a way similar to the impact of catalysis in
general. The designing of oxidation catalystsis therefore one areain research that has
attracted alot of interest in recent times [13].

There are countless possible applications for the use of gold in CO oxidation
reactions [14, 15, 16, 17], which include:

car exhaust systems for pollution control

fuel cells (CO purification in H, + O, streams)

gas sensing and

chemical processing (CO oxidation in reforming gas)

However, any practical applications of a catalyst will require a reliable method of
preparation, long-term stability, good response to operating conditions, and more
information on the kinetics and mechanism of the reaction.

The explanation of the causes and mechanism of the outstanding low temperature
activity of gold catalysts for CO oxidation is expected to receive more attention, not
only because of practical applications of this reaction but also because it will provide
insight into the more general field of heterogeneous catalysis[18].
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The following reactions have aso been shown to be effectively catalysed by
supported gold catalysts:

Catalytic combustion of hydrocarbons

Water gas shift reaction

Selective oxidation e.g. epoxidation of olefins

Selective hydrogenation, e.g. of alkynes and dienes to mono olefins

Hydrochlorination

Reduction of NOy with propene, carbon monoxide or hydrogen

Hydrogen and oxygen reaction to give hydrogen peroxide

The catalytic activity of supported gold catalysts has been shown to depend on a
number of factors that can be fine-tuned either before catalyst preparation, (e.g.
choice of support and gold precursor) or during the preparation process, (e.g.
variables such as temperature, pH, and method of preparation). Even after
preparation, conditions of pre-treatment prior to use in reactions and storage
conditions are important. These factors may depend on each other or may vary from
one reaction to the next or from one catalyst to another. There is, thus, considerable
confusion on these issues and there are discrepanciesin the literature on the effects of

these factors.

24 Methodsof preparing gold catalysts

The method of preparation is one of the factors known to have an effect on catalytic
activity. There are many variables to be considered when preparing a catalyst, and
any smdl variation in these can lead to differences in activity and stability. For
example, in the deposition—precipitation method, the surface properties of the support

will strongly affect the final dispersion of the gold particles[19, 20].
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Small metal particles are unstable with respect to bulk gold, so the support must have
a suitable surface area which keeps the gold particles apart. A strong interaction
between the gold particles and the surface of the support is thus required to stabilize
them and to avoid sintering, especialy if the catayst is cacined. Different
researchers have thus spent much time studying different methods of preparation and
the effect they play on catalysis by gold nanoparticles. The following methods of
preparation have been reported for gold catalysts [17]:

2.4.1 Deposition—precipitation method

Among the available methods for preparing highly dispersed gold nanoparticles, the
deposition-precipitation method is one of the most successful, where the gold
precursor, typically chloroauric acid (HAuCl,) is brought out of solution in the
presence of a suspension of the support by raising the pH in order to precipitate
Au(OH)s. The optimal experimental conditions for obtaining gold nanoparticles by

the deposition-precipitation method are dependent on the different supports used.

The deposition-precipitation and co-precipitation method provide the desired
intimacy of contact between the metal and the support. However, deposition-
precipitation has the advantage over co-precipitation because all of the active
component remains on the surface of the support and is not buried within it. Also, it

gives anarrower particle size distribution.
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2.4.2 Impregnation method

For impregnation, the gold precursor, usually HAUCI, or AuCl; is dissolved in water
in quantities which correspond to the desired metal loading, followed by wet
impregnation of the support material (e.g. SO, TiO,, ZrO,) present in powder form
or as extrudates. After drying, calcination and a subsequent reduction in hydrogen at
elevated temperatures (473—773 K) the final supported gold catalyst is obtained.

2.4.3 Precipitation method

An agueous solution of the gold precursor is adjusted to a fixed value of pH ranging
from 6-10, and the preformed support material is added (deposition-precipitation,
DP). Alternatively the support can be precipitated simultaneously with the gold
solution (co-precipitation, CP). After further stirring and aging of the solution, the
precipitate is dried, washed severa times in an appropriate solvent and then filtered,

calcined and reduced in a similar manner as for impregnation.

2.4.4 1on-exchange method

The ion-exchange method involves cation exchange by which protons or other cations
on the surface or within the structure of the support are replaced by cations of the
active metal, e.g. noble elements of group 8-10. This gives atomically dispersed
species. After calcination the metal ions are carefully reduced with hydrogen to give

very small metal particles. The procedure is especially effective with zeolites.
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2.4.5 Vapour-phase deposition and grafting method

These two methods are similar and differ only in whether a solvent is used or not. In
the vapour-phase method, a stream of a volatile compound of gold is transported to a
high surface area support by an inert gas, and it reacts with the surface of the support
to form a precursor of the active species. This method is suitable for acidic supports
e.g. dumina-silica and non-metal oxide supports such as activated carbon for which
deposition-precipitation would be inoperative. In the grafting method, a gold complex
in solution reacts with the surface of a support to form some species capable of being
converted to a catalytically active form. The solution can be in the gas phase (gas
phase grafting) or liquid phase (liquid phase grafting).

24.6 Co-sputtering method

In an oxygen containing atmosphere, gold and the metal oxide are simultaneously
sputter-deposited onto a substrate, leading to the formation of a thin film, which is
then annealed in air.

2.4.7 Colloidal mixing method

A colloida solution of gold is diluted with isopropyl ether, followed by the addition
of the powder of metal oxide support to make an organic suspension. After stirring
for an hour, the organic solvent is evaporated in a vacuum at 373 K for 4 h, and the
dried Au-metal oxide mixture then calcined in air at temperatures between 473 and
873 K.
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2.4.8 Other methods

Other less widely used methods include, a novel approach for the synthesis of
supported gold catalysts referred to as the single step borohydride (SSBH) method
that was recently reported by Mallick and Scurrell [21]. A pulsed laser deposition
(PLD) method, with appropriate control of the amount of deposited material has been
used by Guczi et al. to produce model Au/FeO,/SIO./Si (100) cataysts for CO
oxidation [22].

25 Characterisation of Gold Catalysts

In an attempt to understand the chemistry of gold nanoparticles and, most
importantly, to gain an insight into heterogeneous catalysis in general, catalyst
characterization also plays a very important role. Information such as the interaction
of the catalyst with the product and reactant, the required particle size for the catalyst
to be active, and the oxidation state of the active catalyst is essential for a knowledge
of catalyst morphology and a whole branch of research has been dedicated to catalyst

characterization. Gold catalysts have been characterised using the following methods:

25.1 Transmission Electron Microscopy (TEM)

TEM has traditionally been used to observe the size, shape and surface structure of
the active sites that define the catalytic performance of Au [23, 24, 25, 26, 27, 28].
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2.5.2 Nitrogen physiosorption (BET surface area)

In general, for gas reactions catalyzed by solid materias, the formation of the product
depends, amongst other factors, on the available surface area — the greater the surface
area accessible to reactants, the larger is the amount of reactant converted to product
per unit mass of catalyst. This method of determining surface area was developed by
Brunauer, Emmet and Teller (BET), and the surface area derived is usually called the
BET surface area, denoted as Sger and is expressed in m%/g [29, 30, 31].

2.5.3 X-Ray Diffraction (XRD)

Firstly, XRD gives information as to whether the catalyst or a component of it is
crystalline, non-crystalline or quasi-crystalline. Secondly, it can be used to estimate
the size of the gold crystallites present in the catalyst by using the Scherrer equation.
Thirdly, it gives an insight into the atomic constituents of the unit cell from the d-
spacing and unit cell dimensions, and lastly, in favourable circumstances, from in-situ
experiments, it can predict what influence the reactant gas exerts upon the internal

structure as well as the crystalline order of the exterior surface of the catalyst [32].

