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Summary 

In gold catalysis the performance of a supported catalyst is 

affected by the size, the distribution of the gold nanoparticles, the 

type and the structure of the support material and the different types 

of additives. The knowledge obtained about the behavior of gold as 

catalyst is not consistent and complete. 

Based on the need for better understanding the activity ï 

structure relationship of nanostructured gold, which leads us to 

improve the catalysts performance, modified supported gold catalysts 

were developed for CO oxidation and glucose oxidation reactions in 

this work.  

First, unmodified gold catalysts of two different gold particle 

sizes supported on reducible (TiO2, CeO2) and irreducible (SiO2) 

oxides were prepared and their catalytic behaviors were compared in 

CO and glucose oxidation (Chapter 5.1). A correlation was found 

between the temperature required for 50% CO conversion and the 

glucose oxidation reaction rate, the activity order of the catalysts was 

reverse in the two reactions. This result revealed that the known 

support and size effect in CO oxidation is not valid for glucose 

oxidation. In the latter reaction weak metal ï support interaction is 

favored, the silica supported catalysts showed higher activity than the 

ceria or titania supported ones. The higher activity of the larger gold 

particles found in glucose oxidation is explained by the different 
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surface geometry needs for the larger glucose molecule compared to 

CO.  

In CO oxidation further development of the most active Au/CeO2 

catalysts was carried out. For this purpose Au/SiO2 catalysts modified 

by different amount of CeO2 in a special way, when nanosize Au 

decorated with CeO2 patches were prepared (Chapter 5.2). High 

resolution transmission electron microscopy (HRTEM) measurements 

revealed thin, nanosize CeO2 moieties over gold already at extremely 

low 0.04wt% CeO2 loading, which decreased the temperature of 50% 

CO conversion by 280ÁC compared to Au/SiO2 reference. 0.16wt% 

CeO2 was enough to approach the activity of the Au/CeO2 reference 

sample. At 0.6wt% CeO2 content the catalyst greatly exceeded the 

activity of the pure Au/CeO2 used as reference. Further increase of the 

CeO2 content above 0.6wt% did not change the activity significantly. 

HRTEM proved that up to this concentration ceria is attached onto 

gold surface and further increase in Ce-loading caused CeO2 spread 

over the support surface as well. Strong interaction of Ce species with 

stabilizer ligands located around Au is suggested as the reason for 

CeO2 localization on gold. 

For the development of the most active Au/SiO2 catalysts in 

selective glucose oxidation the addition of silver to Au nanoparticles 

was decided. Addition of a second metal to gold resulted synergetic 

activity increase in many oxidation reactions. AgAu bimetallic 

nanoparticles also have shown increased activity in glucose oxidation 

but supported AgAu nanoparticles were firstly applied in this work.  

SiO2 supported AgAu bimetallic catalysts were prepared by sol 

adsorption method with 10/90, 20/80, 33/67 and 50/50 Ag/Au molar 
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ratios (Chapter 5.3). UV-visible spectroscopy and HRTEM proved 

that the reduction of HAuCl4 in Ag sol resulted in alloyed AgAu 

colloid particles and their alloyed structure remained after calcination 

and reduction treatment. The AuAg bimetallic effect and its 

dependence on the Ag/Au molar ratio were studied in glucose 

oxidation. Synergistic activity increase was observed compared to the 

Au/SiO2 reference sample in case of the bimetallic samples up to 

Ag/Au=33/67 molar ratio. Maximum activity was reached at 

Ag/Au=20/80. Oxidation/reduction pretreatment slightly affected the 

activity of the catalysts; however the sequence of the samples 

remained the same. A reaction mechanism was proposed for glucose 

oxidation over our silica supported silver ï gold catalysts, which is 

consistent with our experimental results and based on previous 

studies for alcohol oxidation and glucose oxidation on gold catalysts. 

The higher activity of the bimetallic samples is suggested to be 

caused by the improved O2 activating ability provided by Ag sites. 

The further increase of Ag loading above the optimal concentration 

may dilute or cover the Au to such an extent that the number of gold 

ensembles necessary for glucose activation decreases deteriorating 

the activity. 

Characterization of the parent monometallic Ag sol by HRTEM 

and Selected Area Electron Diffraction (SAED) showed the 

coexistence of the commonly known face centered cubic crystal 

phase of Ag nanospheres with the rarely observed hexagonal 4HïAg 

structure in the same concentration. This hexagonal polytype of Ag 

has been observed, to date, only in nanocrystalline and continuous 
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films or nanorods; in nanospherical form it was reported, to the best 

of my knowledge, for the first time.  
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¥sszefoglal§s 

Arany kataliz§torokon az el®rhetŖ aktivit§st ®s szelektivit§st 

alapvetŖen befoly§solja az arany nanor®szecsk®k m®rete ®s eloszl§sa, 

a szemcs®hez kapcsolt oxid f§zis szerkezete ®s m®rete ®s a k¿lºnbºzŖ 

m·dos²t·k hat§sa. Az arany nanor®szecsk®k katalitikus 

tulajdons§gair·l a szakirodalomban kºzz®tett tud§s nem teljes ®s nem 

egys®ges. A kataliz§torok szerkezete ®s aktivit§sa kºzºtti 

ºsszef¿gg®sek jobb meg®rt®se r®v®n egyre jobb kataliz§torokat 

fejleszthet¿nk. 

Ebben a munk§ban arany nanor®szecsk®ket tartalmaz· 

kataliz§torok szerkezet ï aktivit§s ºsszef¿gg®seinek kutat§s§val 

foglalkozom, melyet egyf®mes oxidhordoz·s ®s m·dos²tott k®tf®mes 

illetve oxid promove§lt hordoz·s arany kataliz§torok elŖ§ll²t§s§val, 

CO oxid§ci· ®s gl¿k·z oxid§ci· reakci·kban mutatott viselked®s®nek 

vizsg§lat§val val·s²tottam meg.  

ElŖszºr m·dos²tatlan, reduk§lhat· (TiO2 ®s CeO2) ®s nem-

reduk§lhat· (SiO2) oxidïhordoz·s k®t k¿lºnbºzŖ m®retŤ arany 

nanor®szecsk®ket tartalmaz· kataliz§torokat §ll²tottam elŖ ®s 

aktivit§sukat hasonl²tottam ºssze CO oxid§ci·ban ®s gl¿k·z 

oxid§ci·ban (Chapter 5.1). Ellent®tes sorrendet §llap²tottam meg a 

mint§k aktivit§sa kºzºtt CO oxid§ci·ban ®s gl¿k·z oxid§ci·ban. A 

katalitikus aktivit§st CO oxid§ci·ban az 50%-os CO konverzi· 

el®r®s®hez sz¿ks®ges hŖm®rs®klet t¿krºzi, m²g gl¿k·z oxid§ci·ban a 

kezdeti reakci·sebess®gbŖl sz§m²tottam. 



xii  

 

Meg§llap²tottam, hogy a CO oxid§ci·ban ismert m®retï  ®s 

hordoz·ï hat§s nem ®rv®nyes gl¿k·z szelekt²v oxid§ci·j§ban, ebben a 

reakci·ban ugyanis az inert szil²ciumïoxid  hordoz·s kataliz§torok 

j·val akt²vabbnak bizonyultak, mint a c®riumïoxid ill. tit§nïoxid 

hordoz·s mint§k. A nagyobb Au r®szecskem®retŤ mint§k nagyobb 

aktivit§st mutattak gl¿k·z oxid§ci·ban, ami azzal magyar§zok, hogy 

a sz®n-monoxidhoz k®pest nagyobb gl¿k·z molekula aktiv§l§s§hoz 

elt®rŖ fel¿leti geometri§j¼ akt²v centrumok sz¿ks®gesek.  

CO oxid§ci·ban a vizsg§lt egyf®mes mint§k kºz¿l az Au/CeO2 

kataliz§tort tal§ltam az egyik legakt²vabbnak. A kataliz§tor 

aktivit§s§nak nºvel®s®t ®s a c®riumïoxid szerep®nek vizsg§lat§t tŤzve 

ki c®lul, ¼.n. inverz kataliz§torokat §ll²tottam elŖ, amit inertïhordoz·s 

Au kataliz§tor c®rium-oxiddal tºrt®nŖ m·dos²t§s§val val·s²tottam 

meg. Nagy felbont§s¼ transzmisszi·s elektronmikroszk·pos 

(HRTEM) vizsg§latok nanom®retŤ CeO2-ot mutattak az arany 

fel¿let®n m§r 0,04wt% CeO2 koncentr§ci·n§l, ami 280ÁC-al 

csºkkentette az 50%-os CO konverzi· hŖm®rs®klet®t az Au/SiO2 

referenci§hoz viszony²tva. A 0,16wt% CeO2-ot tartalmaz· kataliz§tor 

aktivit§sa el®rte az Au/CeO2 referencia aktivit§s§t, ®s a 0,6wt% CeO2 

tartalm¼ minta m§r j·val akt²vabb volt, mint a c®rium-oxidot 

hordoz·k®nt tartalmaz· kataliz§tor. 0,6wt% CeO2 tartalom fºlºtt az 

aktivit§s nem v§ltozott jelentŖsen, ®s sokkal nagyobb volt, mint a 

referencia Au/CeO2 aktivit§sa. HRTEM m®r®sek azt mutatt§k, hogy 

eddig a koncentr§ci·ig a CeO2 ink§bb az arany fel¿let®n helyezkedik 

el, 0,6wt% fºlºtt azonban m§r a hordoz· SiO2 fel¿let®n 

stabiliz§l·dik. A Ce specieszek ®s az arany kºr¿li stabiliz§tor 

ligandumok erŖs kºlcsºnhat§sa lehet az oka, hogy a CeO2 ink§bb az 
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arany fel¿let®n helyezkedik el. Az AuïCeO2 akt²v perim®ter a 

promove§lt mint§ban nagyobb fajlagos aktivit§s¼, mint a CeO2 

hordoz·s arany kataliz§torban.  

Gl¿k·z szelekt²v oxid§ci·j§hoz a reakci·ban legakt²vabb minta 

m·dos²t§s§val k²v§ntam akt²vabb kataliz§tort elŖ§ll²tani ®s vizsg§lni a 

m·dos²t§s hat§s§t. Az arany nanor®szecsk®ket ez¿sttel m·dos²tottam, 

amivel az arany oxig®nïaktiv§l· k®pess®g®t k²v§ntam befoly§solni. A 

szakirodalom szerint a hordoz· n®lk¿li AgAu k®tf®mes 

nanor®szecsk®kkel gl¿k·z oxid§ci·ban jelentŖs aktivit§s nºveked®s 

®rthetŖ el az egyf®mes aranyhoz k®pest, a gyakorlati szempontb·l 

elŖnyºsebb hordoz·s AgAu kataliz§torok alkalmaz§sa azonban ebben 

a munk§ban jelenik meg elŖszºr gl¿k·z oxid§ci·ban. 

A SiO2 hordoz·s AgAu k®tf®mes kataliz§torokat szol adszorpci·s 

m·dszerrel §ll²tottam elŖ; 10/90, 20/80, 33/67 ®s 50/50 Ag/Au m·l 

ar§nyban. UV-l§that· spektroszk·pi§s ®s HRTEM m®r®sek igazolt§k, 

hogy a HAuCl4 prekurzor n§trium-borohidrides redukci·ja Ag 

szolban ºtvºzet AgAu kolloid r®szecsk®ket eredm®nyez ®s ºtvºzet 

szerkezet¿k a hordoz·ra helyez®st kºvetŖ oxid§ci·s ®s redukci·s 

kezel®s ut§n is megmaradt. Gl¿k·z oxid§ci·ban az AgAu k®tf®mes 

hat§st tanulm§nyoztam ®s annak f¿gg®s®t az Ag/Au m·l ar§nyt·l. 

Meg§llap²tottam, hogy Ag/Au=33/67 alatt szinergikus aktivit§s 

nºveked®s l®p fel az egyf®mes Au/SiO2 ®s Ag/SiO2 referencia 

kataliz§torokhoz k®pest. Ut·bbi minta a reakci·ban inakt²vnak 

mutatkozott. Maxim§lis aktivit§sïnºveked®st 20/80 Ag/Au ar§nyn§l 

tal§ltam. M®r®si eredm®nyeimmel ºsszhangban, az irodalomban Au 

kataliz§torokon lej§tsz·d· gl¿k·zï  ®s alkoholok oxid§ci·j§ra aj§nlott 

mechanizmus alapj§n javaslatot tettem a reakci· mechanizmus§ra 
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AgAu/SiO2 kataliz§torok alkalmaz§sa eset®n. Eszerint a k®tf®mes 

kataliz§torok nagyobb aktivit§sa a mint§k Ag §ltal megnºvelt O2 

aktiv§l· k®pess®g®vel magyar§zhat·. Az optim§lis Ag/Au ar§ny 

el®r®se ut§n a tov§bbi ez¿st m§r annyira sz®tszabdalja vagy befedi az 

Au fel¿let®t, hogy a gl¿k·z aktiv§l§s§hoz sz¿ks®ges kiterjedtebb Au 

fel¿let nem lesz el®rhetŖ ez§ltal csºkken az aktivit§s.  

Az ez¿st szolt HRTEM ®s elektron diffrakci·s (SAED) 

m·dszerekkel vizsg§lva az ez¿st lapon centr§lt kºbºs krist§lyr§cs§n 

k²v¿l a ritk§n elŖfordul· hexagon§lis 4HïAg f§zist siker¿lt 

azonos²tani, melyet kºzel egyenlŖ mennyis®gben tartalmazott az Ag 

szol. Az ez¿st hexagon§lis (4H) krist§lyïm·dosulat§t eddig csak Ag 

filmekben ®s p§lcika alak¼ nanor®szecsk®kben figyelt®k meg.    
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1 Introduction 

Catalytic reactions play important roles in our life. Catalysts are 

used in all area of life from households to industry. Catalysis 

contributes to sustainable development through decreasing the energy 

consumption of the processes and eliminating or at least dramatically 

decreasing pollution from chemical and refining processes. The 

development of selective, highly active catalysts working under mild 

conditions meets the requirements of green chemistry. The 

importance of nanoparticles and nanostructures to the performance of 

catalysts has stimulated wide efforts to develop methods for their 

synthesis and characterization, making this area of study an integral 

part of nanoscience. 

