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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 —
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 (TiO,, CeO,) and irreducible (SiOy)
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 — 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/CeO;
catalysts was carried out. For this purpose Au/SiO, catalysts modified
by different amount of CeO, in a special way, when nanosize Au
decorated with CeO, patches were prepared (Chapter 5.2). High
resolution transmission electron microscopy (HRTEM) measurements
revealed thin, nanosize CeO, moieties over gold already at extremely
low 0.04wt% CeO; loading, which decreased the temperature of 50%
CO conversion by 280°C compared to Au/SiO, reference. 0.16wt%
CeO, was enough to approach the activity of the Au/CeQO, reference
sample. At 0.6wt% CeO; content the catalyst greatly exceeded the
activity of the pure Au/CeO, used as reference. Further increase of the
Ce0O, 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 CeO; spread
over the support surface as well. Strong interaction of Ce species with
stabilizer ligands located around Au is suggested as the reason for
CeO;, localization on gold.

For the development of the most active Au/SiO, 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.

SiO; supported AgAu bimetallic catalysts were prepared by sol
adsorption method with 10/90, 20/80, 33/67 and 50/50 Ag/Au molar



ratios (Chapter 5.3). UV-visible spectroscopy and HRTEM proved
that the reduction of HAuUCI, 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/SiO, 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 — 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 O, 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 4H-Ag
structure in the same concentration. This hexagonal polytype of Ag

has been observed, to date, only in nanocrystalline and continuous



films or nanorods; in nanospherical form it was reported, to the best

of my knowledge, for the first time.
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Osszefoglalas

Arany katalizatorokon az elérhetd aktivitast és szelektivitast
alapvetden befolyasolja az arany nanorészecskék mérete és eloszlasa,
a szemcséhez kapcsolt oxid fazis szerkezete és mérete és a kiilonb6z6
moédositok  hatdsa. Az  arany  nanorészecskék  katalitikus
tulajdonsagair6l a szakirodalomban kozzétett tudas nem teljes és nem
egységes. A  katalizdtorok szerkezete ¢és aktivitdsa kozotti
Osszefiiggések jobb megértése révén egyre jobb katalizatorokat
fejleszthetiink.

Ebben a munkidban arany nanorészecskéket tartalmazo
katalizatorok szerkezet — aktivitds Osszefliggéseinek kutatdsaval
foglalkozom, melyet egyfémes oxidhordozos és modositott kétfémes
illetve oxid promovealt hordozos arany katalizatorok eldallitasaval,
CO oxidacio és gliikoz oxidacid reakcidkban mutatott viselkedésének
vizsgalataval valositottam meg.

Elészor modositatlan, redukalhaté (TiO, és CeO;) és nem-
redukalhatd (SiO;) oxid-hordozés két kiillonb6z6 méretii arany
nanorészecskéket tartalmazd katalizatorokat éallitottam eld ¢és
aktivitasukat hasonlitottam 06ssze CO oxidacioban ¢és gliikkoz
oxidacioban (Chapter 5.1). Ellentétes sorrendet allapitottam meg a
mintak aktivitdsa kozott CO oxidacioban és glikkdéz oxidacioban. A
katalitikus aktivitdst CO oxidacioban az 50%-os CO konverzid
eléréséhez sziikséges homérséklet tiikrozi, mig gliikkoz oxidacioban a

kezdeti reakciosebességbdl szamitottam.
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Megallapitottam, hogy a CO oxidacioban ismert méret— és
hordozé— hatas nem érvényes gliikoz szelektiv oxidacidjaban, ebben a
reakcioban ugyanis az inert szilicium—oxid hordozos katalizatorok
joval aktivabbnak bizonyultak, mint a cérium—oxid ill. titan—oxid
hordozés mintak. A nagyobb Au részecskeméretii mintdk nagyobb
aktivitast mutattak gliikoz oxidacidban, ami azzal magyarazok, hogy
a szén-monoxidhoz képest nagyobb gliikéz molekula aktivalasahoz
eltérod feliileti geometriaju aktiv centrumok sziikségesek.