2.5.4 Inductively Coupled Plasma (I CP) Elemental Analysis

This technique has been widely used to determine the gold content of the supported
gold catalysts, since in most cases the actual gold loading is aways lower than the
intended gold loading. Either atomic emission or absorption spectroscopy is applied
[29, 31, 33].
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2.5.5 Photoelectron spectroscopy (X-Ray and UV-induced)

X-Ray photoelectron spectroscopy (XPS) and UV-induced photoeectron
spectroscopy (UPS) can give information about the local chemica environment and
bonding of the metals[16, 22, 34].

2.5.6 Infrared (IR) Spectroscopy

Infrared spectra give information on the physiochemica properties of surface
complexes, the forms of adsorption on the substrate and molecular changes occurring
during adsorption. Most of this information is important for elucidating mechanisms
for adsorption and catalysis [33].

2.5.7 Extended X-ray absorption fine structure (EXAFS)

EXAFS provides detalled information about the local atomic structure and is
analyzed by curve fitting. EXAFS has been used to study supported gold catalysts
and to evauate quantitatively the ratio between oxidized and reduced states of gold
on the support surface [32, 35].
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2.5.8 Mdsshauer Spectroscopy

This method is used primarily to study the electron states of some metas like gold
and iron in materials. It is an element-selective technique and sensitive to the local
surroundings of the atoms making it possible to resolve the different metal sites
within the catalyst particles and thereby differentiating between metal atoms at the

surface and atoms in the inner-core of the particles[31].

2.5.9 Other methods

Other methods that have been used, to a lesser extent, to characterize supported gold

catalystsinclude:

8 Diffuse reflectance ultraviolet/visible (DR-UV/vis) spectroscopy to examine

the electronic state of Au in various catalysts [26].

§ Temperature programmed techniques such as temperature programmed
desorption (TPD) to monitor the adsorption of reactant gases on different Au
species [35], temperature programmed reduction (TPR) and temperature
programmed oxidation (TPO) to quantatively determine amounts of different
gold species present in an operating catalyst, to determine suitable conditions
for the removal of carbonaceous deposit and to determine the temperature at

which the support changes chemical state [29].

§ Atomic absorption spectroscopy (AAS) for accurate determination of the gold
loading on the support [26, 27].
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2.6 Summary

To understand the chemistry of gold nanoparticles and their role in the catalysis of
different reactions, it is important to fine-tune all these variables to develop a catalyst
that is active and stable. Characterization of the catalysts is essential and with
constant advances in technology, it is becoming easier to obtain a better
understanding of gold chemistry.

For example, the recent results from Hutchings and co-workers [36] on the use of
aberration-corrected STEM to identify the active Au nanoclusters available on iron
oxide support for CO oxidation. We can therefore agree with Lindstrom et al. [37]
with certainty that the future of catalysis will be as exciting tomorrow as it was

during the early years.
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CHAPTER 3

3 PEROVSKITES

Materials with the perovskite structure, or topologically closely related structures,
have been of central interest to many solid-state scientists over the past decades. This
chapter summarizes the structure, characteristics, properties and applications of

perovskites.

3.1 Introduction

The perovskite, CaTiOgs is a rare mineral that was discovered in the Ural Mountains
of Russia in 1839 and named after the Russian mineraogist, L. A. Perovski. Many
oxides adopt the perovskite structure with the chemical formula ABO3; and possibly
have the same crystal structure. This mineral can be found in metamorphic rocks that
are associated with mafic intrusives, as well as in some silica-undersaturated igneous
rocks (e.g. malilite) and in calcium-auminium-rich inclusions found in some

chrondritic meteorites [1].

The A-sites may be occupied by rare-earth, alkaline-earth, alkali or other large ions
and the B sites are usually filled with transition-metal cations. It is well documented

that the activity of these oxidesis controlled by the nature of the B-site.
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The high stability of the perovskite structure allows the partial substitution of either
the A or B sites or both and the consequent creation of structural defects such as
anionic or cationic vacancies and/or a change in the oxidation state of the transition

metal cation to maintain the electroneutrality of the compound [2].

Figure 2 shows the general crystal structure of a perovskite, which is a primitive
cube, with the A-cation in the middle of the cube, the B-cation in the corner and the
anion, commonly oxygen, in the centre of the faces edges. The structure is stabilized
by the 6-fold coordination of the B-cation (octahedron) and 12-fold coordination of
the A cation [1].

Figure 2. The general perovskite structure[1].

Vv Red spheres represent oxygen,
v/ Blue spheres represent the small metal cations (B) and
v Green spheres represent the larger metal cations (A) [1]
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The packing of the ions can be thought to form a cubic close packed array, where the
B ions occupy a quarter of the octahedral holes. When the ratio of the ionic radii
differs too much, distortion occurs; with tilting being the most common outcome.
With perovskite tilt the BOg octahedron twists along one or more independent axes to

accommodate the ratio-difference [1].

3.2  Properties, Uses and Char acteristics of Perovskites

Oxides with the perovskite structure show characteristic features in their physical
behavior; the most outstanding feature is that due to its topology (i.e. the principal
arrangement of atoms). Perovskite is thermodynamically extremely stable, whereas
its actual crystal structure (i.e. the actua position of the atoms) appears to be very
unstable. Virtually all perovskites have a lowered symmetry via a structural phase
transition. The colour varies from black, brown, gray and orange to yellow. They

generally have low surface areas[3].

Perovskites have considerable technological importance due to their rich crystal
chemistry and structure-property relationships. Their applications as outlined by

Googneough [4] include use as:

Multilayer capacitors
Oxidation catalysis
Piezoelectric transducers
Thick film resistors
Electronic sensors
Batteries

Ceramic electrodes

High temperature super-conductors etc.
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The properties of perovskites in powder form are greatly affected by their
characteristics, such as particle size, morphology, purity and chemical composition.
Using chemical methods like co-precipitation, sol-gel, hydrothermal and colloid
emulsion techniques, it is possible to efficiently control the morphology and chemical
composition of the prepared powder. Among these wet chemical techniques, sol-gel
methods using akoxides, hydrotherma and colloid emulsions are time-consuming
and involve highly unstable alkoxides and reaction conditions that are difficult to

maintain.

In our study we opted to use the citrate method [5] which avoids complex steps such
as the refluxing of akoxides and is quicker to use. It involves the complexation of
metal ions by poly-functional carboxyl acids such as citric acid or tartaric acid having
one hydroxyl group. On heating, the solvent (water) evaporates resulting in increased
viscosity. On complete removal of water, the mixture is a polymeric gel and its
constituents mixed at the atomic level. This resin on heating at higher temperature
produces the respective oxides. The citrate method aso offers a number of
advantages such as good control of chemical stoichiometry and low processing

conditions for the preparation of fine powders of many complex oxides [5].

3.3  Oxidation Catalysis using Perovskites

Catalytic oxidation using perovskites was first reported in the early 1950’s but the
most interesting findings were from investigations conducted in the 1970’s.
Meadowcroft [6] reported a perovskite-type catalyst, which showed high activity for
the electrochemical reduction of oxygen.
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Subsequently, many studies were undertaken to explain the chemistry of perovskites
as catalysts in electrocatalysis, auto-exhaust treatment and catalytic combustion. A
large number of studies have therefore been published concerning the oxidation
catalysis by perovskite-type oxides. A detailed investigation by Yamazoe and
Teraoka [7] gives an overview of the different types of reactions catalyzed by
perovskite-type catalysts. Table 6 is a summary of some of the work that has been
reported on perovskites as catal ysts for different reactions.