Gold ï the most stable among all metals ï was thought to be 

inactive in catalysis until Harutaôs discovery
1
 of the catalytic power 

of gold in carbon monoxide oxidation when its size is in the 

nanometer range. Later high activity of gold nanoparticles was 

demonstrated in several oxygenïtransfer reactions such as CO 

oxidation, propene oxidation, water gas shift reaction, synthesis of 

H2O2, selective oxidation of alcohols and aldehydes.
2
 Gold catalysts 

have many advantages compared to platinum group metals; it is 

resistant to oxidative atmosphere, moreover gold has greater price 

stability.
3
 Though, in gold catalysis tremendous work deals with the 

mechanism, it is not fully understood, especially the activation of 

oxygen by gold.  
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Nowadays supported gold nanoparticles are used in the catalytic 

converter of vehicles, respiratory protectors, in fuel cells operating in 

electric vehicles and in chemical processes.
2,4

 

In a catalytic system the performance of the catalysts is affected 

by the size, the distribution of the nanoparticles, the type and the 

structure of the support material; and the different types of additives.
2
 

Through controlled synthesis of nanostructured catalysts better 

understanding of the activity ï structure relationship can be achieved 

leading to development of high performance catalysts. 

In my dissertation supported gold catalysts are synthesized and 

characterized in order to investigate structure ï catalytic activity 

relationship. Two different reactions are chosen for testing the 

activity of the catalysts: CO oxidation as a gas phase, total oxidation 

reaction; and glucose selective oxidation to gluconic acid as a liquid 

phase partial oxidation reaction. My aim is to study the gold-based 

catalysts in the different reactions to understand better the nature of 

the active sites and develop more efficient reaction specific catalysts 

for the two reactions.  
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2 State of the art 

The summary of the most important preparation methods for 

supported gold catalysts and gold catalyzed reactions will be 

presented in this chapter with special attention to CO oxidation and 

glucose oxidation. Despite of the tremendous work found in the 

literature about heterogeneous gold catalysts the nature of the active 

site and the reaction mechanisms are not fully understood; in many 

cases the results are inconsistent. 

2.1 Preparation methods  

The success of gold in catalysis is based on the proper 

preparation method. The preparation method has a significant effect 

on the properties of supported gold catalysts thereby results in 

different particle size and geometry, different oxidation state of Au 

and different metal ï support interaction. Moreover these parameters 

are in correlation with each other. Many preparation methods have 

been developed which fall into two main categories
2
: 

 1.) the gold precursor and the support are formed at the same 

time during the synthesis (coprecipitation) 

 2.) the gold or gold precursor is deposited on a preformed 

support. Many techniques belong to this category such as 

impregnation, ion-adsorption, deposition ï precipitation, deposition 
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of organogold complex, chemical vapour deposition and colloidal 

gold deposition. The most important methods are detailed below. 

2.1.1 Coprecipitation 

In this method the support and gold nanoparticles are formed 

simultaneously. During the preparation process sodium-carbonate 

was added to the solution of gold precursor (HAuCl4) and metal 

nitrate (Fe(NO3)2) under controlled pH.
2
 The formed hydroxide 

precipitates transformed to supported gold catalysts during 

calcination. This method is easy to carry out but its applicability is 

limited to metal hydroxides that can be co-precipitated with 

Au(OH)3.
5 

 

2.1.2 Impregnation  

This is the simplest method for catalysts preparation. The 

support is mixed with the solution of the gold precursor followed by 

aging, drying and calcination. The most frequently used precursors 

are HAuCl4,
6,7,8

 AuCl3
9
 and ethylenediamine ([Au(en)2]Cl3)

10
 

complex. Silica, magnesia, alumina, titania and ferric oxide are used 

as supports. The method has two types: when the volume of the gold 

precursor solution corresponds to the pore volume of the support, the 

Metal ï 

hydroxides  
Au/support 

base calcination 
Metal ï nitrate 

 

HAuCl 4 
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method is called impregnation to incipient wetness.  In the other 

process an excess of precursor solution is used then the solvent has to 

be evaporated. The efficiency of this method is poor: large gold 

particle sizes (10ï35nm) and low activity were produced maybe due 

to the presence of the chloride ion of the precursor, which promotes 

mobility and agglomeration of gold species during thermal 

treatment.
5
 

 

 

2.1.3 Ion adsorption 

This method is based on the ion exchange between the gold 

precursor and the hydroxyl groups of the support in aqueous solution. 

The gold precursor, HAuCl4 gives anionic complexes in aqueous 

solution if the pH of the solution is lower than the point of zero 

charge of the support, then the support surface is positively charged. 

The process was studied for the preparation of Au/TiO2 at pH 2 under 

various conditions,
11

 at which the main species in solution were 

AuCl3(OH)
ï
 and AuCl4

ï
; and these can interact electrostatically with 

the TiO2 surface (point of zero charge: 6). 

]AuCl TiOH[AuClTiOH
-

42

-

42

++
+  

HAuCl 4 / 

Support  
Au/support 

impregnation drying 

 

calcination/ 

reduction 

Support 

Gold precursor 

(HAuCl 4) 
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The performance of the catalysts prepared by this method is 

influenced by the temperature of preparation, the concentration of 

gold precursor solution and the type of the washing agent. 

 

2.1.4 Deposition ï precipitation 

Deposition-precipitation (DP) is the method where metal 

hydroxide is supposed to precipitate on the oxide support.
12

 By using 

this method base (sodium hydroxide or carbonate) is added to the 

suspension of oxide support and the aqueous solution of HAuCl4, in 

order to raise the pH to 7 or 8 of the suspension. Then it is heated at 

70 ï 80ÁC with stirring for 1 hour. In order to remove the sodium and 

chlorine washing with water at ~50ÁC is applied. The product is 

filtered and dried at 100ÁC and calcined in air at higher temperatures 

to decompose the gold hydroxide complex to metal.
2
  

Other version of this basic process was also applied. Using 

urea (CO(NH2)2) during the procedure was the first described DP 

method.
13

 In this case no reaction takes place at room temperature in 

the solution of gold precursor, support and urea. The hydrolysis only 

starts when the solution is heated above 60ÁC:  

-

42222
OH2NH2CO  OH3)CO(NH +++

+
 

Anionic complex 

on cationic sites 

of the support 

Au/support 
Support 

 

Gold precursor 

(HAuCl 4) 

pH < IEPsupport 

washing 

drying 

 

calcination/ 

reduction 
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There is a gradual release of hydroxyl ions and increase of pH 

in the solution. Using urea 100% gold deposition can be reached from 

the solution onto the support unlike in the case of NaOH where the 

maximum efficiency of gold deposition is 60%.
14

 If the preparation 

time is long enough (at least ~4 hour), small gold particles can be 

achieved.  

DP method can be used only with support having isoelectric 

point (IEP) higher than 5 (MgO, TiO2, Al2O3, ZrO2, CeO2) and it 

does not work with silica (IEP~2) and silica-alumina (IEP~1).
2 
   

2.1.5 Colloid adsorption 

With this technique stabilized gold colloids can be deposited 

on the support. The size, shape and surface charge of gold colloids 

can be tailored according to the desired catalysts. The proper choice 

of the reducing and stabilizing agent of gold is very important to 

control the properties of the catalysts.  

Stabilized Au NPs 

/Support  
Au/support 

adsorption 

washing 

 drying 

 

calcination/ 

reduction 

Support 

 

HAuCl 4 

+stabilizer 

+red.agent 

Au-hydroxide/ 

Support 
Au/Support  

pH control 
washing 

drying 

 

calcination/ 

reduction 

Support 

 

HAuCl 4 + base 
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Gold colloids 

Colloidal gold first appeared in Egypt and China at the 5
th 

and 

was used to make ruby glass and color ceramics.
15

 The most famous 

example is the pigment ñPurple of Cassiusò produced by reduction of 

HAuCl4 with stannous chloride. Michael Faraday was the first who 

published a scientific paper on gold colloids. In 1857 he reported the 

formation of deep red solution of colloidal gold.
15

 

Gold colloids have a strong adsorption band in the visible 

region, which is the origin of the observed red/purple colors of gold 

nanoparticles (NPs) in solution. This absorption band results from the 

collective oscillation of the conduction electrons in resonance with 

the frequency of the incident electro-magnetic field and is known as 

surface plasmon resonance (SPR) absorption.
15

 The SPR frequency 

(and the color of the gold nanoparticle) depends on the particle size, 

shape and the nature of the surrounding medium.
15

 Gold 

nanoparticles have been synthesized in various shapes like spheres, 

rods, cubes, plates, polyhedrons and wires. All shape has different 

physical properties (e.g. optical, electronic, and mechanical). The 

most thermodynamically favored shape is spherical. Spherical gold 

NPs can be synthesized in various sizes from 1nm to hundreds of 

nanometers.
15

 Figure 2.1 shows the color of gold colloids with 

different sizes and the change of the SPR band with the NP size. 
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Figure 2.1.a) Different colors of spherical gold colloids according to their 

particle size and b) the corresponding visible spectra.
15

    

 

In 1951 Turkevich reported the most frequently used 

preparation method for the synthesis of spherical colloidal gold 

NPs.
16

 In his method HAuCl4 was used as gold precursor and reduced 

by citrate in water, where citrate also served as a stabilizer. This 

method resulted 15 nm gold NPs with narrow size distribution. Other 

colloidal methods can be derived from the Turkevich method by 

changing the stabilizing and reducing agent, the preparation 
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conditions, the type and the concentration of the gold precursor 

producing gold NPs with many different sizes.
16

  

In catalysis the main advantage of the use of colloidal NPs is 

that the mean size and size distribution can be controlled by the 

proper choice of the reagents and conditions. Table 2.1 shows some 

examples on the effect of different stabilizers and reducing agents in 

the size of the gold NPs and the nature of the shell. The relative rates 

of nucleation and growth of the nanoparticles determine the size and 

size distribution. For small size and narrow size distribution needs 

rapid creation of large number of nuclei before growth starts. During 

the growth process the nucleation must be finished. Strong chemical 

reducing agent (e.g. sodium borohydride) generates small spherical 

nanoparticles.
15

   

 

Table 2.1. Examples of gold NPs with different sizes and shells depending 

on the stabilizer and reducing agent. 

Reducing 

agent   

Stabilizer
*
 NPs size 

(nm) 

Nature of the 

stabilizing shell 

Ref. 

NaBH4 PVA 2-3 pH dependent surface 

charge, bulky ligand 

17 

Sodium-

citrate 

Tannic acid 6-7  anionic surface charge, 

bulky ligand 

18 

NaBH4 PDDA 2-3  cationic surface 

charge, bulky ligand 

19 

Sodium-

citrate 

Citrate 15-20  anionic surface charge, 

nonïbulky ligand  

16 

*
PVA: polyvinylalcohol; PDDA: poly(diallyldimethylammonium) chloride. 
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Catalyst preparation via colloid adsorption 

Gold colloids can be immobilized on a support by mixing the 

stabilized colloidal suspension with the support followed by filtering, 

washing and drying. Colloids without immobilization may also be 

used as catalyst in liquid phase reactions if there is free surface for the 

reactants. 

Using preprepared colloidal particles is advantageous because 

particle size is independently controllable, the size distribution is 

narrow and the gold already reduced.
2
 This preparation process can 

be used on all type of support. The disadvantage of the method is the 

need of thermal treatment before catalytic use to remove the organic 

stabilizing shell which resulted particle sintering in most cases. Table 

2.2 shows some examples of catalysts prepared on various support 

with different stabilizer and the resulted gold particle sizes in the sol 

and after immobilization and thermal treatment.   
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Table 2.2. Examples of supported catalysts prepared by gold sol deposition. 

dAu: mean diameter of Au nanoparticles. 

Support Stabilizer
*
 dAu in the 

sol (nm) 

dAu on support 

after calcination 

(nm) 

Reference 

Carbon  THPC 2.9 4.3 20 

Al 2O3 THPC 3.5 3.8 20 

SiO2 TC 6.5 6.7 21 

CeO2 PVA 2.7 5.6 17 

TiO2 PDDA 15.1 15.0 19 

TiO2 PVA 2.2 5.3 17 

*
THPC: tetrakis(hydroxymethyl)phosphonium chloride; TC: tannic acid ï 

sodium citrate; PDDA: poly(diallyldimethylammonium) chloride; PVA: 

polyvinylalcohol. 

 

We have chosen this method, because we wanted to prepare 

gold catalysts with different particle sizes and this method allows us 

to use the same method for all the reducible and non-reducible 

supports. With this method also Au/SiO2 catalyst can be synthesized 

so it makes easy the comparison of the catalysts with different 

support materials.   

2.1.6 Preparation of gold containing bimetallic 

catalysts  

The catalytic properties of gold can be improved by 

combining it with a second metal. Bimetallic catalysts appeared 

promising in activity enhancement in many reactions through forming 
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new active sites and inducing synergistic effects. The preparation 

methods of gold containing bimetallic catalysts may be divided into 

three categories:
2
 

 1) no interaction between the two metal precursors in solution 

(co-impregnation,
22,23 

co-adsorption of cations,
24

 deposition-

precipitation,
25

 photoreduction
26

);  

2) interaction between the two metal precursors through 

surface reactions (redox methods);
27

 

3) utilization of bimetallic precursors (molecular cluster 

compounds,
28

 colloidal particles,
16,29

 dendrimerïstabilized 

particles
30

). 