CO oxidacidban a vizsgalt egyfémes mintak koziil az Au/CeO,
katalizatort talaltam az egyik legaktivabbnak. A Kkatalizator
aktivitasanak novelését és a cérium—oxid szerepének vizsgalatat tlizve
ki célul, 0.n. inverz katalizatorokat allitottam el6, amit inert-hordozos
Au katalizator cérium-oxiddal torténdé modositasaval valdsitottam
meg. Nagy felbontdsi transzmissziés elektronmikroszkdpos
(HRTEM) vizsgalatok nanoméretii CeO,-0t mutattak az arany
feliletén mar 0,04wt% CeO, koncentracional, ami 280°C-al
csOkkentette az 50%-0s CO konverzid homérsékletét az Au/SiO;
referencidhoz viszonyitva. A 0,16wt% CeO;-ot tartalmaz6 katalizator
aktivitasa elérte az Au/CeQO, referencia aktivitasat, és a 0,6wt% CeO,
tartalm@t minta mar joval aktivabb volt, mint a cérium-oxidot
hordozoként tartalmazé katalizator. 0,6wt% CeO, tartalom f616tt az
aktivitdas nem valtozott jelentdsen, és sokkal nagyobb volt, mint a
referencia Au/CeO, aktivitaisa. HRTEM mérések azt mutattak, hogy
eddig a koncentracidig a CeO; inkabb az arany feliiletén helyezkedik
el, 0,6wt% folott azonban mar a hordozd SiO, feliletén
stabilizalodik. A Ce specieszek €és az arany koriili stabilizator

ligandumok erds kolcsonhatasa lehet az oka, hogy a CeO, inkabb az



Xiii

arany feliiletén helyezkedik el. Az Au-CeO, aktiv periméter a
promovealt mintdban nagyobb fajlagos aktivitasu, mint a CeO;
hordozds arany katalizatorban.

Glikéz szelektiv oxidéaciojdhoz a reakcidoban legaktivabb minta
modositasaval kivantam aktivabb katalizatort eldallitani és vizsgalni a
modositas hatasat. Az arany nanorészecskéket eziisttel modositottam,
amivel az arany oxigén—aktivald képességét kivantam befolyasolni. A
szakirodalom szerint a hordozdé nélkili AgAu kétfémes
nanorészecskékkel gliikoz oxidacioban jelentds aktivitds ndvekedés
érthetd el az egyfémes aranyhoz képest, a gyakorlati szempontbol
elényosebb hordozds AgAu katalizatorok alkalmazasa azonban ebben
a munkaban jelenik meg eldszor gliik6z oxidacioban.

A SiO; hordozos AgAu kétfémes katalizatorokat szol adszorpcios
modszerrel allitottam el6; 10/90, 20/80, 33/67 és 50/50 Ag/Au mol
aranyban. UV-lathat6 spektroszkopias és HRTEM mérések igazoltak,
hogy a HAuUCI; prekurzor natrium-borohidrides redukcidja Ag
szolban 6tvozet AgAu kolloid részecskéket eredményez és 6tvozet
szerkezetiik a hordozora helyezést kovetd oxidacios és redukcids
kezelés utan is megmaradt. Gliikoz oxidacioban az AgAu kétfémes
hatast tanulmanyoztam és annak fiiggését az Ag/Au mol aranytol.
Megallapitottam, hogy AQ/Au=33/67 alatt szinergikus aktivitas
novekedés 1ép fel az egyfémes Au/SiO, és Ag/SiO, referencia
katalizatorokhoz képest. Utdbbi minta a reakcidban inaktivnak
mutatkozott. Maximalis aktivitds—novekedést 20/80 Ag/Au ardnynal
talaltam. Mérési eredményeimmel 6sszhangban, az irodalomban Au
katalizatorokon lejatszodo glikoz— és alkoholok oxidacigjara ajanlott

mechanizmus alapjan javaslatot tettem a reakci6 mechanizmusara
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AgAU/SIO, katalizatorok alkalmazasa esetén. Eszerint a kétfémes
katalizatorok nagyobb aktivitdsa a mintak Ag altal megnovelt O,
aktivalo képességével magyarazhatdo. Az optimalis Ag/Au arany
elérése utan a tovabbi ezilist mar annyira szétszabdalja vagy befedi az
Au feliiletét, hogy a gliikoz aktivalasahoz sziikséges kiterjedtebb Au
feliilet nem lesz elérhetd ezaltal csokken az aktivitas.