Table 6: Perovskite-type oxides as oxidation catalysts [ 6]

Reaction Catalyst
CO to CO, LaBO; (B = 3d transition metals),
CH,4 to COg, HO LaBOs (B = 3d transition metals)
CoHato COy, HO LaBOs (B = Co, Mn)
CsHg to CO,, H,O LaBO; (B = Cr, Mn, Fe, Co, Ni)
CsHg to CO,, H,O LaBO; (B = Co, Mn, Fe)
CH,4 to CoHg, CoHy ABO; (A =Ca, S, Ba, B =Ti, Zr, Ce)
CeHsCH3 to CgHsCHO LaCoO3

Perovskite-type oxides are cheap, tolerant to high temperatures and have been found
to be active in different reactions including those catal yzed by noble metals such as Pt
and Pd. They are therefore potential substitutes for the Pt-based catalysts.
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Buciuman and his colleagues [8] studied the substitution effects on the reducibility of
LaosAo2MnOs,; perovskites, where A = Sr, Ba, K, Csand 6 = 0.16 for LaMnOg, 0.07
for Sr, 0.06 for Ba, 0.07 for K and 0.03 for Cs. They concluded that alkali and alkali-
earth substituted lanthanum manganites show an enhanced reducibility a low
temperatures as compared to the non-substituted perovskites. These perovskites have
a great capability of releasing important amounts of lattice oxygen at low
temperature, which has been reported to play arolein the catalyst activity.

Merino et al. [2] carried out a study on La.xCaCoO3z (x = 0, 0.2, 0.4, 0.5) and
showed that the perovskite composition may be changed by partial replacement of A
and/or B cations with other metals. Such substitutions produced modifications of the
perovskite's catalytic behavior. The substitution effects on the catalytic activity
depended on both the reagent molecule involved and the oxidation mechanism. A
perovskite catalyst with La at the A-site and Co on the B-site provided excellent
catalytic activity for oxidation. Such activity was further improved by replacement of
La with S or Ce. Substitution of La by Ca increased the surface area but decreased
the crystallinity of the catalysts.

Barbero et al. [9] synthesized and characterized Lay.xCaFeO3 perovskite-type oxide
catalysts for the total oxidation of volatile organic compounds. XRD diffraction lines
broadened and decreased in intensity as the calcium content increased. The FT-IR
band around 877 cm™ which was due to the presence Fe** ions as a result of Fe being
oxidized to compensate for the electoneutrality also broadened and decreased. From
their results they concluded that as the calcium content increased a change in the
crystalline structure of the perovskite led to an increase in the oxidation state of iron

from Fe** to Fe*" to maintain the electroneutrality.
Ciambelli et al. [10] showed that oxygen vacancies are also formed to conserve the

catalyst electroneutrality. In correlating their characterization and activity results,

they concluded that the active sites for these catalysts were associated with Fe** ions.
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The methods used for the preparation and the distribution or dispersion of the metal
have been reported to affect either the activity or the stability of the catalysts.
Takehira et al. [11] performed work on Ni catalysts supported on perovskite-type
oxides prepared by a solid phase crystallization method for the CO, reforming of CH,4
into synthesis gas. Ni/Cayg Srp2TiO3 and Ni/BaTiO;3 catalysts showed high activity
and stability. The superior activity was due to the highly dispersed and stable Ni
metal particles on the perovskite. Enhanced stability was partly due to the mobile
oxygen, as well as the presence of alkaline earth metals in the perovskite support. The
study showed that there is an easy migration of oxygen from the support to the

surface of the Ni particles.

Nishihata et al. [12] studied Fey.57C0o.33Pdo 0503 catalysts using X-ray diffraction and
absorption for analysis. The LaFey.57C0o.35Pdo 0503 retained its high metal dispersion
owing to structural responses to the fluctuations in composition. When the catalyst
was cycled between oxidative and reductive atmospheres, the Pd moved reversibly
into and out of the perovskite lattice. The movement appeared to suppress the growth
of metallic Pd particles and retained the high catalytic activity during long-term usage
and ageing. The comparison between Pd-perovskite and Pd-alumina showed that the
Pd-perovskite retained its high activity during ageing while the Pd-dumina
deteriorated by 10%. Pd-alumina particles reached a size of up to 120 nm whereas
Pd-perovskite reached sizes of 1-3 nm. This suppression of metalic growth directly
affected the capability of the Pd-perovskite catalyst to maintain high activity. XRD
analysis showed that the perovskite structure is predominant throughout the
oxidation, reduction and re-oxidation cycle. It also showed that the Pd occupied the

B-site and wasin its metallic state in the reduced sample.
It is not easy to maintain the high surface area and avoid sintering when using most of

the various methods for perovskite synthesis. Gonzélez et al. [13] synthesized high

surface area perovskite catal ysts by non-conventional routes.
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They synthesized the perovskite NdCoOs; under calcination conditions: from
heteronuclear organic complexes or amorphous precursors obtained by freeze-drying
of nitrate solutions which resulted in the synthesis of relatively high surface area

materias.

Depending on the method used, different features were obtai ned:
§ various degrees of homogeneity in the bulk distribution of the
component cations,
8 oxygen non-stoichiometry, as well as
§ arange of surface Co/Nd ratios.
It was found that in this way, the synthesis route determines not only the surface area

but also the intrinsic activity per surface areafor the total oxidation of hydrocarbons.

Zhang-Steenwinkel et al. [14] determined the surface properties and catalytic
performance in CO oxidation reactions of cerium substituted lanthanum-manganese
oxides. These catalysts demonstrated a high activity for CO oxidation and they were
stable at high temperatures in an oxidation environment, where their specific surface
area and the oxidation activity were barely affected. In contrast, in a reducing
atmosphere, the perovskites readily decomposed to the oxides of the individual
metals and the activity was lost. Substitution of La for Ce resulted in an enhanced
activity for CO oxidation.

XRD and TEM data led to the conclusions that Ce cannot be accommodated in the
perovskite beyond a degree of substitution of x = 0.1 — 0.2; the excess Ce formed a
separate catalytically inert CeO, phase. For this reason the catalytic activity decreased
beyond x = 0.2. XPS data showed that the substitution of La by Ce is accompanied by
an increasing concentration of cation/anion vacancies in the perovskite, which in turn
led to a shift in the Mn*/Mn®* ratio.
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It was suggested that the number of cation/anion vacancies is directly related to the
catalytic activity for CO oxidation by facilitating the CO adsorption, explaining why
up to x = 0.2 the activity of LaMn increased.

Kuhn and Ozkan [15] investigated the surface properties of Fe-based perovskite-type
oxides with the formula Lag.6Sro4CoyFe1yOz5. Methanol was found to be the
appropriate probe for measuring surface site type and density in mixed perovskite-
type oxides. They found a non-linear trend with regard to Co content to agree with
the strength of the basic sites, reducibility, oxygen storage capacity and B-site
composition at the surface. The trends were linked to a possible eectronic structure
transition and they concluded that the different nature of the siteswas likely to lead to

the different activities for the different reactions.

From the literature review above it is evident that perovskites have been studied
widely due to their unique properties which have led to a number of applications.
There has not been much work carried out on perovskites as supports for gold
nanoparticles except for the recent work by Russo et al. [16] who investigated
perovskite-type oxides as supports for gold nanoparticles in the regeneration of diesel
particulate filters. Their study showed that the activity of the catalysts towards CO
oxidation significantly increased with the presence of gold enhancing the rate of
activity. They also showed that the activity does not result exclusively from the Au,
but the support itself may be involved in the reaction mechanism. Au/LaNiOs; was the
best performing catalyst with a Tsp = 156°C and T = 196°C.

3.5 Moaotivation of Study

Pure perovskites have been investigated as catalysts for high temperature CO
oxidation and were found to be active. However, they have never, to our knowledge,

been used as supports for gold nanoparticles for low temperature CO oxidation.



Perovskites are very stable and alow partial substitution of either A and B-site
cations or both, by other metals with different oxidation states. As a consequence,
structural defects such as anionic or cationic vacancies are created. These vacancies
were reported to improve the catalytic activity and stability [9, 10]. A lot of
interesting results have been reported using pure LaFeO; as a catalyst for different
reactions, for example, in propane oxidation, methane combustion and high
temperature CO oxidation. Not much work has been done on low temperature CO
oxidation using LaFeOs;. We have thus investigated this perovskite as a support for a
CO oxidation catalyst and most importantly the effect of gold loading on the activity.
Partial substitution of the A-site by calcium in LaMnO3; and LaFeO3; was found to
result in oxygen vacancies being formed and improved activity; thus we also
investigated the effect of calcium loading on LaFeOs; for low temperature CO

oxidation.