Bimetallic nanoparticles may result in different type of 

structure: Au coreïmetal shell, metal shellïAu core, alloyed structure 

and transition structures between them. The final structure of the 

catalyst depends on the type of the second metal, the sequence of the 

reduction and the further treatments. Bimetallic gold containing 

colloids can be prepared in similar way like gold colloids alone. The 

most often used metal combined with gold are Pt,
28,30

 Pd,
16,22,23,26,27

 

but we can find some Cu,
31

 Ag
25

 and Rh
32

 containing catalysts, as 

well. 

2.2 Reactions catalyzed by gold 

Gold was thought to be inactive metal in catalysis. In 1823 

Dulong and Thenard have published the first study about the catalytic 

power of gold in the decomposition of ammonia.
33,34

 Then in 1834 

Michael Faraday has reported the reaction of hydrogen with oxygen 

at room temperature catalyzed by gold.
35

 In 1906 Bone et al. has 
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studied again this reaction using gold gauze and later gold powder.
36

 

The first report about the oxidation of carbon monoxide catalyzed by 

gold gauze at 573K was published
37

 in 1927 but the big breakthrough 

in gold catalysis came in 1987 with the work of Haruta et al.
38

 who 

has proved that supported gold nanoparticles are active at low 

temperatures in CO oxidation. Since then gold catalysts was proved 

to be efficient in many other type of reactions from gas phase to 

liquid phase. The most important reactions in which heterogeneous 

gold catalysts can be applied, besides total oxidation of CO and VOC, 

are the hydrogenation reactions of alkenes, water gas shift reaction 

and selective oxidations. The latter types of reactions can be divided 

into gas phase oxidation of hydrocarbons (alkanes and alkenes) to 

oxygenated product which is important in environmental protection 

and petrochemical industry; and partial oxidation of oxygenï

containing organic molecules (mostly alcohols, aldehydes and sugars) 

typically in liquid phase, which is important in fine chemical 

industry.
39

 Molecular oxygen, air or hydrogen peroxide can be used 

as oxidizing agent. 

2.2.1 CO oxidation 

It is widely accepted that the activity of gold catalysts in this 

reaction depends on:  

ð the particle size
40

  

ð the oxidation state of Au
41

 

ð the type and structure of oxide support
42

 

ð the interaction between gold particle and the support,
43

 

and these effects are not separable from each other. 
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2.2.1.1 The effect of the particle size 

Figure 2.2 shows the effect of the particle size on the CO 

oxidation activity. One can see that the activity/ surface Au atom 

(turn over frequency, TOF) of gold catalyst increases exponentially 

with the reducing size of the nanoparticles below 5nm.  There is a 

sharp rise in activity beginning at ~5nm, as the gold particle size is 

lowered from 20nm. The optimum size for gold particles is 2ï3nm.
44

  

 

Figure 2.2. The effect of metal mean particle size on the CO oxidation reaction rate 

normalized by surface metal atom. Comparison of gold and platinum based 

catalysts.
5
 

2.2.1.2 The effect of the support 

The chemical nature of the support plays important role 

determining the activity. Oxide supports are divided into two groups 

according to their reducibility. Generally, the reducible oxides CeO2, 

TiO2, Fe2O3 etc. are considered to be ñactive supportsò since they 

provide good activity for Au, while the irreducible ceramic oxides 



 State of the art 16 

SiO2, Al2O3 can be regarded as inactive or much less active 

supports;
45

  showing moderate activity if the particles are small 

enough. However many exceptions can be found due to the different 

preparation method which results different metal-support interactions.  

In the case of the inactive supports the oxygen adsorption was 

suggested to happen on the defect sites of Au that is why the activity 

shows stronger dependence on the dispersion. The reducible active 

oxides, which are able to act as oxygen reservoir, the microstructure 

of oxide and the nature of metal-support interface are of key 

importance, since the oxygen activated by the oxide active sites 

generated partly by the interaction with Au is suggested to react with 

CO adsorbed on gold in close vicinity of the gold-oxide perimeter.
46

   

The crystalline form of the support also has an effect. 

Comparing gold nanoparticles supported on various TiO2 polymorphs 

(anatase, rutile and brookite), the Auïanatase perimeter seems to be 

significantly more active than the Auïbrookite perimeter.
19

 The 

difference in activity should be originated from the different 

structural, physical and chemical properties of the uppermost oxide 

layer making interface with gold determined by the crystal structure 

of TiO2. However, different results were also obtained using different 

pretreatment conditions and preparation methods.
47

 

The defect structure of oxides has important role in the 

formation and stabilization of Au nanoparticles. The activity of the 

Au-oxid perimeter depends on the morphology of the oxide 

component regardless of whether it is supporting Au nanoparticles or 

decorating them. Gold on nanosized ceria prepared by DP is two 

orders of magnitude more active than gold on bulk ceria prepared by 
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coprecipitation. Possible explanation is based on Raman spectroscopy 

measurement which showed the presence of superoxide (O2
ï
) and 

peroxide (O2
2ï

) species only on the nanosized ceria support.
2
 

In our laboratory Au sols for heterogeneous catalytic purposes 

have been studied and applied for the last few years.
16,16,48

 Gold 

supported on mixed oxide supports such as TiO2ïSiO2 and TiO2ï

SBA15 or CeO2ïSBA15 was prepared with special regard to ensure 

intimate contact of the active oxide and Au on a high surface area 

amorphous and mesoporous SiO2. A unique approach, the so-called 

localized oxide promotion of gold, has been established and 

developed producing Au/SiO2 catalysts that contain TiO2 moieties on 

Au particles due to the post-modification of preformed Au particles.
19

 

This post-modification was done before or after the sol adsorption 

step. It was concluded that these ñinverse catalystsò with even as low 

as 0.2 wt% TiO2 possess better CO oxidation activity than the parent 

Au/SiO2, while at 4wt%TiO2 content they are more active than 

Au/TiO2, although the Au particle size for the latter sample was 

unfortunately higher (sintering on TiO2 could not be prevented). At 

low TiO2 concentration transmission electron microscopy (TEM) and 

energy-dispersive X-ray spectroscopy (EDS) measurements proved 

the presence of TiOx patches on Au particles while at higher TiO2 

loading Ti appeared both on Au and SiO2 support. The enhanced CO 

oxidation activity was interpreted as a result of large and especially 

active AuïTiO2 interface.  

The surface OH groups and the affinity of the support to water 

is another aspect which can modify the catalytic properties.
2
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2.2.1.3 Mechanisms 

There is not a unique mechanism for CO oxidation. The 

mechanism may depend on the type of the catalyst and influenced by 

the reaction conditions and also the moisture level. The suggested 

mechanisms can be divided into two categories:
49

  

1.) the reaction takes place only on metallic particles  

2.) the support is involved in the reaction  

In the first case CO oxidation proceeds on small, low 

coordinated Au clusters. The reaction takes place through cooperative 

adsorption of the reactants. The adsorption of the CO ï which induces 

electron excess on gold ï is followed by the adsorption of oxygen 

without dissociation, in O2
- 
form. This type of mechanism could be 

applied for irreducible oxides (SiO2, Al2O3) supported catalysts 

because these supports are thought to be not involved in the 

reaction.
2,50

 

Another mechanism proposed for Au/Al2O3 requires Au
+
 

cation at the edge of the particle, carrying an OH 
ï
 group.

51 
An 

oxygen molecule adsorbs dissociatively on steps or defect sites of 

metallic gold atoms. In the next step a CO molecule reacts via 

hydroxycarbonyl ion, liberating CO2 and restoring the initial centre. 

(Figure 2.3) No kinetic evidence was shown for this proposal. The 

existence of the Au(I)OH at the interface was deduced from 

observations on the deactivation of the catalysts, the positive effect of 

water in the feed, the effect of chloride ion and TOF-SIMS 

measurements that detected AuO 
ï
 and AuO2

ï. 2, 52
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Figure 2.3. Reaction mechanism proposed for Au/Al2O3 catalyst by Kung et 

al.
11

 

Theoretical studies on stepped Au(211) and Au(221) surfaces 

of Au12 and Au34 supported on MgO lead to the proposal of Eley-

Rideal mechanism.
53

 According to this proposal the gaseous oxygen 

reacts with CO adsorbed on gold, through the formation of the 

metastable OïOïCO intermediate complex; the surface oxygen atom 

adsorbed on gold reacts with a second CO molecule from the gas 

phase in a fast reaction. 

The proposed mechanisms where the support plays an active 

role in the reaction are more complicated. In these mechanisms the 

role of the support is in oxygen activation, while CO is adsorbed on 

metallic gold. The adsorbed CO and O2 can react at the perimeter of 

the particle, at the gold-support interface.
2,5

 Some authors proposed 

that the gold particles are 
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Figure 2.4. Mechanism proposed by Haruta et al.
5
 

 

metallic
5,12,54

 (Figure 2.4), while others suggested that gold cations 

are also present.
55

 All the supposed mechanism focus on the reaction 

between adsorbed CO and an oxygen molecule, as the rate-

determining step.  

Kinetic analysis on Au/TiO2 suggested Langmuir ï 

Hinshelwood mechanism, the nonïcompetitive adsorption of the 

reactants and the particle edges have been proposed as active sites.
56

 

A proposal for the oxygen activation by the reducible oxide supposed 

that oxide ion vacancies exist on the surface where the O2 can adsorb 

in O2
ï  

superoxide form near the gold surface. This model is 

reinforced by the deactivation of catalysts caused by ñspectatorò 

carbonate ions which block the surface anion vacancies; and also by 

deactivation caused by chloride ion.
57

  

Bond and Thompson supposed cationic gold at the interface 

beside metallic gold which acts as a ñchemical glueò and responsible 

for the stability of the small particles.
55

 

Mechanism suggested for ceria supported catalysts involve 

more possibilities. Ceria can provide reactive oxygen via forming 

surface and bulk vacancies through redox processes involving the 
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Ce(III)/Ce(IV) couple (Marsïvan Krevelen type).
58

 The interaction is 

more complicated when there is possibility of incorporation of 

cationic Au into the ceria lattice forming Ce1ï xAuxO2ïŭ type solid 

solution.
59

 Depending on the morphology (preparation method) of 

ceria, different catalytic activities can be obtained: Yi and co-

workers
60

 experienced using Au/CeO2 that the CO conversion 

depended on the shape (polyhedra, cube or rod) viz. the crystal planes 

of CeO2. The adsorption/desorption properties of CO and oxygen 

species were related to the nature of exposed crystal planes of ceria 

nanocrystals. The ceria rods with {100} and {110} dominant surfaces 

showed the best performance with higher concentrations of Au
+
 and 

Au
3+

. 

2.2.2 Selective oxidation of D-glucose  

Selective oxidation processes represent a large class of 

organic reactions where the development of clean and efficient 

ñgreenò processes can have a significant positive economic and 

environmental impact. Catalytic oxidation of reducing sugars, like D-

glucose, D- lactose and D- maltose over gold give products of greater 

value. The oxidation product of D- glucose, obtained by hydrolysis of 

sucrose, starch and cellulose; is gluconic acid (or its salts) which is 

used as water-soluble cleansing agents and as additives to food and 

beverages. The annual gluconic acid production is about 60 000 

tonnes, that is made by fermentation despite problems with separation 

of the ferment, with control of by-products and disposal of waste 

water.
2,61,62

 These problems can be avoided by heterogeneous 
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catalysts; moreover, utilization of gold catalysts has an environmental 

advantage ï the reaction can be carried out using molecular oxygen or 

air as oxidizing agent at mild (30 ï 90 ÁC) reaction conditions.  

The selective oxidation of glucose to value added product is 

important in industry and also in environmental aspects since D-

glucose ï the most abundant monosaccharide in nature ï can be 

derived from biomass. Figure 2.5 shows the selective oxidation of 

the aldehyde group of glucose to carboxyl group. The reaction was 

extensively studied but the results are not consistent and many 

unclear questions have emerged.  

 

 

 

Figure 2.5. Selective oxidation of the aldehyde group of glucose to 

gluconic acid with molecular oxygen. 

 

First, Biella et al. published
61

 the highly efficient utilization of 

gold catalyst in the reaction. In contrast with the Pt and Pd based 

catalysts (Figure 2.6) (exhibiting high activity but low selectivity), 

using gold catalysts gluconate was obtained with 100% selectivity 

moreover self-poisoning and metal leaching were also avoided.
63,64
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Alkaline condition was essential for high activity but the reaction 

proceeded also under uncontrolled pH.
61,65 

 

  

 

Figure 2.6. Comparison of glucose oxidation activities of Pt and Au 

catalysts and the effect of the pH.
61

 

  

The highest reaction rate with total selectivity to gluconic acid 

was achieved at 50ÁC and pH 9.5, at higher temperature and pH value 

side products (fructose, sorbitol, mannose, glycolaldehyde, maltose) 

were formed.
66

 Kinetic studies on glucose selective oxidation resulted 

in different conclusions on the reaction mechanism. ¥nal at al. 

published zero order reaction with respect to glucose. However, 

further investigation showed increased reaction rate with increasing 

oxygen pressure from 1.5 to 9 bar and glucose concentration 

dependence with a maximum reaction rate at 20 ï 30wt% 
67

. The 

results fitted a Langmuir ï Hinshelwood model. Rossi and his 

TOF (1/h) 
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coworkers
68

 found that the reaction rate is proportional to the oxygen 

pressure and increased with glucose concentration in the range of 

0.05mol/L to 0.2mol/L, the estimated activation energy was 47 

kJ/mol and Eley-Rideal mechanism was proposed.
68

  

The mechanism suggested afterwards involved O2 reduction to 

hydrogen peroxide, which was experimentally detected by Rossi and 

coworkers.
69

 A study on the poisoning effect of different molecules 

on Au catalysts concluded that soft bases have high poisoning effect 

and hard bases (e.g. OH
-
) have promoting effect on the activity in 

aerobic glucose oxidation. A molecular model for the electronic 

interactions has been suggested: soft and hard nucleophiles interact 

with the gold clusters in a different way and influence the oxygen 

reduction step of glucose oxidation.
69,70,71 

 

Structure sensitivity of the reaction was studied by Comotti et 

al.
72

 Catalytic activity of Au colloids inversely proportional to the 

diameter of Au nanoparticles in the size range of 2.5 to 6 nm and a 

sudden loss of activity above 10 nm in size were observed. The 

stability of the colloid particles was low, coagulation occurred after 

about 400 sec. To improve the stability, gold colloids were deposited 

on carbon support. The initial rates of the reaction were unchanged 

compared to the rates observed with non-supported particles operated 

under the same conditions, hence it was concluded that the support is 

of limited importance in the origin of the catalyst activity in the 

oxidation of glucose. However the gold - support interaction was 

declared to be essential for the formation of a stable catalyst 

system.
73,74,75

 On the contrary other authors
66

 reported different 

catalytic activity using different type of carbon supports with the 
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same Au particle size indicating a specific metal - support interaction. 