Az ezlist szolt HRTEM ¢és elektron diffrakcios (SAED)
modszerekkel vizsgalva az eziist lapon centralt kobos kristalyracsan
kiviil a ritkdn el6forduld hexagondlis 4H-Ag fazist sikeriilt
azonositani, melyet kozel egyenld mennyiségben tartalmazott az Ag
szol. Az eziist hexagonalis (4H) kristaly-modosulatat eddig csak Ag

filmekben és palcika alaku nanorészecskékben figyelték 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 — the most stable among all metals — was thought to be
inactive in catalysis until Haruta’s discovery' 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 oxygen—transfer reactions such as CO
oxidation, propene oxidation, water gas shift reaction, synthesis of
H,0,, selective oxidation of alcohols and aldehydes.? Gold catalysts
have many advantages compared to platinum group metals; it is
resistant to oxidative atmosphere, moreover gold has greater price
stability.® Though, in gold catalysis tremendous work deals with the
mechanism, it is not fully understood, especially the activation of

oxygen by gold.



2 Introduction

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.>*

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.
Through controlled synthesis of nanostructured catalysts better
understanding of the activity — 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 — 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 — support interaction. Moreover these parameters
are in correlation with each other. Many preparation methods have
been developed which fall into two main categories®:

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 — 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 (HAuCls) and metal
nitrate (Fe(NO3),) 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.°

Metal — nitrate

base calcination
Metal — —» Aulsupport
HAuCI, hydroxides

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  HAuCI,®™® AuCl;® and ethylenediamine ([Au(en),]Cls)™°
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
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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 (10-35nm) 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.”

S t :
Hppor impregnation drying
HAuCl,/ —— Au/support
Gold precursor Support  calcination/
(HAuUCly) reduction

2.1.3 lon 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, HAuUCI, gives anionic complexes in agueous
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/TiO, at pH 2 under

various conditions,**

at which the main species in solution were
AuCl3(OH)™ and AuCl,; and these can interact electrostatically with
the TiO, surface (point of zero charge: 6).

TiOH , + AuCl , — [TiOH , AuCl |]

2 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.

‘ washing
upport pH < IEPg00n  Anionic complex drying
suppor e P Au/support
>—> on cationic sites — > PP
Gold precursor of the support ~ calcination/
(HAUCI,) reduction

2.1.4 Deposition — precipitation

Deposition-precipitation (DP) is the method where metal
hydroxide is supposed to precipitate on the oxide support.'? By using
this method base (sodium hydroxide or carbonate) is added to the
suspension of oxide support and the aqueous solution of HAUCI,, in
order to raise the pH to 7 or 8 of the suspension. Then it is heated at
70 — 80°C with stirring for 1 hour. In order to remove the sodium and
chlorine washing with water at ~50°C is applied. The product is
filtered and dried at 100°C 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(NH,),) during the procedure was the first described DP
method.*® 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 60°C:

+

CONH ,), +3H,0 - CO , + 2NH | + 20H

2 4
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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%.* 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, TiO,, Al,03, ZrO,, CeO,) and it

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

washing

Au-hydroxide/ ——— Au/Support
HAuCI, + base Support calcination/
reduction

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.

. washing

upport . dryin
>ad5°rp“°”, Stabilized Au NPs y_g, Aulsupport

HAUCI, /Support calcination/

+stabilizer reduction

+red.agent
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Gold colloids

Colloidal gold first appeared in Egypt and China at the 5™ and
was used to make ruby glass and color ceramics.® The most famous
example is the pigment “Purple of Cassius” produced by reduction of
HAuUCI, 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."

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.”> The SPR frequency
(and the color of the gold nanoparticle) depends on the particle size,
shape and the nature of the surrounding medium.”® 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.”® 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.*® In his method HAUCI, 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.*®

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.’