3.5 Aimsand Objectives

In this study we were interested in supporting gold nanoparticle on perovskites i.e.
LaFeO; and determining the activity of the catayst in CO oxidation at low
temperatures. A series of perovskites of the type ABO; were therefore prepared using
the citrate method following the procedure used by Navae et al. [5]. Gold
nanoparticles were then deposited on the perovskites using the single step
borohydride method [17] and activity towards CO oxidation determined. The
catalysts were characterized using different techniques such as XRD, XRF, Raman,
BET, XPS and ICP.

35



In asummary, we aimed to

Prepare a series of perovskites using the citrate method;

Observe the effect of calcination on perovskite formation, overal activity
and stability;

Determine the effect of Au on the overal activity and stability of the
perovskite;

Determine the effect of catalyst modification i.e. Ca doping on activity
and stability;

Characterise the catalysts using XRD, TEM, XPS, XRF, BET surface

area, and Raman spectroscopy techniques.
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CHAPTER 4

4 EXPERIMENTAL METHODS

This Chapter describes how different supports and catalysts were prepared. It also
describes the reagents, equipment and most importantly characterization techniques
that were used in the study. The different techniques used to characterize the surface

structure of the catalyst generate different information on the catalysts.

41 Reagents

HAUCI4.3H20 (Aldrich, 99.99%) was used as the precursor for the Au nanoparticles.
Sodium borohydride [NaBH,4] (Fluka Chemie) was used to reduce the Au®* in the
sample. Ammonium hydroxide [NH,OH] (SAARCHEM) was diluted to 12.5% using
distilled water, and used to maintain the pH around 8 — 8.5 during the preparation of
the Au catalyst. The intended gold loading was 1.0-wt% with respect to the support.
TiO; (P25, Degussa) containing 80% of anatase and 20% of rutile phases and calcium
nitrate [Ca(NO3),3H,0] (SAARCHEM, 99%) were used for the preparation of
CaTliOz. Lanthanum nitrate [La(NO3)36H,0] (Merck, 99%), iron nitrate
[Fe(NO3)3.3H,0] (SAARCHEM, 99%), citric acid (Sigma-Aldrich, 99%) and
calcium nitrate [Ca(NOs3),.3H,0] (SAARCHEM, 99%) were used for the preparation
of Lay.xCaFeOs,
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All the chemicals were used as received without any further analysis or purification.
The following gas mixtures obtained from AFROX were used for the CO oxidation
reactions: 10% O, balanced in helium and 5% CO balanced in helium.

4.2  Preparation of Supports

4.2.1 Preparation of CaTiO3

CaTiO3 was prepared by a method of hydrothermal synthesis [1]. TiO..xH,0O was
used as a source of titania and commercial Ca(NOs),.4H,O used as a source of
calcium. TiO; (30 g) and 89 g of Ca(NO3),.4H,0 were charged into a stainless steel
Teflon-lined autoclave along with 200 ml of deionised water. The pH was adjusted to
13 using KOH. The reaction time was 12 h at a gtirring rate of 2 rpm and a
temperature of 160 °C. The stirring was stopped after 12 h and the solution was
allowed to age for 48 h. The solution was washed with deionised water until the
conductivity of the water was 4.3 x10 uS. The product was dried at 110°C for 4 h.
Samples from the batch were then calcined at 400°C, 600°C or 800°C overnight.

4.2.2 Preparation of La;.xCaxFeO3

La; «CaFeO3 (where x = 0, 4%, 10%, 16% and 20% molar percentage) was prepared
by the citrate method [2]. Iron nitrate, lanthanum nitrate, citric acid and/or calcium
nitrate were dissolved in deionised water and heated at 100°C overnight in an oven to
dryness, then cacined for an hour at different temperatures (400°C, 600°C and
800°C) for samples where x = 0, and at 800°C for samples with x = 4%, 10%, 16%
and 20%. Pictures of the unsubstituted and substituted LaFeO; are shown in Figures 3
and 4 respectively.
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Figure 3. LaFeO; after being heated at 100 °C overnight

Figure 4: La;.xCasFeOs (X = 4%, 10%, 16% and 20%) after being heated at 100 °C.



4.3  Preparation of Au Catalysts

Au-perovskiteswere prepared by the single step borohydride method [3]. The support
was suspended in distilled water (200 ml) and stirred vigorously. The required
amount of diluted HAuCI, solution (10 mol/dm®) was slowly added with continuous
stirring. The pH of the solution was maintained at 8.5 by adding 12.5% NH,OH drop
wise under the same conditions. The precipitated solution was aged for 2 h. A
solution of NaBH, prepared in ice water was added rapidly in the required amount to
ensure the complete reduction of Au®* to Au’. The suspended solution was then aged
for afurther 2 h, filtered and oven-heated for 4 hin an air current at 120°C.

4.4  Activity Measurements

Catalytic activity was measured using a fixed bed flow reactor as shown in Figure 5.
100 mg of undiluted catalyst was pretreated in a Pyrex glass tube at 300°C for 2hina
stream of oxygen (10% oxygen, balance He) at a flow rate of 40 ml/min, then cooled
to room temperature still under aflow of oxygen. The reacting gas mixture containing
5% CO, 10% O, and 85% He, was admitted at a flow rate of 40 ml/min through the
catalyst-bed in the reactor, whilst increasing the temperature from room temperature
to 100°C. Stability measurements were determined by testing the catalyst sample at a
constant temperature of 70°C overnight. The gas flow was controlled by a set of mass
flow controllers and the exit gases from the reactor analyzed by gas chromatography
(5710A GC, Hewlett Packard).
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Figure 5: Schematic representation of a reactor used for CO oxidation.
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3 — Shut-off valves

4 — Activated carbon trap to absorb moisture
5—NaOH trap to absorb CO,

6 — Reactor and catalyst bed

7 — Thermocouple
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45 Characterization

45.1 BET surface area determination

The surface area of the catalysts was determined using a Micromeritics ASAP 2010
porosimeter. The sample was placed in the sample holder and degassed by passing
nitrogen over the catalyst, while being heated at 150°C for 4 h to remove any vol tile
materials, then allowed to cool to room temperature. The sample was then removed
from the degassing port to the analysis port where it was dosed with nitrogen gas at
liquid nitrogen temperature. The amount of the adsorbed nitrogen was then used to

determine the surface area of the sample.

4.5.2 X-ray powder diffraction

Powder X-ray diffraction data were collected via a Bruker AXS D8 diffractometer
using Cu-Ka radiation (40 kV, 40 mA) equipped with a primary beam Gobel mirror,
aradial Soller dlit, and a Vantec-1 detector. Data were collected in the 26 range of 5
to 90° in 0.021° steps, using a scan speed resulting in an equivaent counting time of
14.7 s per step.

4.5.3 Raman spectroscopy

Raman spectra were acquired with a Jobin-Yvon T64000 Raman spectrometer
operated in single spectrograph mode. Excitation was by means of the 514.5 nm line
of an argon ion laser. It was focused onto the sample via an Olympus microscope
attachment and the collected light was dispersed onto a charge coupled device (CCD)

camera with an 1800 line/mm grating cooled with liquid nitrogen.



For the AuCaTiOs; samples, a 20x objective lens was used, while for the LaFeOs
samples a 50x objective lens was used. Laser power at the sample was kept to ~1.2
mW to prevent localized heating. Data was collected with Lab Spec 4.18 software

and acquisition times varied from 120 sec to 180 sec.
45.4 X-ray photoelectron spectroscopy

X—ray photoel ectron spectra were collected on a Kratos Axis Ultra DLD spectrometer
using a monochromatic AlK, X-ray source (75 W) and an analyser pass energy of
160 eV for survey spectraand 40 eV for detailed scans. Samples were mounted using
double-sided adhesive tape, and binding energies referenced to the C (1s) binding
energy of adventitious carbon contamination, taken to be 284.7 eV. Data were
analyzed using commercia software (CasaXPS; Neil Fairley) and software devel oped

in-house at Cardiff University.