Ishida et al. observed that gold particle size influences the catalytic 

effect more significantly than the nature of the support comparing 

carbon and different metal oxide supports such as Al2O3, ZrO2, TiO2, 

CeO2.
76,77

 

 

2.3 Interaction of oxygen with gold 

Chemisorption of oxygen on bulk gold surface does not take 

place under normal conditions, but it is possible if the temperature is 

high enough and the process may be helped by impurities.  

In the case of supported gold catalysts molecular oxygen takes 

part in the reactions in four possible ways:
2
 

1) adsorption on the support in an activated form next to gold 

particle where the other reactant can be adsorbed (TiO2, CeOx, 

Fe2O3 etc.) 

2) direct reaction with the adsorbed reactant (EleyïRideal 

mechanism) 

3) formation of Au
+
 ï O2

ï
 by extracting charge from gold atoms, 

on very small gold particles 

4) dissociative chemisorption to atoms on Au of below 2nm in 

diameter 

The often mentioned possibility for oxygen involvement is the first 

but strong reaction rate dependence on particle size supports the 3
rd

 



 State of the art 26 

and 4
th
 possibilities. Little evidence supports the EleyïRideal 

mechanism.
2
 

2.4 Bimetallic gold catalysts in CO oxidation and 

glucose oxidation   

The catalytic performance of gold can be modified by its 

combination with a second (third) metal. Numerous publication 

reports on activity enhancement of AuPd systems in different 

processes (as e.g. synthesis of hydrogen peroxide
78

 and vinyl 

acetate
79

; selective oxidation of alcohols
80

, styrene
81

, toluene
82

). 

Other less intensively investigated bimetallic compositions as 

AuPt
83,84

, AuAg
85

, AuCu
86

, AuNi
87

, AuCo
88

, AuRh
89

, AuIr
90

, AuRu
91

 

also presented superior catalytic properties to that of either 

component separately, mostly in oxidation reactions. In this section 

we focus on AgAu bimetallic system in selected reactions regarding 

that these were the subject of our investigations.      

In oxidation reactions AgAu nanocatalysts have been reported 

to show synergism, higher activity has been reached in different 

oxygen transfer reactions such as CO oxidation, preferential CO 

oxidation in H2 (PROX), oxidation of benzyl alcohol and glucose. 

The increased activity strongly depends on the silver content of the 

bimetallic catalysts in benzyl alcohol
92

 and glucose oxidation.
93,94,95 

While in the case of monometallic gold catalysts the activity is 

influenced by the particle size and the nature of the support, in the 

case of bimetallic AgAu nanoparticles (NPs) they have secondary 

importance in CO oxidation in presence and absence of hydrogen.
96,97
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Regarding the AgAu structure Mou et al. reported the relevance of 

the pretreatments: in oxidizing atmosphere Ag-O bond formation was 

detected by EXAFS and after reduction in H2 the silver oxide 

disappears and realloying of Ag and Au was observed.
97,98 

The 

calcination and reduction temperature also affected the catalytic 

activity in CO oxidation.
99

 Zanella and coworkers have studied TiO2 

and SiO2 supported Au-Ag catalysts in CO oxidation reaction and 

found that the support is not involved in the reaction as in the case of 

the monometallic gold catalysts.
100 

Synergistic effect has been 

observed in CO oxidation between Ag and Au using mesoporous 

aluminosilicate as support and explained by improved adsorption and 

activation of oxygen on the catalysts.
101

 The best activity was 

achieved when Ag/Au molar ratio was 3/1 and that was explained by 

the strongest intensity of the O2
-
 species on the catalyst surface 

detected by electron paramagnetic resonance (EPR) technique.
102

  

In glucose oxidation Comotti et al. have reported
103

 higher 

activity of activated carbon supported AuPt and AuPd nanoparticles 

compared to monometallic gold NPs at low pH, whereas almost no 

effect has been detected at pH 9.5. Hermans et al. have reported
104

 

synergistic activity in glucose oxidation at high pH using carbon 

supported Au/Pd catalysts prepared by impregnation in aqueous 

solution. The synergistic effect was related to high Pd surface 

content. Zhang, Toshima and their co-workers have extensively 

studied unsupported, PVPïprotected bimetallic AuPd, AuPt, AgAu 

and trimetallic AuPtAg nanoparticles in glucose oxidation.
 

105,106,107,108,109,110
 Synergistic activity has been reported in all three 

systems at high pH. The ñcrown-jewel-structuredò AuPd nanocluster 
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catalysts were prepared by galvanic replacement reaction method, 

they shown excellent activity in the reaction. The authors concluded 

that ñthe anionic charge on the top Au atoms is the direct cause for 

the high reactivityò, based on DFT calculation results and XPS 

measurement; namely 0.25eV of Au 4f7/2 binding energy decrease 

was detected compared to the corresponding Au nanocluster. In the 

case of Ag core/Au shell type bimetallic nanoparticles the highest 

activity was reached at Ag/Au = 1/4 atomic ratio. The synergistic 

activity increase was explained by the possible electronic charge 

transfer from Ag in the core to the Au in the shell originating from 

the ionization potential of Au and Ag (9.22 and 7.58eV, respectively), 

however the XPS results showed binding energies corresponding to 

zero valence Au and Ag in the AgAu NP (Au 4f7/2: 83.8eV and 

Ag3d5/2: 367.8eV, respectively).
93,107

 In the case of the trimetallic 

AuPtAg alloy NPs (atomic ratios: 70/20/10=Au/Pt/Ag) higher 

activity was reported than in the case of the corresponding Au-

containing bimetallic NPs and correlated to small diameter of the NPs 

and the negatively charged Au atoms due to electronic charge transfer 

from Ag atoms and the PVP stabilizer. XPS results showed the 

binding energy of Au 4f7/2 in the AuPtAg NPs 0.2eV lower than that 

of in the pure PVP protected Au NPs (82.8eV). DFT calculations also 

confirmed the negatively charged Au atoms, and Ag atoms were 

found positively charged in the trimetallic NPs.
108,109 

 

The explanation of the higher activity of the bimetallic AgAu 

catalysts based on XPS measurements. The authors detected very 

small binding energy shifts which is not changed with the metal 

composition.  
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In the case of colloidal catalysts, which were applied in 

Zhangôs works, the presence of stabilizing agent can affect on the 

reaction.  

2.5 Preceding research in our research group 

Professor Guczi initiated the research on nanosized gold catalysts 

around 1997 in the Institute of Isotopes. The investigations were 

focused on the Au particle size effect on the catalytic activity in 

relation with the modified electron structure of the nanodispersed 

gold, and the understanding the nature and role of the Au-reducible 

active oxide perimeter in the CO oxidation reaction. These questions 

were studied in SiO2/Si(100) supported model systems prepared by 

physical methods and in high surface area oxide supported systems 

prepared by chemical methods, typically using colloid adsorption 

technique.
111

 These studies emphasized the importance of the size of 

Au NPs not only in their own catalytic properties (as shown on 

Au/SiO2/Si(100) samples, where SiO2 can be regarded inactive 

support),
112,113

 but its indirect influence on the own activity of active, 

reducible oxide overlayer on gold nanoparticle- and thinfilm (studied 

in MOx/Au/SiO2/Si(100) type systems, where M: Fe, Ti and 

Ce).
114,115,116,117,118,119

 The influence of the active oxide and Au-oxide 

interface morphology was studied in TiO2 promoted Au/SiO2 

applying amorphous and ordered mesoporous silica supports.
16,48,19,120

 

Au sol deposition was applied for Au introduction for providing 

similar Au particle size and chemical state (vis. metallic) in the 

different systems. The decisive role of the stabilizer shell and the 

surface charge of Au NPs in the precursor colloid and the support 
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were demonstrated in directing the formation of the active perimeter. 

Moreover, the highly dispersed nanosized TiO2 stabilized either on 

the surface of silica surface, then interacting with Au nanoparticles or 

deposited directly on the Au surface provided perimeter increased 

specific activity compared to that of present in TiO2 supported gold 

catalyst.
121

 The effect of TiO2 morphology was observed also in case 

of Au supported on different well crystallised polymorphs of TiO2.
19

 

Modifying the Au catalyst performance by combining Au with a 

second metal in bimetallic particles has also been investigated in the 

case of AuPd system on Ăinertò silica and Ăactiveò TiO2 support in 

CO oxidation reaction.
16,122,123

 On SiO2 the activity of alloyed AuPd 

decreased compared to the common activity of the monometallic 

analogous, which may be in relation with the modified redox 

properties of palladium that may weaken the O2 activation ability. On 

TiO2 support this activity decrease was not detected, that was 

attributed to O2 activation provided by the AuPdïTiO2 perimeter. 

The aims of the present work are significantly determined and 

based on the preceding activity of the Department summarized briefly 

above and naturally on the results published in the literature of the 

field. It is a continuation and extension of the preceding gold catalysis 

research. The results and deductions gained for the gold catalysts in 

CO oxidation as a model of total oxidation reactions is to be 

investigated how show up or alter in partial oxidation of organic 

substrates in the other big class of oxidation reactions. For first steps 

in this approach the glucose selective oxidation was chosen as a 

model reaction. The other issues relate to two of the most important 

modification possibilities of gold catalysts, as active oxide promotion 
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and interaction with another metal in bimetallic particles. After the 

investigation of TiO2 promotion, modification with CeO2 was chosen 

as another active coïoperator of gold typically in total oxidation 

reactions, which was studied primarily in the form of CeO2 supported 

Au systems earlier. On the other side Ag as second metal in supported 

Auïbased bimetallic system was decided to investigate, because of 

the wellïknown own activity of Ag in oxidation reactions and oxygen 

activation and on the other hand the promising results on AuAg 

cooperation in selective oxidation reaction reported in literature on 

unsupported bimetallic AuAg colloids. 
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3 Aims of the work 

 

The general aim of the work was the controlled preparation of 

different structure supported gold catalysts for study their catalytic 

activity ï structure relationship to understand better the nature of the 

active sites and improve their catalytic performance in the desired 

reactions. 

CO oxidation, as a gas phase, total oxidation reaction and liquid 

phase selective glucose oxidation reactions were selected as model 

reactions.  

Supported gold catalysts were to be modified according to the 

chosen test reaction. The individual steps of this research work were 

as follows: 

ð Based on the comparison of the same catalysts in CO oxidation 

and glucose oxidation reaction, the selection of the catalysts 

modification was aimed to achieve improved activity in the 

relevant reactions. 

ð For CO oxidation the design of catalytically active Au-CeO2 

interface was planned in a special way, when nanosize CeO2 is in 

intimate contact with silica supported gold (inverse catalyst). 

ð Investigation of this inverse catalyst structure and the effect of the 

active oxide (CeO2) concentration on the CO oxidation were 

targeted. 

ð For glucose oxidation the preparation of supported bimetallic 

silver-gold catalysts with various Ag/Au molar ratios was aimed. 
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ð In the bimetallic catalysts the effect of altering silver 

concentration on the structure and the glucose oxidation were 

planned. 

 

The following methods were selected for the structural 

characterization of the catalysts: 

ð ICP-MS, XRF and PGAA techniques to determine the metal and 

CeO2 content of the catalysts; 

ð TEM and XRD measurements to calculate the particle size of the 

metals and CeO2; 

ð HRTEM and SAED techniques to discover the structure of metals 

and CeO2 and the metal ï oxide interface;  

ð UV-visible spectroscopy to observe the surface plasmon 

resonance of the metal nanoparticles; 

ð X-ray photoelectron spectroscopy to determine the surface 

concentration and the oxidation state of the metals and CeO2.  
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4 Experimental 

4.1 Materials 

The following materials were used for catalysts preparations: 

Solvent: Ultrapure Milli-Q water; resistivity: 18.2 MÝ cm at 25ÁC, 

conductivity: 0.056ɛS/cm at 25ÁC (Millipore) 

Metal precursors: 

HAuCl4Ŀ3H2O (Aldrich)  

AgNO3 (Aldrich)  

cerium(III) nitrate hexahydrate (Merck) 

Stabilizing and reducing agents:  

polyvinylalcohol (PVA) (Aldrich) Figure 4.1. (a) 

poly(diallyldimethylammonium) chloride (PDDA) 20 wt% in 

water (Aldrich) Figure 4.1. (b) 

tannic acid, C76H52O46; M=1701.20 g/Mol (Aldrich;Lot 

SZBA1240) Figure 4.1. (c) 

sodium citrate (Aldrich)  

NaBH4 (Aldrich)  

Supports: 

silica (Degussa Aerosil 200, Davisil)  

titania (Degussa P25 and Eurotitania from Tioxide 

International)  

ceria nanopowder (Aldrich) 
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For glucose oxidation: 

D-glucose (Aldrich) 

Na2CO3 for the preparation of the buffer solution (Sigma-

Aldrich) 

NaHCO3 for the preparation of the buffer solution (Sigma-

Aldrich)  

0.8 wt% Au/C catalyst reference (World Gold Council) is 

prepared at Milano University (Italy) by deposition of gold sols on 

high surface area carbon (X40S, 1200 m
2
/g). Gold content is 0.8wt% 

with average particle diameter 10.5 nm (TEM) / 6.7 nm (XRD).  