4.6 Calculations

. éCO. - u
% CO conversion = éCO'n CO o (X100
é CO. ol

in

where:
COi, = peak area of CO on chromatogram for the reactor inlet gas

COqyt = peak area of CO on chromatogram for the reactor outlet gas
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CHAPTER 5

5 CATALYSTSBASED ON CALCIUM-TITANIUM
PEROVSKITES

The minera CaTiOs is the founder father of the perovskite structure family [1]. It is
widely used in electronic ceramic materials and for immobilizing radioactive waste.
TiO, has been studied widely for CO oxidation and has shown good results. Thus, the
activity of atitania-based perovskite was of great interest in this dissertation.

Other systems that were investigated included gold supported on LaFeO3;, LaMnOs,
LaCoO3; and LaCuO;3 perovskites. Table 7 shows preliminary results of the activity
tests of these systems. Only catalysts supported on CaTiO; and LaFeO; showed
activity below 100°C for which reason the other perovskites (i.e. LaMnOs, LaCoO3
and LaCuQOs3) were eliminated from the study.

This chapter therefore presents the CO activity and characterisation results for the
Au-CaTiO; catalysts. Chapter 6 will cover Au-LaFeO; catalysts while Chapter 7 will
deal with Au-La1.CaFeOs, where Lais substituted with Ca. These systems showed

some promising activity.
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Table 7: Activity measurements for the different gold-supported perovskites

Catalyst Calcination BET surfacearea Activity below
Temperature (°C) (m?/g) 100°C
Au-CaTiO3 None 45.1 Active
400 41.7 Active
600 344 Active
800 10.1 Active
Au-L aFeO; 400 14.2 Active
600 193 Active
800 254 Active
Au-LaMnOs; 400 - Not active
600 - Not active
800 - Not active
Au-LaCoOs3 400 174 Not active
600 7.40 Not active
800 11.7 Not active
Au-LaCuO3; 400 - Not active
600 - Not active
800 - Not active

5.1  Activity and Stability Measurementsfor Au-CaTiO3

Au-CaTiO3; (100 mg) was tested for CO conversion by flowing the reaction gases
over the catalyst at a total flow rate of 40 ml/min. The activity results were recorded
at 10°C intervas increasing from room temperature to 100°C. To determine the
stability of the catalyst, the results were collected every 30 min at 70°C over 24 h.
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5.1.1 Activity Tests

Table 8 and Figure 6 show the activity measurements for Au-CaTiOs towards CO
oxidation at atmospheric pressure as a function of both reaction and calcination
temperature. The activity of the catalysts between 30° and 100°C was comparable
between catalysts with the support not calcined and those with the support calcined at
400°C. Increasing the calcination temperature of the support to 600°C improved the
activity, but a further increase to 800°C resulted in an inactive catalyst. Therefore
calcination at 600°C gave the most active catalyst and was considered the optimum

temperature for these systems.

Table 8: Activity measurements for Au-CaTiO; catalysts*

CO conversion (%)
Reaction Temp°C Oven dried Calcination Temp°C
NC # 400°C 600°C
30 10 11 13
40 15 12 18
50 17 16 25
60 20 19 28
70 24 22 40
80 28 26 40
9 30 31 >4
100 35 40 66

*Activity as expressed by % CO converted
# NC meaning no support calcination, oven dried at 100°C overnight.
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Figure 6: CO conversion over Au-CaTiOj; catalysts

5.1.2 Stability Tests

From the stability tests, high catalytic activity was observed initialy for all catalysts,
but they deactivated over time on stream. This could be due to reduction of cationic
gold probably arising from the Au-perovskite interaction. The catalyst with the
support not calcined was very unstable. For example, after 9 h on line there were
appreciable drops in activity from 28% to 22% within an hour. The catalyst with the
support calcined at 600°C was more stable than all the other catalysts prepared. Table
9 and Figure 7 show the stability measurements for Au-CaTiOs; towards CO oxidation

at atmospheric pressure as afunction of time.
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Table 9: Sability measurements for Au-CaTiOs catalysts*

CO conversion (%)
Time (h) Ovendried Calcination Temp°C
NC* 400°C 600°C
1 33 25 33
2 31 22 28
3 30 22 28
4 31 22 27
5 29 21 27
6 29 20 27
7 28 20 27
8 28 21 26
9 28 21 27
10 22 19 26
11 23 19 25
12 22 20 25
13 21 20 25
14 20 20 26
15 19 20 26
16 19 20 25
17 19 20 25
18 19 18 25
19 18 17 23
20 19 17 24
21 19 17 23

* Activity as expressed by % CO converted
# NC meaning no support calcination, oven dried at 100°C overnight.
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Figure 7: Sability tests for Au-CaTiOj; catalysts

5.2 Characterisation Resultsfor Au-CaTiO3

Characterisation plays a crucia role in understanding the interaction between the
support and the metal nanoparticles, and this should lead to a better understanding of
the reasons for the increase or decrease in activity. The supports and catalysts were
characterized by BET surface analysis, powder-XRD, XPS, XRF, and Raman
spectroscopy. The characterization results are discussed below.
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5.2.1 BET surfacearea

There are different variables that play arole in catalyst activity and the surface areais
one of those variables. It is reported in literature that the higher the surface area, the
more active the catalyst would be [2]. Perovskites have been reported to have surface

areas that are less than 10 m?/g depending on the method of preparation [3].

The citrate method has been reported to give reasonable surface areas [4] and thiswas
our method of choice for the support preparation. In the CaTiOs; system, the support
that was not calcined had the highest surface area and as the calcination temperature
was increased, the surface area was observed to decrease as shown in Table 10, with

800°C having the lowest surface area of approximately 10 m%/g.

Table 10: BET Surface area results for CaTiOgz calcined at different temperatures

Catalyst Calcination Temperature Surface area (m?/q)
Oven dried at 100°C 45.1
CaTiOs 400°C 41.7
600°C 34.4
800°C 10.1
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5.2.2 X-raydiffraction

From XRD results, the interested was to establish the phase transformations, new
phases to the perovskite pattern, peak shifts and peak broadening. From Figure 8, the
expected CaTiOs; XRD pattern was observed which means the prepared perovskite
was pure. Apparently, calcination of the support did not change the structure of the
perovskite, and no peak shifts or peak broadening was observed with increasing
temperature. Loading of gold on the support showed no change in the XRD pattern of
the perovskite and the gold peaks could not be detected as they overlapped with the
support peaks. The 1wt% Au loading was low.

NC

400°C
—600°C
800°C
Au-CaTiO3

10 20 30 40 50 60 70 80 90
2 Theta®

Figure 8: Diffractograms for CaTiOs calcined at different temperatures
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5.2.3 Raman spectroscopy

Raman spectroscopy was used to study the crystallinity of the materials by looking at
peak height and peak broadening of characteristic absorptions. It is reported in
literature that amorphous materials show broad Raman peaks [5]. Figure 9 shows the
observed spectra and the assignments of the peaks are given in Table 11. The
supports calcined at 400°C and 600°C were observed to be more crystaline as their

peaks were more pronounced and with higher intensity.

Table 11: Symmetry assignments for the observed Raman spectra for CaTiOs

Raman shifts (cm™)

Assignments

P, Raman mode which is related to

142 CaTiO3 lattice mode.
P, which isthe O — Ti — O bending
241
mode.
467 P; which is ascribed to the torsional

mode.
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Figure 9: Raman spectra for CaTiOj3 calcined at different temperatures

5.2.4 X-ray photoelectron spectroscopy

Surface analysis is very important in evauating heterogeneous catalysts and the
catalysts were therefore analyzed by XPS to determine shifts in binding energies and
changes in peak intensities. From Table 12, the catalyst with the support calcined at
600°C had the lowest surface oxygen and the highest titanium content, which led to
the system with the best performance in activity. In Figure 10, it can be seen that the
intensity of the Au (4f) peaks decreased as the calcination temperature was increased.
Also, there was a dight shift to higher binding energies with an increase in

calcination temperature.
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Table 12: Surface compositions for Au-CaTiO3z by XPS

Composition % Elemental ratios
Calcination
Temp°C O Ti Ca Au O/(Ti+Ca) | Au/Ti
NC 60.7 14.9 215 29 1.67 0.19
400 64.5 17.6 17.3 0.6 1.85 0.03
600 58.7 24.5 16.2 0.6 1.44 0.02
800 65.0 18.2 16.4 0.5 1.88 0.03
1200
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Figure 10: Spectra showing Au (4f) binding energies for Au-CaTiO3

In Figure 11, no significant effect on the Ca (2p) binding energies was noted for al
the supports prepared as a result of increasing the calcination temperature. The
spectra for O (1s) in Figure 12 show shifts to higher binding energies for the support
calcined at higher temperatures.
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5.3 Discussion

CarliO3 has been used for the treatment of radioactive wastes and CaliOs; based
perovskites have been used as catalysts for partial oxidation of light hydrocarbons [6].
This perovskite, however, has never been investigated for CO oxidation and the fact
that it is titania-based was of interest. The effect of gold loading on CaTiOs has also

never been explored.

Under our test conditions, pure CaTiOs; was not active for CO oxidation. The catalyst
with the support calcined at 800°C showed no activity for CO oxidation as well.
From surface area analysis, the support calcined at 800°C had the lowest surface area
and Raman spectra showed that this support was amorphous. The catalyst with the
support calcined at 600°C was the most active and stable in this series of catalysts.
This support had reasonable surface area, and it was highly crystalline as shown by

Raman spectra.

XPS (Figure 10) analysis of Au- CaTiO3 showed a decrease of the Au (4f) peak asthe
calcination temperature was increased to 800°C. This could be due to the
incorporation of Au into the perovskite structure, and this should lead to better
interaction between Au and the support. It was thus expected that the catalyst
calcined at 800°C should be more active. However, experiments revealed that this

sample did not have any activity.

It was then clear that other factors play arole in the catalyst activity for this system.
Calcination temperature plays avital role in determining the surface area, crystallinity
and interaction between the metal and the support. The optimum calcination
temperature was presumed to be 600°C. XPS results depicted in Table 11, showed
that the catalyst with the support calcined 600°C had the lowest surface oxygen and
highest titanium content. It therefore gave the lowest O:(Ti+Ca) ratio and Au:Ti ratio.
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This suggests that the Ti*" exerts a strong attraction towards the few surface oxygen
atoms remaining. There is also a strong interaction between Au and Ti as the binding
energies are observed to shift towards the higher energy as the calcination
temperature is increased.

These strong attractive forces seem to enhance the higher catalytic activity observed
in the material calcined at 600°C. Higher calcination temperature at, for example,
800°C causes re-oxidation that increases surface oxygen content significantly thereby

lowering the interaction, and leads to no catalytic activity.

Overadll, the catalyst activity for the gold loaded samples was observed to increase
with increasing reaction temperature but gradually deactivated over the period of time
investigated. Thusin 5 h, there was + 8 % decrease in activity.
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CHAPTER 6

6 CATALYSTSBASED ONLANTHANUM-IRON
PEROVSKITES

LaFeO; is one of the perovskite-type oxides that have been used as an oxidation
catalyst [1]. LaFeOs is reported to be active in reactions such as propane oxidation,
methane combustion and high temperature CO oxidation. Barbero et al. [2] and
Ciambelli et al. [3] did a detailed study on this perovskite for total oxidation of VOCs
(volatile organic compounds). Their results were interesting and initiated the
investigation of this perovskite for low temperature CO oxidation with an interest in
the effect of gold loading. This chapter summarises the activity, stability tests and
characterization results of the LaFeO3 system.

6.1  Activity Measurementsfor Au-LaFeO;

Au-LaFeOs (0.1 g) was tested for CO conversion in a reaction mixture of 5% CO,
10% O, and 85% He at a total flow rate of 40 mi/min. The activity results were
recorded at 10°C intervas, increasing the temperature from room temperature to
100°C. To determine the stability of the catalyst, the results were collected every 30
min whilst holding the reaction temperature at 70°C over 24 h.
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6.1.1 Activity Tests

Table 13 show the activity measurements for Au-LaFeOs; towards CO oxidation at
atmospheric pressure using a total flow rate of 40 ml/min of the reaction gases as a
function of temperature. Pure LaFeOs; was not active for CO oxidation under those
conditions. Figure 13 is a graphical plot of the results. The catalysts showed an
increase in activity with increasing reaction temperature. Calcination of the support
seemingly had no effect on the activity of these catalysts as there were insignificant

differences between them.

Table 13: Activity measurements for the Au-LaFeO; system*

Reaction Calcination Temperature
Temperature°C
400°C 600°C 800°C
CO conversion (%)

30 31 25 21
40 40 40 33
50 47 53 48
60 53 62 62
70 79 70 71
80 90 88 84
90 93 90 87
100 95 91 91

* Activity as expressed by % CO converted
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Figure 13: CO conversion over Au-LaFeO; catalysts

6.1.2 Stability Tests

Table 14 show the stability measurements for Au-LaFeO; catalysts over 21 h on
stream. The catalyst with the support calcined at 400°C was not stable as it started

deactivating after 2 h on stream, see Figure 14. However, after 21 h on stream the

41% conversion is still acceptable, when compared to data for the Au-CaTiO;z catalyst
shown in Figure 7. There was an initial increase in activity for the catalysts with
supports calcined at 600°C and 800°C, probably due to an induction period of about 2
h on stream. The catalysts remained stable throughout the 19 h time on stream. They

could be the best catalysts identified in this study for low-temperature CO oxidation.
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Table 14. Sability measurements for Au-LaFeO; catalysts*

Calcination Temperature
Time (h) 400°C 600 °C 800°C
CO conversion (%)
1 79 63 77
2 67 93 95
3 67 96 99
4 63 96 94
5 64 96 97
6 63 97 97
7 60 96 99
8 56 96 96
9 63 95 96
10 60 96 96
11 58 95 96
12 57 95 95
13 52 95 97
14 53 96 96
15 52 96 96
16 52 96 96
17 55 96 96
18 52 95 96
19 51 95 96
20 50 97 95
21 41 96 96

* Activity as expressed by % CO converted
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Figure 14: CO conversion for Au-LaFeO; catalysts

6.2 Characterisation resultsfor Au-L aFeO3

Samples of LaFeO3; support were calcined at various temperatures after which gold
was deposited. To understand the effect of calcination and gold loading, these
supports and catalysts were characterised by BET surface analysis, powder-XRD,
XPS, XRF, and Raman spectroscopy. The results are discussed below.
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6.2.1 BET surfacearea

Table 15 gives the observed surface arearesults. As the calcination temperature of the
support was increased, there was an increase in surface area. The support calcined at
800°C had the highest surface area.

Table 15: Surface area analysis for LaFeOs calcined at different temperatures

Material Calcination Temperature (°C) Surface Area (m%g)
400 14.2
LaFeOs 600 19.3
800 25.4

6.2.2 X-raydiffraction

Figure 15 shows the XRD results that were obtained for the calcined supports. The
interest was in phase transformations, new phases to the perovskite pattern and peak
shifts and peak broadening. From the diffractograms, the expected LaFeO; pattern
was observed, which means that the prepared perovskites were pure. As the
calcination temperature of the support was increased there was an increase in the peak
intensity that could be due to increased crystallinity. The gold peak however could
not be detected as it overlapped with the support peaks and the 1wt% loading was

very low.
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Figure 15: Diffractograms for LaFeO; systems at various calcination temperatures.