 

For CO oxidation: 

 CO and O2 in He (Messer) 
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4.2 Methods 

4.2.1 Sample preparation 

Colloid adsorption method was used for the preparation of all 

samples. The main steps of the preparation process: 

ð Preparation of the metal sol using metal ï precursor, reducing 

agent and stabilizing agent. 

ð Adsorption of the sol on the support with or without further 

addition of PDDA polycation which can modify the surface 

charge of the support or the colloid.   

ð Filtering, washing and drying. 

ð Oxidation and (in several cases) reduction treatment.  

 

4.2.1.1 Preparation of the metal sols 
 

 Tanninïcitrate ï stabilized gold sol  

Tanninïcitrate stabilized Au colloid (AuïTC) was prepared by 

reducing and stabilizing 16mL 0.32mM HAuCl4 at 60ÁC with the 

mixture of 3.2mL 2 g/L sodium citrate and  0.8mL 0.5 g/L tannic acid 

and left at that temperature for 30 min under stirring. The immediate 

appearance of the red color of the sol evidenced the reduction of Au
3+

 

ions.  

 

PVA-stabilized gold and silver sols 

Monometallic Au (AuïPVA) and Ag sols were prepared by 

addition of 12mL 25mM NaBH4 solution to the mixture of 25 mL of 



 Experimental 38 

6.0 mM HAuCl4 or AgNO3 precursor and 30 mL of 0.2 wt% PVA 

solutions. All the sols were prepared at 273 K in solutions cooled by 

icy water.  

 

 Bimetallic Ag-Au sols 

For formation of AgAu bimetallic nanoparticles consecutive 

reduction method was applied instead of co-reduction of the metal 

precursors in order to avoid AgCl precipitate formation during the 

preparation. For AgAu sols preparation different amount (2.5, 5.0, 

10.0, 12.5 mL) of 6.0 mM AgNO3 solution and 20 mL 0.2 wt% PVA 

was diluted by 400 mL MilliQ water and proper amount of freshly 

prepared 25mM sodium borohydride providing BH4
-
/Ag

+
=2 

 
molar 

ratio was added under vigorous stirring. The reduction of Ag
+
 ions 

was indicated by the sudden appearance of yellow color that 

deepened during about 30 min stirring. When the Ag sol formation 

was completed and the NaBH4 had been decomposed, the mixture of 

different amount (22.5, 20.0, 15.0, 12.5 mL) of 6.0 mM HAuCl4 and 

10 mL of 0.2 wt% PVA solution was added followed by freshly 

prepared 25mM sodium borohydride providing BH4
-
/Au

3+
=2 molar 

ratio. This procedure resulted samples of various Ag/Au atomic 

ratios: 10/90, 20/80, 33/67, 50/50.  
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Table 4.1. The quantity of the reagents used for the preparation of the 

bimetallic sols. 

Catalyst AgNO3 

6mM 

(mL)  

First part  

NaBH4 

25mM (mL) 

HAuCl 4 

6mM 

(mL)  

Second part 

NaBH4   

25mM (mL) 

10Ag90Au/SiO2 2.5  1.2 22.5  10.8 

20Ag80Au/SiO2 5 2.4 20  9.6 

33Ag67Au/SiO2 10  4.8 15 7.2 

50Ag50Au/SiO2 12.5  6 12.5 6 

 

4.2.1.2 Preparation of the supported catalysts 

 

I. SiO2, TiO2 and CeO2 supported gold catalysts 

 Two series of SiO2, TiO2 and CeO2 supported Au samples were 

prepared by the adsorption of appropriate amount of the above 

described sols on the supports for 2wt% Au loading. Au-PVA sol was 

adsorbed on  

o SiO2 (Davisil) at pH 1.5 (Au-SiO2 -PVA) 

o CeO2  at pH 5 (Au-CeO2 -PVA)  

o TiO2 (P25) at pH 5 (Au-TiO2 -PVA) and  

Au-TC sol was adsorbed on  

o SiO2 (Aerosil 200) (Au-SiO2-TC)  

o TiO2 (Eurotitania) (Au-TiO2 -TC) at pH 1.5  

o CeO2  (Au-CeO2 -TC) assisted by PDDA addition (0.4mL 

20%). 

The discoloration of the liquid phase indicated the complete 

adsorption of Au nanoparticles (NPs). All the preparation systems 
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were filtered, washed thoroughly with MilliQ water and dried at 

60ï80 ÁC. Different silica and titania supported samples were 

prepared to see that the different structure but same chemical 

composition could influence the activities. Table 4.2 summarizes 

the monometallic different oxide supported catalysts used in the 

first part of the work. 

 

Table 4.2. The monometallic different oxide supported catalysts. 

Catalyst  Stabilizing 

agent 

Reducing 

agent 

Support 

AuïSiO2ïPVA PVA NaBH4 SiO2 (Davisil) 

AuïTiO2ïPVA PVA NaBH4 TiO2 (P25) 

AuïCeO2ïPVA PVA NaBH4 CeO2 (Aldrich) 

AuïSiO2ïTC Tannic acid Sodium citrate SiO2 (Aerosil) 

AuïTiO2ïTC Tannic acid Sodium citrate TiO2 (Eurotitania) 

AuïCeO2ïTC Tannic acid Sodium citrate CeO2 (Aldrich) 

 

II.  ñInverseò CeO2 ï Au/SiO2 catalysts 

For the preparation of CeO2 ï Au/SiO2 catalysts the above 

described tannin-citrate stabilized Au sols were used as ñparentò sols 

in the next steps. We used appropriate amounts of the sol to give 2 

wt% Au supported samples, while the cerium content of the samples 

was planned to be varied between 0.5wt% and 7.5 wt% CeO2. The 

cerium precursor was introduced in two different ways.  

In preparation method A (CeïAu sol adsorption method), a 

calculated amount of aqueous solution of 20mM Ce-nitrate was added 

to the Au sols at room temperature under stirring, then the 



 Experimental 41 

 

temperature was increased to 60
o
C within 1 h and kept there for 4 

hours. Finally, the sol was cooled down to room temperature. When 

the largest amount of Ce(III)  nitrate was added to the Au sol, 

destabilization of the colloidal system happened and red precipitate 

with hardly observable tiny particles formed. Additional citrate 

seemed to dissolve this precipitate. Due to this experience blank 

experiment (using all components without gold) was taken in order to 

elucidate whether the precipitate formed only in the presence of gold, 

or the reaction media itself favors precipitate formation. Tannic acid-

citrate solution at pH=8 was heated up to 60ÁC where the tannic acid 

started to hydrolyze as during the usual sol preparation, then HCl was 

added to set the pH=6.5 (the final pH of the parent gold sol). 20 mM 

Ce(III)-nitrate was added dropwise to the mixture at 60ÁC and white 

disperse precipitate was observed after addition of 0.6 ml of Ce(III)-

nitrate to 16 ml of blank solution. This white precipitate seemed to 

dissolve by eyes upon addition of more Na-citrate (like in the case of 

Au-Ce composite sol described above). The next sample with less Ce-

content was prepared with more care, thus, the addition of 20 mM 

Ce(III) nitrate solution to the Au sol was done drop by drop and 

finally some additional citrate was added (half of the volume of actual 

Ceïnitrate added) and no change of color was observed this time and 

the sol was stable on the following days as well.  

The adsorption of Ce-containing Au sols (composite sol) onto 

Aerosil SiO2 was accomplished with the aid of PDDA polycation. 

Without this additive the adsorption of the sols on silica could not be 

taken place. Certain amount of PDDA (depending on the actual sol, 

usually 1.5ï1.7 ml 0.08 wt% aqueous PDDA solution per 100 mg of 
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SiO2) was preadsorbed on Aerosil under stirring at room temperature. 

Next, the pure Au or the composite sol was added to the silica 

suspension and the white color of silica changed to red or reddish 

purple as a sign of the successful adsorption accompanied with 

discoloration of the liquid phase. In some cases additional amount of 

PDDA was necessary to complete the adsorption of the composite sol 

and/or to cause the flocculation of silica which facilitates filtration, 

because Aerosil silica contains loose aggregates of individual SiO2 

particles of 12 nm and so it is hard to filter. The suspension was 

stirred vigorously at room temperature for about 1 h then the solid 

was separated by filtration, washed thoroughly with water and dried 

for two days at 70
o
C.  

In preparation method B (Au/SiO2 impregnated by Ce(NO3)3 

method), the parent Au/SiO2 was further processed. The dried sample 

was mixed with the appropriate amount of cerium nitrate solution at 

50
o
C for 40 min, then the temperature was raised to 60ï65

o
C and the 

water was allowed to evaporate (it took usually 4-5 hours).  Finally, 

the Ce-loaded Au/SiO2 samples were dried for 2 days at 70
o
C. 

Thus, catalysts with different CeO2 content produced by method 

A and B contained more or less the same Au loading of about 2wt%. 

The samples prepared by method A are denoted for instance by 

ACe0.04, where the numbers at the end refer to CeO2 content in wt%. 

The samples produced by method B are labeled in the same way but 

with starting letter B. As references, ~2 wt% Au/SiO2 and ~2 wt% 

Au/CeO2 were prepared the same way without addition of Ce 

precursor. However, in the case of CeO2 support, the sol adsorption 
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step was done at pH~2ï3 (to increase the positive surface charge of 

the support) without addition of PDDA polycation. 

 

III.  Bimetallic AgAu/SiO2 catalysts 

Adsorption of the above described Ag, AuïPVA and AuAg sols 

on SiO2 (Aerosil 200) were assisted by PDDA addition. All 

suspensions were filtered, the filtered cake washed thoroughly and 

dried at 60ÁC. Before catalytic tests the supported catalysts were 

calcined in synthetic air flow at 400ÁC for 1 h and after that reduction 

treatment was carried out in hydrogen flow at 350ÁC for 30 min. 

 

Scheme 1. Schematic illustration of the planned preparation process of the 

SiO2 supported bimetallic AgAu catalysts. 

 

1. Ag szol:  
[AgNO3 + PVA] + NaBH4 

2. + (HAuCl4 + PVA) 

3. + NaBH4 

4. + SiO2              + PDDA 
     ƘƻǊŘƻȊƽ   

+ + + + + 
SiO2 
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Scheme 1 shows the concept of the preparation process of the 

AgAu/SiO2 catalysts; however the final structure of those is different 

from the illustration (see in Chapter 5.3).  
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4.2.2 Sample characterization techniques 

 

Inductively Coupled Plasma ï Mass Spectrometry 

The Au and Ce content of the samples were firstly determined 

using a double-focusing inductively coupled plasma mass 

spectrometer (ICP-MS, ELEMENT2). All measurements were made 

using a Scott-type spray chamber operating at room temperature and 

a Meinhard concentric nebulizer. The dried catalyst sample was 

dissolved using a 1 ml HNO3, 3 ml HCl and HF acid mixture and 

heated up to 80 
o
C in water bath for 20 minutes and cooled down to 

room temperature afterwards. Prior to the ICP-MS analysis the excess 

HF was removed. Au and Ce standards were used as reference. 
a
 

X-ray Fluorescence Spectrometry  

The Ce content of three samples was determined using 

radioisotope induced X-ray fluorescence spectrometry (XRF) 

method
124 

applying a very good correlation factor between ICP-MS 

and XRF measurements. The Ce content of the samples of about 50 

mg was measured and 
241

Am ring source with 3.65 GBq activity was 

used as excitation source. The emitted X-rays were detected by a 

Canberra 30165 type Si(Li) X-ray detector. The detector signals were 

processed by a standard NIM electronics and collected by a Canberra 

35plus multichannel analyser. Measurement time was 1800 sec. The 

recorded spectra were evaluated by the AXIL software
125

. 

                                                 
a
 Ez¼ton is kºszºnºm Katona R·bertnek ®s Varga Zsoltnak az ICP-MS m®r®seket. 



 Experimental 46 

CeO2 contents of all samples were calculated from the Ce content 

obtained by the above techniques. (XRF and ICP-MS).
b
 

PromptïGamma Activation Analysis  

About 50-350 mg of the AgAu/SiO2 catalyst was analyzed with 

prompt-gamma activation analysis (PGAA),
126

 a nuclear analytical 

technique for non-destructive determination of elemental 

compositions. This way the dissolution of the sample, any loss or 

contamination during the sample handling could be completely 

avoided. The samples were irradiated in a guided neutron beam for 5-

60 000 seconds at the PGAA facility
127

 of the Budapest Neutron 

Center and the gamma-rays from the radiative neutron capture are 

detected with a Compton-suppressed HPGe detector. The energies 

and intensities of the peaks in the gamma spectrum were determined 

with the Hypermet-PC
128

 program, whereas the element identification 

and the calculation of the concentrations was done with the program 

ProSpeRo
129

, utilizing our prompt-gamma analysis library.
130

 Every 

step of the measurement and the evaluation can be described with 

statistical methods; therefore the uncertainties of the results can be 

readily estimated from a single measurement.
c
 

Transmission Electron Microscopy 

The distribution and size of gold, silver, bimetallic gold-silver 

and CeO2 particles were studied by a Philips CM20 transmission 

                                                 
b
 Ez¼ton is kºszºnºm Kocsonya Andr§s seg²ts®g®t az XRF m®r®sekben. 

c
 Ez¼ton is kºszºnºm Mar·ti Bogl§rk§nak a PGAA m®r®seket. 
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electron microscope (TEM) operating at 200 kV equipped with 

energy dispersive spectrometer (EDS) for electron probe 

microanalysis.  The particle size distribution of the NPs was obtained 

by measuring the diameter of about 300 metal particles. High-

resolution transmission electron microscopy (HRTEM) investigations 

were carried out by a JEOL 3010 microscope operating at 300 kV 

with a point resolution of 0.17 nm. The HRTEM was equipped with a 

GATAN Tridiem energy filter used for Electron Energy Loss 

Spectroscopy (EELS) elemental mapping.  The sols and aqueous 

suspensions of the samples were drop-dried on carbon-coated 

microgrids for the investigations. In due cases Auïetalon was 

dropped onto the grids and used for HRTEM reference.
d
 

X-ray Diffraction  

The phase composition of crystalline components of selected 

samples was investigated by X-ray diffraction using a Philips Xpert 

powder diffractometer with CuKa radiation (l = 0.15418 nm). The 

relative fraction of CeO2 and Au phases was characterized by the ratio 

of the integrated intensities of the strongest peaks of CeO2 (111) and 

Au (111) at 2Ū = 28.7Á and 38.3Á, respectively. The crystallite size 

for each phase was determined from the full width at half maximum 

of the first peak using the Scherrer-equation.
e
 

                                                 
d
 Ez¼ton is kºszºnºm Geszti Olg§nak ®s S§fr§n Gyºrgynek e m®r®seket. 

e
 Ez¼ton is kºszºnºm Gubicza JenŖnek az XRD m®r®seket. 
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UV ï Visible Spectroscopy 

UV-visible absorption spectra of the sols and the supported 

samples were recorded at ambient temperature using a double-beam 

spectrophotometer (JASCO V-550). The aqueous suspensions of the 

catalysts samples were dropped on a glass plate and after evaporating 

water the UV-visible spectra of the samples were recorded. 

X-ray Photoelectron Spectroscopy 

Near surface composition and chemical state of the samples and 

before and after reactions were determined by XPS performed by a 

KRATOS XSAM 800 XPS machine equipped with an atmospheric 

reaction chamber. Al  KŬ characteristic X-ray line, 40 eV pass energy 

and FAT mode were applied for recording the XPS lines of Au4f, 

Ag3d, Ce3d, C1s, O1s, Si2p and Ti2p. The binding energies (BE) 

were determined relative to C1s at 285 eV in the case of CeO2-

Au/SiO2 samples. Si2p binding energy at 103.3 eV was used as 

reference for charge compensation in the case of the bimetallic SiO2 

supported samples. The powdered samples were placed on the 

stainless steel sample holder without any fixation and pumped down 

very slowly to avoid dusting. Spectra were taken in the as received 

state and after 300
o
C  /400ÁC calcination in situ and in the case of the 

AgAu/SiO2 samples after reduction in situ to get information about 

the surface concentrations and the oxidation state of the components. 
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Sensitivity factors given by the manufacturer were used for the 

quantification.
f
 

High-performance liquid chromatography 

Analysis of the reaction products of glucose oxidation was 

performed by HPLC on a JASCO instrument equipped with a Jasco 

UV 2075 and an ERC 7515A RI detector. A Hamilton HC-75H+ 

form cation exchange column was used with aqueous succinic acid 

0.11 mM as the eluent with 0.4 ml/min flowing rate at 80ÁC. The 

conversion was calculated on the basis of the concentration of 

gluconic acid produced and glucose consumed. Under these 

conditions selectivity was always 100 %.   

The determination of the glucose and gluconic acid 

concentrations was carried out using a joint calibration curve of 

glucose and gluconic acid; points of the calibration curve were 

recorded at known conversions, because of the superposition of the 

peak of glucose and gluconic acid at high conversions.  

4.2.3 Catalytic tests 

CO oxidation 

The CO oxidation was measured in a quartz plug flow reactor of 

4mm inside diameter at atmospheric pressure connected via a 

differentially pumped capillary inlet system to a Balzers Prisma 

                                                 
f
 Ez¼ton is kºszºnºm Schay Zolt§nnak ®s Srank· D§vidnak az XPS m®r®seket. 
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quadrupole mass spectrometer (QMS) 200. 30 mg catalyst was used 

which was in situ calcined at 300
o
C and 450

o
C in 20%O2 in He 

mixture for 1 h (10 
o
C/min heating rate, 30 ml/min gas flow). 

Temperature programmed reaction was performed with a gas flow of 

0.54% CO and 9.1 % O2 in He at 55 ml/min with 4
o
C/min ramp rate. 

The pretreatment of the catalysts were performed in situ. The 

conversion was calculated on the basis of the CO2 production.
g
  

Glucose oxidation  

Oxidation of glucose was carried out in a thermostated, 

magnetically stirred batch reactor, bubbling oxygen at atmospheric 

pressure through the liquid phase (Figure 4.2). The reaction was 

started by adding the calcined (400 ÁC in air for 1 h) or calcined and 

reduced (350ÁC in hydrogen for 30 min) catalyst to the O2 saturated 

solution. The oxygen saturation was checked by Hanna HI 9143 

dissolved oxygen meter. pH was kept at a constant value 9.5 by using 

carbonate-bicarbonate (volume ratio: 2:3) buffer solution. Typical 

reaction parameters were: c buffer = 0.1 M, T = 35 ÁC stirring rate = 

1000 rpm, 30 mL aqueous solution of glucose: c glucose = 0.1 M, O2 

flow = 100 mL/min (1 atm). 

                                                 
g
 Ez¼ton is kºszºnºm Stefler Gyºrgyinek a seg²ts®get a CO oxid§ci·s m®r®sekben. 
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Figure 4.2. Illustration of the reactor used for glucose oxidation reaction 

 

The reaction is carried out under alkaline conditions where 

silica support might have been dissolved. Experiment was made for 

checking the dissolution of silica as follows. 90 mg Davisil silica 

were mixed with 0.1 M carbonate-bicarbonate buffer then it was 

stirred for 3 hours. The mixture was filtered through a 0.2 Õm porous 

diameter filter then the Si content of the filtrate was measured by 

ICPïMS. 13 wt% of the silica dissolved after 3 hours of reaction. If 

we consider a linear dissolution rate of silica, the amount of dissolved 

silica is less than 1 wt% in the first 10 minutes where the initial 

reaction rate was calculated for comparison of the samples.  
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Utilization of buffer solution is very convenient compared to 

titration with NaOH. The possible negative effect of the buffer was 

investigated. The buffer reduced the reaction rate when its 

concentration was above 0.1 M. Below this concentration (0.05 M) 

the reaction rate did not changed within the experimental error. For 

comparison the reaction was performed with NaOH titration and the 

reaction rate was slightly higher: we obtained 10% higher reaction 

rate in the first 10 minutes in the case of the most active sample.  
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5 Results and Discussion 

 

5.1 Comparison of supported gold catalysts in 

CO oxidation and glucose oxidation 

5.1.1 Introduction 

Characterization and catalytic behavior of gold supported on 

different oxide catalysts are shown in the present chapter. Catalytic 

activities were investigated and compared in both CO oxidation and 

glucose selective oxidation reactions. The aim of this part of work 

was to answer weather the known size and support effect in CO 

oxidation valid for the oxidation of glucose in order to clarify the 

contradictions appeared in the literature. Further aims were to select 

the most active catalyst for further modification in order to achieve 

new catalysts with better performance. 

5.1.2 Catalytic properties 

Two series of catalyst samples were prepared by colloidal gold 

deposition on different supports (CeO2, TiO2 and SiO2) with 2 wt% of 

nominal gold loading as it was detailed in Chapter 4. The catalysts 

were tested and their performance was compared in CO oxidation and 

glucose oxidation reactions. The catalytic results can be seen in Table 

5.1. 
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Au supported on both TiO2 and CeO2 was very active in CO 

oxidation with a temperature of 50% conversion (T50) of 30ÁC, 130ÁC 

and 57ÁC, 46ÁC in case of PVA and TC stabilized samples, 

respectively (Table 5.1). The behavior of Au-SiO2 catalysts was 

different, they were less active. The Au/C catalyst in CO oxidation 

did not show activity until 190ÁC where the carbon support started to 

burn. 

 

Table 5.1. Activities of the catalysts in CO oxidation and glucose oxidation. 

The catalysts were calcined at 400ÁC in air for 1 h. 

Samples Catalytic activity 

  CO oxidation Glucose oxidation 

  T at 50% CO 

conversion  

(ÁC) 

Reaction rate 

(mmol/min) 

Spec. activity 

(mmol/mgAu/min) 

Au/C (WGC) ï 35 147 

AuïSiO2ïPVA  400 34 66 

AuïTiO2ïPVA 30 6 10 

AuïCeO2ïPVA  57 6 10 

     
AuïSiO2ïTC  308 25 42 

AuïTiO2ïTC 130 12 18 

AuïCeO2ïTC  46 14 23 
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5.1.2.1 Glucose oxidation  

The evaluation of the results of liquid phase reactions is more 

complicated than that of the gas phase reactions. The required 

temperature is below 60ÁC, the appropriate pH is between 9 and 10. 

Under the actual reaction conditions only gluconic acid as product 

was observed in its gluconate form. No isomerization products were 

detected.  

5.1.2.1.1 Effect of catalyst mass 

In case of the most active Au/C catalyst the effect of catalyst 

amount was studied between 10 and 40 mg. Reaction parameters, 

such as buffer concentration, temperature, stirring rate, glucose 

concentration and oxygen flow rate were kept constant. Figure 5.1 

shows the effect of catalyst amount in terms of initial reaction rate. 

The rate increases linearly indicating that the reaction proceeds under 

kinetic control in the whole range. In further experiments 30 mg 

catalyst was used.  
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Figure 5.1. Effect of catalyst amount on glucose oxidation with Au/C, c 

buffer = 0.1 M, pH = 9.5, T = 35ÁC, stirring rate = 1000 rpm, c glucose = 0.1 M, 

O2 flow = 100 mL/min (1 atm). 

5.1.2.1.2 Effect of oxygen concentration   

The effect of oxygen concentration was studied by choosing 

two different values of oxygen concentration provided by using 

20%O2/N2 and pure O2 bubbling.
131

 The experiments were carried out 

using c buffer = 0.1 M, pH = 9.5, T = 35ÁC, stirring rate = 1000 rpm, c 

glucose = 0.1 M.  The reaction rate increases with oxygen concentration 

as follows: 14Õmol/min at 20% O2/N2; 35 Õmol/min at 100% O2.  

Dissolved oxygen (DO) meter was used to estimate the rate of 

oxygen dissolution. The measurement was carried out in a separate 
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experiment (c buffer = 0.1 M, pH = 9.5, T = 35ÁC, stirring rate = 1000 

rpm, c glucose = 0.1 M) because it was not possible during the reaction 

due to the technical parameters of the DO meter. The rate of oxygen 

dissolution in the reaction media were estimated to be the same or 

higher than the rate of glucose oxidation reaction over the most active 

Au/C sample. This result confirms that the overall reaction rate is not 

limited by oxygen dissolution. 

A typical glucose oxidation conversion curve is presented in 

Figure 5.2. The curve is linear up to 50 % glucose conversion then 

the rate started to decrease. This behavior can be interpreted either by 

a non-zero order reaction with respect to glucose or the buffer 

capacity is close to its maximum value at about 50 % conversion, the 

pH starts to decrease and for this reason the reaction rate also 

decreases. The initial reaction rate was determined from the linear 

initial part of the conversion curves. 
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Figure 5.2. Glucose oxidation conversion curve, catalyst: 30mg 0.8 wt% 

Au/C, c buffer = 0.1 M, pH = 9.5, T = 35ÁC, stirring rate = 1000 rpm, c glucose 

= 0.1 M, 30mL reaction mixture, O2 flow = 100 mL/min (1 atm). 

5.1.3 Comparison of the activity in CO oxidation 

and in glucose oxidation 

Figure 5.3 shows correlation between the T50 in CO oxidation 

and reaction rate in glucose oxidation that demonstrates the relation 

between the activities in the two reactions. The higher the 

temperature of 50 % CO conversion the lower the activity of the 

sample is. The more active samples in CO oxidation are less active 

samples in glucose oxidation. The apparent linear relation has no 

physical explanation. The comparison of initial reaction rates of both 

reactions would be more meaningful kinetically; however the activity 
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differences in CO oxidation are so large, that there were no 

temperature found to measure all samples.  
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Figure 5.3. Comparison of activities in CO oxidation and glucose 

oxidation. The higher the T of 50 % CO conversion the lower the activity is. 

 

 Reducible oxides - ceria and titania - ensure the high activity in 

CO oxidation, whereas silica is much less effective support. In 

accordance with previous studies
2,77

 the activity increases with 

decreasing particle size. In contrast, in glucose oxidation inverse 

activity order was found. Similar behavior was observed by Edwards 

et al.
22

 in the oxidation of hydrogen, where a quite precise inverse 

correlation between the rates of hydrogen peroxide synthesis and 

carbon monoxide oxidation was established. In our case silica and 

carbon supported samples were more effective than the reducible 

oxide supported samples. For explanation of the observed behavior of 
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the catalysts in the two reaction structural characterization of the 

samples was carried out. 

5.1.4 Structure of the catalysts 

The diameter of the particles and the gold content of the 

samples were determined by TEM and ICP-MS, respectively (Table 

5.2). After deposition on the support followed by calcination the 

particle sizes of the pre-prepared gold sols increased to 5-7 nm in 

case of the PVA stabilized samples and 7-13 nm in case of the tannin-

citrate stabilized samples due to sintering (during calcinations). This 

sol adsorption preparation method allows us to use the same preï

prepared colloidal particles in case of all support. Although, the 

sintering during the calcination necessary for the removal of organic 

materials results in bigger size and broader size distribution compared 

to the size of the original colloid depending on the type of support 

and colloid. 
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Table 5.2. Sample properties 

Samples Support Au 

content 

(wt %) 

Surf.area/pore 

size 

(m2/g)/nm 

dAu (TEM)  

after 

calcination 

(nm) 

Sols     

Au-PVA  - - 2.2 Ñ 0.9 

Au-TC  - - 6.7 Ñ 1.8 

Catalysts     

Au/C (WGC) Activated 
carbon 

0.8 1200/0.8-0.9 10.5 

Au-SiO2-PVA Davisil 1.7 300/15 7.8 Ñ 2.8 

Au-TiO2-PVA P25 2.3 55/non porous 5.3 Ñ 2.1 

Au-CeO2-PVA Aldrich 2.2 80-100/ non 
porous 

5.6 Ñ 3.5 

     

Au-SiO2-TC Aerosil 2 200/ non 
porous 

6.8 Ñ 2.8 

Au-TiO2-TC Eurotitania 2.3 125/3.6 13.0 Ñ 5.6 

Au-CeO2-TC Aldrich 2 80-100/ non 
porous 

8.0 Ñ 3.8 

 

The effect of the catalytic reaction on the samples was tested. 