6.2.3 Raman spectroscopy

Little work has been done on the calculation and assignments of the Raman modes
for LaFeOs;. Moreover, there are some controversial points in the assignments of the
modes [4]. For example, the band at ~625 cm™ was assigned to two phonon scattering
mode in reference 5 and the same band was assigned to impurity related scattering
mode in reference 6. In this work, Raman spectroscopy was used to support the XRD
data to determine whether crystalinity plays a role in the activity of these materials
by considering the peak intensity and peak broadening.
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Very few Raman spectra for LaFeOs perovskite were found in the literature [4] and
they were similar to our observed spectra, see Figure 16. The assignments of peaks
found in this spectrum are tabulated in Table 16. The peak intensity increased with an
increase in calcination temperature meaning that crystalinity increased when the
sample was calcined at higher temperatures.

Table 16: Symmetry assignments for observed Raman peaks for LaFeO3

Raman shifts (cm™) Assignments
431 Bsg
628 Two phonon / impurity scattering
991 Two phonon scattering
1129 Two phonon scattering
1306 Two phonon scattering
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Figure 16: Raman spectra for LaFeO; at different calcination temperatures

6.2.4 X-ray photoelectron spectroscopy

Catalysts were analyzed by XPS to determine shifts in binding energies in order to
determine changes in the atomic interactions. Figures 17 — 20 gives the observed
spectra. In Figure 17, there are two doublets corresponding to Au® (~ 84.5eV) and
Au** (~ 87eV) species for the Au (4f) transition. Increase in calcination temperature
led to an increase in the abundance of the cationic species. There were no shifts in
binding energies for all the other spectra as the calcination temperature was increased
[Figures 18 — 20]. Quantification of surface compositions of these materials was not

feasible due to uncertainty in the La (3d) sensitivity factor for LaFeOs.
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Figure 17: Spectra showing Au (4f) binding energies for Au-LaFeO3
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Figure 18: Spectra showing La (3d) binding energies for Au-LaFeO;
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Figure 19: Spectra showing Fe (2p) binding energies for Au-LaFeO3
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6.3 Discussion

LaFeOs has been investigated for high temperature CO oxidation. For example, a
study by Colona et al. [7], showed activity at temperatures above 200°C. As expected
in our study, LaFeOs; was not active for low temperature CO oxidation. The effect of
gold on perovskite for high temperature CO oxidation was investigated by Russo et
al. [8], and the 2wt% Au-LaNiOz gave the best results with Tsp = 156 °C. To
investigate the effect of Au loading on low temperature CO oxidation, we prepared
the LaFeO; support at different calcination temperatures.

The supports calcined at 600°C and 800°C had the highest surface area and were
more crystalline, and the resulting catalysts were more stable on stream. There was
not much difference in the activity of all the Au-LaFeO; catalysts.

From XRD anaysis (Figure 15), the peaks became more pronounced as the
calcination temperature was increased, which implies an increase in crystalinity.
However, the activity of the different catalysts was similar despite the increase in
crystallinity. Therefore, crystalinity does not affect the activity but the stability of
these catalysts.

Figure 17 shows a reduction in intensity of the Au(4f) peak as the calcination
temperature of the support was increased. This is thought to relate to the
incorporation of the cationic species into the support. The LaFeOs; system showed
interesting results for CO oxidation and with improvement could be one of the best
systems for the reaction of interest. Calcination of the support at higher temperatures

was found to play a crucia role in the stability of these materials with time on stream.
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CHAPTER 7

7 CATALYSTSON SUBSTITUTED LANTHANUM-IRON
PEROVSKITES

The effect of partial substitution of either the A or B sites and sometimes both sites
has been reported to result in structural defects such as anionic or cationic vacancies
that produce highly stable and active perovskites [1]. In Chapter 6, the Au-LaFeOs
catalyst was shown to give the most promising results and calcination at higher
temperatures gave the most stable catalyst. Therefore the effect of partial substitution
of La (the A-site) with Ca was investigated using the catalyst with the support
calcined at 800°C. The activity and stability of the Au-LaFeO; and Au-La,.xCaFeO3

were compared. This chapter summarises the results obtained.

7.1  Activity Measurementsfor Au-La;xCasFeO3

Au-La «CaFeOs3 (0.1 g) was tested for CO conversion in areaction mixture of CO,
O, and balanced He at atotal flow rate of 40 ml/min. The activity and stability tests

were recorded as explained in section 6.1.
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7.1.1 Activity Tests

Table 17 shows the results obtained over Au-La;«CaFeOs catalysts (where x = 0,

4%, 10%, 16% and 20%) for CO conversion. The support alone was not active for

CO oxidation under these test conditions. Loading gold on the support resulted in an

increase in activity as the reaction temperature was increased. Substituting La with

4% calcium had a negative effect on catalyst activity, see Figure 21. Increasing the

calcium content to 10% had a positive effect at temperatures above 70°C on stream.

However, further increase in calcium content (16% and 20%) resulted in a significant

decrease in catal ytic activity. Therefore substitution of La by Ca was not beneficial in

this system under the test conditions used.

Table 17: Activity measurements for Au-La;.xCaFeOs*

Temperature CO conversion (%)

©) Ca=0% | Ca=4% | Ca=10% Ca=16% | Ca=20%
30 21 20 14 15 9

40 33 23 28 22 15

50 48 36 35 32 24

60 62 49 55 44 37

70 71 70 71 62 45

80 84 82 90 71 59

90 87 85 95 73 60
100 91 88 96 78 65

* Activity as expressed by % CO converted
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Figure 21: CO conversion over Au-La;.xCasFeOzat different reaction temperatures

7.1.2 Stability tests

Catalysts stability was determined over 20 h on stream and the results are given in
Table 18 and plotted in Figure 22. The catalyst with no calcium had superior activity
and stability when compared to all the catalysts substituted with calcium. Generaly,
at the onset of the reaction, it was observed that a higher calcium loading led to a
decrease in activity: except for the 10% Ca. The catalyst substituted with 4% Ca had
a higher activity than the 16% Ca, which in turn had a higher activity than the catalyst
with 20% Ca. The catalyst with 10% Ca loading gave the best results of al the
substituted catalysts but was still not as active as Au-LaFeOs. Overall, substitution of
lanthanum by calcium resulted in a decrease in activity and stability when compared
to Au-LaFeOs.
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Table 18: Sability measurements for Au-La;-xCaxFeOs*

Time (h) CO conversion (%)
Ca=0% Ca=4% | Ca=10% | Ca=16% | Ca=20%

1 77 26 42 18 4

2 95 57 59 19 4

3 99 63 76 21 4

4 94 61 76 23 7

5 97 60 75 23 8

6 97 58 73 25 14
7 99 56 72 24 17
8 96 56 71 27 18
9 96 55 71 28 21
10 96 54 71 27 24
11 96 54 68 28 24
12 95 53 69 28 24
13 97 51 67 29 27
14 96 49 64 29 27
15 96 51 67 29 25
16 96 50 66 28 29
17 96 48 68 30 31
18 96 52 62 29 33
19 96 51 67 29 32
20 95 51 67 29 32

* Activity as expressed by % CO converted
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Figure 22: CO conversion over time on stream for Au-La;.xCaxFeO3

7.2 Characterisation Resultsfor Au-L a;.yCaFeO3

Substitution of La with Ca should bring about changes in the structure of LaFeO3 and

the interaction between atoms. To determine these changes alongside the effect of
gold on activity, the supports and catalysts were characterised for BET surface area,
XRD, XPS, XRF and Raman spectroscopy. The results obtained are discussed below.
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7.2.1 BET surfacearea

Substitution of Lawith 4%Ca resulted in a decrease in the surface area of the support.
Increasing the Ca loading to 10% or 16%, progressively led to a further drop in the
surface area. The support with 20% Ca loading, however, had a surface area that was

equivalent to the 4 % calcium loaded support, see Table 19.