XPS spectra were recorded on the samples after calcination, before 

glucose oxidation and on the spent catalysts after glucose oxidation. 

The results confirmed the presence of gold on the surface of each 

samples. The surface atomic ratio of gold and the support cation were 

calculated and presented in Table 5.3. The binding energy of Au was 



 Results and Discussion 62 

83Ñ0.2 eV in the case all samples. The same amount of gold was 

found on the surface before and after glucose oxidation except Au-

SiO2-PVA (Davisil supported Au sample) and Au-TiO2-TC 

(Eurotitania supported Au sample). Thus, we can suppose that there is 

neither metal-leaching nor sintering during liquid phase glucose 

oxidation except of those samples, where the surface Au/Si, Ti ratio 

decreased.  

 

Table 5.3. Surface Au content of samples (measured by XPS). 

Samples Surface atomic ratio Au/M (M=Ce, Si, Ti) (%) 

  Before glucose 

oxidation 

After glucose 

oxidation 

  Au-CeO2-PVA  1.6 1.7 

  Au-CeO2-TC  2.2 2.2 

  Au-SiO2-PVA  1.2 0.6 

  Au-SiO2-TC  0.5 0.5 

  Au-TiO2-PVA 1.4 1.4 

  Au-TiO2-TC 2.4 1.9 

 

Regarding the silica supported samples the Au/Si ratio decrease 

was not observed in the case of Au-SiO2-TC (Aerosil 200 supported) 

sample. The difference between the behaviors of the silicas might be 

due to their different structure. Aerosil 200 is a non-porous, very 

small particle-size (12 nm average primary particle size) support 

material which might be able to stabilize the gold particles via 

surrounding it. The gold could not move easily on its surface because 

of this steric effect. This explanation was supported by the negligible 
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change in the average particle size during calcination, too: In the case 

of Au-SiO2-PVA (Davisil) the size increased from 2.2 to 7.8, while in 

the case of Au-SiO2-TC (Aerosil 200) the average particle size only 

slightly increased. The difference between the silicas in the surface 

Au/Si ratios before glucose oxidation might be again due to their 

different structure. In the case of Aerosil support, where Au particles 

are surrounded, covered by SiO2 particles similar in size, part of them 

may be hidden for XPS but not for the glucose and O2 molecules.  

In the case of the spent AuïSiO2ïPVA, XPS did not indicate 

the presence of carbon deposit or organic residue that may cover the 

Au surface. In that sample the decrease of the Au/Si ratio could be 

due to metal leaching or sintering during the reaction.  In order to 

elucidate the reasons TEM images were taken and gold content was 

measured after glucose oxidation. Based on the gold content 

measurement by ICP-MS leaching of the metal can be excluded. 

Figure 5.4 and Figure 5.5 show typical TEM images (a) and particle 

size distributions (b) of the AuïSiO2ïPVA sample before and after 

glucose oxidation. Comparing the figures some very large gold 

particles (aggregates) of 30-40 nm can be observed besides the 

smaller particles after the reaction. Biella et al. also observed similar 

change in the particle size and explained by the dissolution and 

reprecipitation of the particles.
61

  In our case Au particle migration 

due to increased mobility and aggregation may be the reasons of the 

decrease in the surface Au/Si atomic ratio. However, particle 

migration into the pores cannot be excluded because Davisil is a 

porous support. Another aspect that we have to taking into account is 

that about 1 wt% of Davisil silica dissolves in the reaction media 
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which may reprecipitate on the gold surface decreasing the Au/Si 

atomic ratio. 
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Figure 5.4. TEM image (a) and the size 

distribution (b) of Au-SiO2-PVA before 

glucose oxidation. 

Figure 5.5. TEM image (a) and the size 

distribution (b) of Au-SiO2-PVA after 

glucose oxidation. 
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In the case of AuïTiO2ïTC (Eurotitania supported sample) the 

results show slight decrease in surface Au/Ti ratio after glucose 

oxidation that could be due to some sintering or metal leaching again. 

TEM images were taken after the reaction but no significant change 

was observed neither in the average particle size nor in the 

distribution. The particle size of that Au-TiO2-TC sample was large 

after calcination and the distribution is quite broad that is why TEM 

images did not show much changes. It could be possible that the 

small gold particles migrated into the pores, which causes decrease in 

surface Au/Ti ratio. Taking into account that in our case Au/Si or 

Au/Ti ratio decrease was observed only on the porous samples some 

particle migration into pores is supposed. 

Figure 5.6 shows the initial reaction rate of the catalysts in 

glucose oxidation as the function of particle size. Higher activity was 

observed over catalysts with larger gold particles on each support. 
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Figure 5.6. Comparison of the catalysts activities in glucose oxidation as 

the function of Au particle size  

 

 Considering the possible explanations of the diverse behavior 

of the same samples in the CO oxidation and glucose oxidation 

reactions it is hardly to be expected that the activity is in correlation 

with the presence of very small c.a. 0.5 nm bilayer clusters as 

reported by Hutchings and coworkers because the most probable 

shape of the pre-prepared colloid particles is spherical.
132

 The effect 

of the ionic species is also excluded based on the application of pre-

prepared sol and XPS results. The difference between the surface 

geometry of the small particles and the large particles could be the 

reason of why the larger particles are more active in glucose 

oxidation and small ones in CO oxidation. Glucose is a large 

multifunctional molecule compared to CO. For its adsorption 

different surface arrangements and sites are needed.  
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Figure 5.7. Effect of the support on the activity of the catalysts in glucose 

oxidation 

 

Figure 5.7 clearly shows the higher activity of silica supported 

samples compared to the reducible oxide ones in the case of both 

particle size ranges. In this study the Au/C reference catalyst gives 

higher activity (Figure 5.6) however, the silica supported catalysts 

also work well indicating that weak metalïsupport interaction and 

high surface area favour the reaction. The pore structure should also 

play a role in the accessibility of the smaller particles in the pores by 

glucose. In our systems Davisil silica, Eurotitania and Activated 

carbon are porous supports. Davisil silica has 15 nm pore size and 

gold particles could penetrate into the pores. However, if the 

stabilized Au particles penetrate into the pores and stabilized there in 

the calcined sample after the removal of large organic stabilizer there 
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should be enough accessibility of the much smaller glucose but in this 

case pore diffusion can occur. Even so the activity of this sample is 

the highest in glucose oxidation compared to the other samples. 

Eurotitania is also a porous support with 3.6nm pore size. This 

support was used with 6ï7 nm particle size gold sol considering that 

most of the particles are outside of the pores but some of them could 

be small enough to penetrate into the pores. The role of the surface 

area of the support could be that the support may adsorb the reacting 

glucose molecule facilitating the reaction as it was discussed by 

Okatsu et.al.
77

 

 Deposition of the same Au sol on different supports resulted 

different particle size after calcination at 400ÁC depending on the 

support due to particle aggregation and sintering. This behavior can 

be observed also at low temperature in the liquid phase reaction in 

case of AuïSiO2ïPVA sample, where larger particles or aggregates 

are shown in TEM images (Figure 5.5). Particle migration on the 

surface is hindered on reducible oxides after calcination in the 

catalytic reaction because of stabilization of the Au particles by 

metalïsupport interaction. On SiO2 support weak metalïsupport 

interaction is supposed compared to ceria or titania. 

5.1.5 Conclusions 

In gold catalyzed total oxidation reactions as e.g. CO the 

smaller gold particle size and the reducible oxide supports favor the 

activity. On the contrary, our results in glucose oxidation using SiO2, 

CeO2 and TiO2 supported sol derived two different size gold particles 

show that the SiO2 supported larger size gold is more active. 
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The opposite support effect observed in the glucose oxidation 

as compared in CO oxidation suggests different O2 activation 

mechanism in the two reactions and/or the presence of a metalï

support interaction in case of reducible oxides that modifies the 

ability of Au for activating glucose and O2. The results show that the 

effect of the support is more significant than the small gold particle 

size. 
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5.2 CeO2 ïAu/SiO2 inverse catalysts for CO 

oxidation 

 

5.2.1 Introduction 

It is known and confirmed by our results (Chapter 5.1) that 

reducible oxides supported gold catalysts provide high activity in CO 

oxidation. In this chapter the role of CeO2 was studied with the aim of 

the preparation of highly active catalysts in the reaction. For this 

reason Au/SiO2 powder catalysts modified by different amounts of 

CeO2 in a special way, when nanosize Au is decorated with CeO2 

patches were prepared. We wished to investigate the catalytically 

active AuïCeO2 interface in CO oxidation.  

 

5.2.2 Catalytic properties 

The CeO2 ï doped Au/SiO2 samples prepared by method A 

(CeïAu sol adsorption on SiO2) or B (Au/SiO2 impregnated by 

Ce(NO3)3) (see Chapter 4.2) with different Ce loadings and the 

reference samples Au/SiO2 and Au/CeO2 were tested in CO 

oxidation. CO oxidation was used as a highly sensitive tool to test the 

presence of AuïCeO2 active interface. 

Table 5.4 contains data of metal loading of the samples together 

with the particle size determined by TEM and the catalytic data. The 

Au content of the samples agrees reasonably with each other and it is 

close to the nominal 2 wt%. We are certain that the undetermined Au 
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loadings are around 2 wt%, too, because the discoloration of liquid 

phase in the sol adsorption step showed that all Au nanoparticles in 

sol were attached to the silica.  

 

Table 5.4. Metal loading, temperature of 50% CO conversion and Au 

particle size of the samples.  

Sample Au content 

(wt%) 

CeO2 

content  

(wt%) 

T50% (
o
C) Au 

particle 

size
b
 (nm)

 

after calc. 

at 300
o
C 

after calc. 

at 450
o
C 

ACe0.04 2.0
a 

0.04  121 6.30Ñ1.45 

ACe0.08 1.8 0.08 138 85 - 

ACe0.16 1.8 0.16 76 83 8.07Ñ3.44 

BCe0.06 2.0
a 

0.06 - 140 - 

BCe0.11 2.0
a
 0.11 - 70 - 

BCe0.60 2.0 0.60 50 48 5.73Ñ1.92 

BCe1.14 1.8 1.14 49 47 - 

BCe2.64 1.9 2.64 44 44 6.57Ñ1.65 

BCe7.40 1.7 7.40 51 40 7.15Ñ1.75 

Au/SiO2 2.0
a 

0 - 401 6.37Ñ3.78 

Au/CeO2 2.0
a
 98 74 - 8.00Ñ3.81 

a
: nominal value 

b
: determined by TEM after calcination at 450

o
C followed by catalytic 

run and only for Au/CeO2 after calcination at 400
o
C followed by 

catalytic run 

 

The catalytic measurements were conducted after calcination 

treatments at 300
o
C or 450

o
C. Carbonaceous deposits remained on 

catalytic active sites were removed already at 300
o
C in air, however, 

when applying 450
o
C calcination treatment, the CO2 peak centered at 
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around 300
o
C had a negligible tailing above 300

o
C which means, 

insignificant organic material may have been remained on the support 

after the lower temperature calcination. 
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Figure 5.8. CO oxidation activity of the samples prepared by method A and 

B: the temperatures where 50% CO conversion was achieved (T50%) as a 

function of ceria content. 300
o
C calcination/pretreatment temperature is 

signed with empty, 450
o
C calcination/pretreatment temperature is signed 

with full symbols, respectively. Dotted line represents activity of Au/CeO2 

after calcination pretreatment at 300
o
C. The small inset enlarges the range 

of 0-0.6 wt% CeO2 content. 

 

Figure 5.8 summarizes the CO oxidation activity of the samples, 

viz., the temperatures where 50% CO conversion was achieved (T50%) 

as a function of ceria content. Data obtained after different calcination 

temperatures and different preparation methods are distinguished but 

0,0 0,1 0,2 0,3 0,4 0,5 0,6
40

60

80

100

120

140

160



 Results and Discussion 73 

 

surprisingly lay on the same line which sharply increases between 

0.2wt% and 0.5wt% CeO2 meaning the decline of activity. The 

numeric data are collected in Table 5.4. The dotted line at 74 ÁC in 

Figure 5.8 indicates the activity of the reference Au/CeO2 sample. 

We can state that enhanced catalytic activity of CeO2-modified 

samples was found compared to Au/CeO2 reference sample at as low 

as 0.6wt% of CeO2 loading already. The very little 0.04 wt% CeO2-

content on the other side makes ACe0.04 sample already a more 

efficient catalyst than the reference Au/SiO2.  
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Figure 5.9. Representative conversion curves of samples prepared by method A 

(CeïAu sol adsorption on SiO2) and B (Au/SiO2 impregnated by Ce(NO3)3) 

versus reaction temperature. The data were obtained after calcination 

pretreatment at 450
o
C. Note the extremely similar curves at CeO2 content 

>0.6wt% for samples prepared by method B. 
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The difference between the activities of the samples is much 

better discernable looking at Figure 5.9 where a few representative 

conversion curves obtained after calcination pretreatment at 450
o
C 

are plotted against temperature. The main issue is that after reaching 

0.6wt% CeO2-content (by method B) there is only a minor difference 

between the catalysts. Furthermore, there is a slight difference in 

favor of method A, because ACe0.04 sample exhibits better activity 

than BCe0.06 in spite of the higher Ceïcontent of the latter. 

Considering the formation of the active AuïCeO2 species the 

structural characterization of the catalysts was carried out in order to 

understand the catalytic behavior of the samples.   

5.2.3 Formation of AuïCeO2 nanostructures on 

silica support 

It is certainly eye-catching (Table 5.4) that the final CeO2 

content of samples prepared by method A (CeïAu sol adsorption on 

SiO2)  is very low and more than 10 times less than the intended 

values (0.5wt%, 2.5wt%, 7.5wt%). Figure 5.10 shows that by method 

A the attachment of all Ceïcontaining components to the silica 

surface was very limited. Thus, we prepared low loaded samples by 

method B (Au/SiO2 impregnated by Ce(NO3)3) as well to be able to 

compare catalysts synthesized by the two methods at similar or the 

same Ce loadings. Of course, the success of Ce introduction by 

method B is obvious since it can be considered as a kind of wet 

impregnation of Au/SiO2 by cerium nitrate: all the Ce compounds 

remain on the surface of the sample after evaporation of water.  
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Figure 5.10. Measured CeO2ïcontent of samples prepared by method A 

(CeïAu sol adsorption on SiO2) versus intended CeO2ïloadings.  

 

Let us consider what happens at the addition of cerium nitrate to 

the parent Au sol which has a pH=6.5 containing hydrolyzed tannin 

and citrate and all the byproducts of reduction. For the preparation of 

crystalline CeO2 nanoparticles the main synthesis methods are based 

on solution phase methods such as alcohothermal,
133

 hydrothermal, 

thermolysis processes. In hydrothermal route the starting precursor 

can be Ce(III), which is usually oxidized to Ce(IV) by the presence of 

air or other oxidants. Due to the presence of base, provided at higher 

pH, Ce(OH)4 forms, then Ce(OH)4 nucleation and growth takes place, 

and finally the Ce(OH)4 particles formed dehydrate into CeO2 during 

heat treatment.
134,135,136

 Since Ce(IV) is more easily hydrolised than 

Ce(III), homogeneous precipitation can be initiated by H2O2 addition 
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at low temperature that slowly oxidises Ce(III). Thus, precipitation 

can be induced by the change in the oxidation state of precursor 

cation and not by the pH, however, base is needed to complete the 

hydrolysis. Ce(III)-hydroxide is a definite compound but Ce(IV)-

hydroxide which can be described as CeO2x2H2O is considered to be 

a hydrous oxide which dehydrates progressively.
137

 Primary particle 

of hydrous ceria posses at pH<7.2 a positive surface charge thus 

hydrous ceria is expected to adsorb anions.
138

  

From the above references it is evident that the final oxidation 

state of hydroxide precipitates formed during hydrolysis is mostly 

Ce(IV). However, Kockrick and co-workers
139

 reported the formation 

of nanoscale Ce(OH)3 particles inside micelle structure of inverse 

microemulsion using cerium(III)  nitrate and aqueous ammonia. 

Destabilization of microemulsion by acetone, filtrating, washing, 

drying at 100
o
C resulted Ce(OH)3 particles of 2ï3 nm as was detected 

by HRTEM (lattice spacing corresponded to Ce(III)-hydroxide). 

We should keep in mind that the presence of residual citrate and 

tannic acid or the hydrolysed byproducts such as gallic acid may play 

a crucial role in determining the fate of Ce precursor. Both 

reducing/stabilizing agents present in the Au sol are able to complex 

metal ions such as Ce(III), or stabilize CeO2 or Ce-hydroxide 

particles, as well.
140,141,142

 CeO2 nanoparticles from cerium salt were 

produced with citric acid as protective agent against particle growth. 

Cerium-citric acid complex formation was suggested to occur first, 

and after its hydrolysis cerium hydroxide sol formed where the 

nanoparticles were covered with citric acid.
143,144

 Marcilly and co-

workers used also citric acid during ceria preparation while increasing 
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the pH to the basic region and applying fast evaporation of the 

solvent at 70
o
C. The particles formed this way were amorphous and 

nanosize and contained mainly Ce(III) as was detected by XPS.
145,146

 

Note that in the above literature data the pH of the liquid phase was 

basic during preparation and so Ce(III) hydrolysis certainly happened. 

We believe that the presence of Ce(III) ions in the Au sol can cause 

particle aggregation and flocculation without hydrolysis based on the 

work of Oladoja and co-workers.
147

 They assumed that positively 

charged species can strongly adsorb on the negative tannin molecules, 

can give effective destabilization through neutralization and thus 

promote flocculation. Complexation or chelation and ion exchange 

between the metal ion and the polyhydroxylphenol group of the 

tannin (gallic acid) molecule are assumed to take place 

simultaneously.  

Consequently, it was not ascertained whether or not Ce-nitrate 

hydrolysed in our reaction conditions. Macroscopic particle 

aggregation which was observed in our blank experiments and at the 

highest cerium concentration does not necessarily mean the formation 

of hydroxide precipitate but it may reflect only charge neutralization 

and flocculation of Ce(III)-tannin-citrate complexes. The pH of the 

Au sol was 6.5 which is still acidic so we rather suggest that no or 

only partial hydrolysis happened to Ce-nitrate in our experiments and 

most of Ce(III) was bound in a chelate complex with tannin (gallic 

acid) and citrate. At lower Ce-nitrate concentration complete charge 

neutralization and so macroscopic precipitation does not happen 

between the anionic organic molecules and cerium ions. In the 

subsequent adsorption step, PDDA, a positively charged 
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polyelectrolyte was used to recharge the SiO2 surface to be able to 

bind Au particles covered by negative stabilizing sphere.
17,21

 The 

final low Ce content of samples prepared by method A reflects that 

Ce species (any kind of them) do not favour the positively charged 

polyelectrolyte covered solid and they rather remain in liquid phase in 

the filtrate associated with hydrolyzed negatively charged tannin 

(gallic acid) and citrate ions. The highest negative charge density and 

the highest concentration of complexing agents for Ce(III) is located 

around the Au particles, that is why the relatively low Ce 

concentration is expected to be concentrated around Au. 

In the case of method B (Au/SiO2 impregnated by Ce(NO3)3) the 

gold nanoparticles were located already on silica when Ce(III) nitrate 

was added. The samples were washed to remove the majority of 

organic and inorganic residues and dried at 60ÁC before Ce addition, 

however, negatively charged residualïshell around the gold can be 

expected which may localize a part of added Ceïnitrate.  

In both methods the final evolution of AuïCeO2 nanostructures 

takes place during calcination in air when all Ce species transform 

into CeOx/CeO2.  

 

5.2.4 Structure of the catalysts: particle size and 

distribution of Ce species 

In whatever form Ce species are present after drying, calcination 

pretreatment to remove organic moieties transforms them into Ce-

oxide. X-ray diffraction pattern of BCe7.40 and BCe2.64 shown in 

Figure 5.11 were taken after calcination at 450
o
C to check the 
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presence of crystalline CeO2 (and Au) phases. Highly dispersed CeO2 

in samples of about 1 wt% CeO2 and lower cannot be detected by 

XRD. Crystallite sizes are listed in Table 5.5. We could ascertain the 

presence of cubic CeO2 fluorite structure with about 5 nm crystallite 

size in both samples. The intensity ratios of X-ray diffraction peaks 

for CeO2 and Au for samples BCe7.40 and BCe2.64 are also shown 

in Table 5.5. As the scattering strengths are different for the various 

crystalline phases, therefore these values do not give the volume or 

weight fractions of CeO2 and Au, it can be used only for comparison 

purpose between the two samples. Anyway, the four times larger 

intensity ratio for sample BCe7.40 revealed that a part of the CeO2 is 

not visible by XRD in BCe2.64, suggesting the presence of an X-ray 

amorphous part of CeO2. 
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Figure 5.11. X-ray diffraction pattern of BCe7.40 and BCe2.64 after 

calcination pretreatment at 450
o
C and catalytic run. 
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Table 5.5. The crystallite size for Au (dAu) and CeO2 (dceria) phases, and the 

intensity ratio characterizing the volume fraction of the two phases 

determined by XRD technique. 

Sample dAu (nm) dceria (nm) Iceria/IAu 

BCe7.40 5.5°0.6 4.9°0.5 1.79°0.16 

BCe2.64 5.2°0.5 5.8°0.6 0.43°0.02 

 

The nice, even distribution of individual Au particles is clearly 

seen in Figure 5.12 that depicts the TEM micrograph of Au/SiO2 

after calcination pretreatment at 450
o
C and catalytic run. The particle 

sizes of all the samples do not differ significantly, they range between 

5.7 nm and 8.1 nm which is not the interval of the usual sudden 

change in activity with Au dispersion (dAu~0ï5 nm). Accordingly, 

differences in catalytic behavior can be attributed rather to the 

characteristics of Au/CeO2 interface than the Au particle size itself. 

Looking at the particle size distributions of Au/SiO2 and Au/CeO2 

reference samples it is clearly seen that ceria modification induces a 

kind of stabilization effect since the Au-CeO2ïSiO2 systems have 

narrower size distribution, except for ACe0.16 which was the sample 

obtained by the adsorption of previously destabilized AuïCe 

composite sol.  
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Figure 5.12. TEM image of the sample Au/SiO2 after calcination 

pretreatment at 450ÜC followed by a catalytic run. Even distribution of Au 

particles is seen that is characteristic to all investigated samples. 

 

We already know that XRD detected crystalline CeO2 phase. 

EDS measurements detected Ce and oxygen, as well, conventional 

TEM measurements (not shown here) gave us a hint on the existence 

of CeO2 particles on silica surface of BCe7.40, but at lower Ceï

content only Au particles could be distinguished by TEM.  

 

Figure 5.13. HRTEM of BCe7.40 with 7.4 wt% CeO2. The 0.32nm period 

lattice fringes represent CeO2 crystals both attached to the Au particles (a), 

and located, in large patches, on the SiO2 (b). 
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HRTEM provided further information on the location, size, and 

structure of the promoting oxide in three samples prepared by method 

B (Au/SiO2 impregnated by Ce(NO3)3) and in the one with the lowest 

Ceïcontent prepared by method A (CeïAu sol adsorption on SiO2). 

The HRTEM micrographs of sample BCe7.40 are shown in Figure 

5.13(a) and (b). Figure 5.13(a) reveals the presence of nanosize CeO2 

particles, in contact with the Au nanocrystals surfaces. Two thin slabs 

with fringes can be observed partly covering the Au particles in the 

inset of the figure. The fringe period (0.32 nm) corresponds to the 

(111) lattice spacing of cubic CeO2. Far from the Au particles, the 

pure SiO2 surface is also covered by thin CeO2 particles of 5ï15 nm 

size as seen in Figure 13(b) by the lattice fringes characteristic to 

CeO2 (111). Note that, although most gold particles are decorated by 

fringes of CeO2, we found Au particles with no sign of CeO2. The 

absence of fringes does not definitely mean the absence of CeO2. It 

may mean that the crystallographic alignment of a CeO2 crystal is far 

from a suitable zone, i.e. does not favor lattice imaging.  The sample 

BCe2.64 also contained CeO2 particles both in contact with and 

separated from the Au, but the amount of separate CeO2 was less due 

to the lower Ceïcontent. Figure 5.14 shows the HRTEM and EELS 

elemental mapping results of BCe2.64. Figure 5.14(a) and (b) 

represent the unfiltered image and the Ce elemental map of the same 

area, respectively. The arrows in (a) mark medium contrast regions 

that correspond to bright contrast regions i.e. high Ce concentration in 

the Ce map (b). Figure 5.14(c) and (d) are the enlarged frames from 

Figure 5.14 (a) marked with ñcò and ñdò, respectively. In (d) a CeO2 

crystal is identified by its (111) lattice fringes that is located on the 
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silica, while, the CeO2 particle shown in (c) is attached to the Au. As 

we go further to less Ce-content (BCe0.60), Figure 5.15 with the 

enlarged inset shows that the CeO2 appears mostly on or nearby the 

Au surface, while the silica is depleted in CeO2.  

 

Figure 5.14. Unfiltered HRTEM image (a) and EELS Ce map of the same 

area (b) of sample BCe2.64 with 2.64 wt% CeO2. The bright contrast 

regions in (b) represent presence of Ce that corresponds to the regions with 

0.32 nm lattice fringes in (a). (c) and (d) are enlarged frames from (a). 
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Figure 5.15. HRTEM image of sample BCe0.60 with 0.6 wt% CeO2 (inset: 

magnified Au particle and associated Ce-oxide as marked by the arrow) 

representing that CeO2 is found mainly as attached to Au and in the vicinity 

of the Au particles. 

 

 To reveal the distribution of CeO2 at extreme low cerium 

contents is of crucial importance because theoretically it is very easy 

to locate this amount of Ce-oxide on the high surface area Aerosil 

SiO2 without even any contact with Au particles. With this aim, a 

sample prepared by method A (0.04wt% Ce) was also investigated.  

HRTEM and EELS found no trace of Ce-oxide on silica, however, it 

gave definite proof of CeO2 associated to Au (the existence of Auï

CeO2 interface) as it is presented in Figure 5.16. Figure 5.16 (a), (b) 

and (c) show the unfiltered HRTEM image, the EELS Ceïmap and 

the enlarged frame ñcò from (a), respectively.  The bright contrast in 

the Ce map (b) indicates a distribution of Ce exclusively around/on 

the Au particles (see also the arrows). No remarkable signal of Ce 
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was detected apart from the Au crystals. Furthermore, in Figure 5.16 

(c) a single Au particle is seen (enlarged frame from (a)) with the 

lattice fringes of CeO2 nanoparticles on its surface.   

 

 

Figure 5.16. Unfiltered micrograph (a) and EELS Ce map (b) of sample 

ACe0.04 with 0.04 wt% CeO2. The bright contrast in the Ce map (b) marks 

regions that contain Ce. The enlarged image (c) shows CeO2 particles 

(0.32nm lattice spacing) on the Au crystal (from the center of (a)). 

Practically no CeO2 was found apart from Au.  

 

We calculated the possible maximum coverage of CeO2 

exclusively on Au surface assuming 2 wt% Au and 0.0326 wt% Ce 

content and dAu=6 nm size particles. Using the work of Stanek and 

co-workers,
148

 where the number of Ce atoms on CeO2(111) surface 

is given  as 2.31 Ce atoms/ao
2
 where ao=0.5412 nm, and assuming 

monolayer coverage of CeO2 on Au (which is not the case), we 




















































































