Table 19: Surface arearesultsfor Au-La;,CaFeO3

Support Calcium loading (%) Surface area (m%g)
0 254
La;xCacFeOs 4 175
10 14.9
16 14.3
20 175

7.2.2 X-raydiffraction

The different supports were analyzed using powder-XRD to determine the effect of
calcium loading on the structure of the perovskite. Figure 23 shows the XRD patterns
(20 values of 10 to 90°), for all the Lay.xCacFeOs perovskites prepared. A decrease in
peak intensity was observed with increasing Caloading. Higher Caloading especially
the 20% loading led to coverage of the perovskites such that the peaks became weak
in the XRD pattern. Gold peaks were not visible in the XRD patterns as the 1-wt%
Au was below the detection limit.
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Figure 23: XRD patterns showing the effect of calciumloading on LaFeO;

7.2.3 Raman Spectroscopy

No peaks were observed in the Raman region for al the Ca doped-supports.
Therefore, modification of LaFeOs; with Ca decreased the crystalinity of the
materials drastically. Our results correspond with what is reported in literature for
featureless materias[2].
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7.2.4 X- ray photoelectron spectroscopy

The surface analysis results from XPS are given in Figures 24-28. For the 4%
calcium loaded catalysts, the presence of cationic gold species (~87€V) and some
metallic gold (~84eV) was detected. For the samples substituted with 16% or 20%
calcium, the gold signal was not evident, probably because there was no Au on the
surface of the support, see Figure 24.

The Ca (2p) spectra in Figure 25 show dramatic differences as a function of Ca
loading. The Ca (2p) spectra exhibit two components at ~346€V and ~349eV, both of
which increased in relative intensity as the Ca loading increased. The total Ca (2p)
intensity increased with Caloading up to the 16% cal cium substitution; the intensities

of samples loaded with 16% and 20% calcium were very similar.

Presumably this represents Ca species in two different environments or lattice
positions. This conclusion is supported by the La (3d) spectra shown in Figure 26,
where the spectra corresponding to 16% and 20% Ca loadings show evidence for two
La states in the broadening of the signals, reflecting different interactions between the
La and Ca atoms. There were no significant changes in the Fe (2p) binding energies

for the Au-Lay.xCaFeO; catalysts as seen in Figure 27.

For the samples substituted with 16% and 20% Ca, there was a large increase in the
high binding energy component of the O (1s) spectra compared with the lower Ca
loadings, possibly reflecting the contribution from “CaO” species to the O (19)
envelope. Thisis clearly correlated with the observations made in the Ca (2p) and La

(3d) signals concerning different Ca species.
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Figure 24: Spectra showing Au (4f) binding energies for Ca doped Au-LaFeO3
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Figure 25: Spectra showing Ca (2p) binding energies for Ca doped Au-LaFeO3
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Figure 26: Spectra showing La (3d) binding energies for Ca doped Au-LaFeO3
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Figure 27: Spectra showing Fe (2p) binding energies for Ca doped Au-LaFeOs
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7.3 Discussion

Substitution of La with transition metal cations has been investigated by different
researchers, some showing positive effects and others showing negative effects.
Barbero et al. [1] observed improved catalytic activity in propane and ethanol
combustion using LaFeO; substituted with different amounts of calcium. Work by
Ciambelli et al. [3] showed a decrease in catalytic activity with higher magnesium
content in LaFeO3 for methane combustion and CO oxidation.

In this study, the La;«CasFeOs support was not active for CO oxidation under our
reaction conditions. Loading gold onto the support had a positive effect on the
activity for CO oxidation. Substituting La with calcium resulted in a decreased
catalytic activity.

All the calcium containing samples had lower surface areas: as the calcium loading
was increased, the surface area decreased. From XRD analysis (Figure 23), the
intensity of the diffraction lines decreased due to the thickening of CaO layer burying
the crystalline structure of the perovskite. This was also supported by the analysis
from Raman spectroscopy where no bands for the substituted LaFeO; were observed

due the catalysts being amorphous and featurel ess arising from the presence of CaO.

In Figure 25, there was evidence of calcium being in two different environments
resulting in different interactions between lanthanum and calcium. The decrease in
surface area, crystallinity and different species of calcium led to a decrease in catalyst
activity and stability. Therefore substitution of lanthanum with calcium cannot be
accommodated into LaFeO; perovskite | attice beyond a certain degree of substitution.
The optimum calcium substitution was 10%,; any further increase in calcium loading

resulted in surface coverage instead of |attice substitution.
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CHAPTER 8

8 CONCLUSION

Unlike inert bulk gold, supported gold nanoparticles are highly active in many
reactions. Their catalytic activity depends especially on the nature of the support,
preparation method, calcination temperature, the effect of promoters, and the size of
the Au clusters. Various materials have been examined to support nanogold particles
for reactions such as CO oxidation. Of these, TiO; is extremely active, and on this
support, nanogold particles can catalyse the CO oxidation reaction at sub-ambient
temperatures as well as catalysing the preferential oxidation of CO in hydrogen rich
streams (PROX) at ambient temperatures. An attempt to deposit nanogold particles
on perovskites for high temperature CO oxidation has shown improved catalytic
activity. However, these systems have not been investigated for low temperature CO

oxidation.

Perovskite type-oxides are known to be tolerant to high temperatures and have been
found to be active for various reactions. Their high stability allows for partial
substitution of either the A or the B site, which results in structural defects, such as
anionic or cationic vacancies that can be manipulated to optimize activity and/or
stability. One of the drawbacks of perovskites in catalytic investigations is their low
surface area (<10 m?/g). From the BET surface area analysis, the prepared
perovskites in this study had surface areas higher than 10 m?/g. Therefore, the citrate

method was successful in synthesising perovskites with reasonabl e surface areas.
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Calcination at different temperatures influenced the surface area and crystallinity of
these materials, which in turn affected the catalyst activity. To produce an active Au-
based catalyst, the optimum calcination temperature was 600°C for the CaTiOs
support, but for the LaFeOs; support the best support was calcined at 800°C.
Therefore, in conclusion, calcination plays a crucia role in the activity of these
materials.

In addition, there was evidence of Au being incorporated into the perovskite as the
calcination temperature increased. This resulted in better interaction between the Au
and the support cacined at the optimum temperature. Calcination temperature
therefore enhances the interaction of the metal with the support, which affects the
activity of these catalysts.

In this study, addition of promoters like Cadid not improve the catalytic performance
but instead depressed activity dramatically as the Ca loading was increased. The
assumption is that, instead of Ca inducing changes in the crystalline structure of the
perovskites, the CaO added to the perovskites formed an amorphous layer on the
perovskite. There was evidence of calcium being in two different environments
suggesting different interactions between lanthanum and cacium. Therefore
substitution of lanthanum with calcium was achieved up to a certain degree but it was
not beneficial in this system.

The Au-LaFeO; catalyst showed the best results for CO oxidation and was stable.
However, Au/perovskites had low conversions at ambient temperature, which was the
interest for this study. Pure perovskites investigated in this study were not active
under the investigated conditions (low temperature) as expected. The activity of

perovskites increased upon gold deposition.
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From XPS analysis, it was observed that, in the active catalysts both cationic and
metallic gold co-existed, whilst in the inactive catalysts the gold existed
predominantly in one of the forms. Further work aimed at improving the activity of
Au/perovskites for low temperature CO oxidation would be beneficial seeing that

these materials are promising.

In conclusion, the citrate method was successfully used to prepare the different
perovskites and the deposition-precipitation method used to deposit gold onto the
supports. The calcination temperature at which the support is subjected to prior to Au
addition is crucial in preparing the correct support. Correct procedures result in the
preparation of catalysts with higher catalytic activity. Overall, perovskites are
intrinsically poorer supports than TiO,, Al,Os, ZnO etc. for low temperature CO
oxidation but their activity improved upon gold addition. Therefore the presence of
gold nanoparticles significantly enhanced the activity of these materials although the

support itself is suspected to be involved in the reaction mechanism.
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