Table 2.1. Examples of gold NPs with different sizes and shells depending
on the stabilizer and reducing agent.

Reducing  Stabilizer’ NPs size Nature of the Ref.

agent (nm) stabilizing shell

NaBH, PVA 2-3 pH dependent surface 17
charge, bulky ligand

Sodium- Tannic acid  6-7 anionic surface charge, 18

citrate bulky ligand

NaBH, PDDA 2-3 cationic surface 19
charge, bulky ligand

Sodium- Citrate 15-20 anionic surface charge, 16

citrate non-bulky ligand

"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.” 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”  dagin the dagon support  Reference
sol (nm) after calcination
(nm)
Carbon THPC 2.9 4.3 20
Al,O3 THPC 3.5 3.8 20
SiO, TC 6.5 6.7 21
CeO, PVA 2.7 5.6 17
TiO, PDDA 15.1 15.0 19
TiO, PVA 2.2 53 17

"THPC: tetrakis(hydroxymethyl)phosphonium chloride; TC: tannic acid —
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/SiO; 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:?

1) no interaction between the two metal precursors in solution

2223 co-adsorption  of cations,®*  deposition-

(co-impregnation,
precipitation,? photoreduction®);

2) interaction between the two metal precursors through
surface reactions (redox methods);*’

3) utilization of bimetallic precursors (molecular cluster

16,29

compounds,?®  colloidal particles, dendrimer-stabilized

particles®).

Bimetallic nanoparticles may result in different type of
structure: Au core—metal shell, metal shell-Au 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,2%° p( 1622232627
but we can find some Cu,** Ag® and Rh* 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.**** Then in 1834
Michael Faraday has reported the reaction of hydrogen with oxygen

at room temperature catalyzed by gold.*® In 1906 Bone et al. has
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studied again this reaction using gold gauze and later gold powder.*®
The first report about the oxidation of carbon monoxide catalyzed by
gold gauze at 573K was published®” in 1927 but the big breakthrough

1.3 who

in gold catalysis came in 1987 with the work of Haruta et a
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 oxygen—
containing organic molecules (mostly alcohols, aldehydes and sugars)
typically in liquid phase, which is important in fine chemical
industry.®® 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:
— the particle size®
— the oxidation state of Au*!
— the type and structure of oxide support*
— the interaction between gold particle and the support,*

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 2-3nm.**
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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 CeO,,
TiO,, Fe,O5 etc. are considered to be “active supports” since they

provide good activity for Au, while the irreducible ceramic oxides
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Si0,, AlLO3 can be regarded as inactive or much less active
supports;®®  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.*®

The crystalline form of the support also has an effect.
Comparing gold nanoparticles supported on various TiO, polymorphs
(anatase, rutile and brookite), the Au—anatase perimeter seems to be
significantly more active than the Au-brookite perimeter.’® 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 TiO,. However, different results were also obtained using different
pretreatment conditions and preparation methods.*’

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



State of the art 17

coprecipitation. Possible explanation is based on Raman spectroscopy
measurement which showed the presence of superoxide (O,) and
peroxide (O.%") species only on the nanosized ceria support.?

In our laboratory Au sols for heterogeneous catalytic purposes
have been studied and applied for the last few years.’*'®* Gold
supported on mixed oxide supports such as TiO,-SiO, and TiO,—
SBA15 or CeO,—SBA15 was prepared with special regard to ensure
intimate contact of the active oxide and Au on a high surface area
amorphous and mesoporous SiO,. A unique approach, the so-called
localized oxide promotion of gold, has been established and
developed producing Au/SiO, catalysts that contain TiO, moieties on
Au particles due to the post-modification of preformed Au particles.™
This post-modification was done before or after the sol adsorption
step. It was concluded that these “inverse catalysts” with even as low
as 0.2 wt% TiO, possess better CO oxidation activity than the parent
AU/SiO,, while at 4wt%TiO, content they are more active than
AU/TiO,, although the Au particle size for the latter sample was
unfortunately higher (sintering on TiO, could not be prevented). At
low TiO; concentration transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDS) measurements proved
the presence of TiOy patches on Au particles while at higher TiO,
loading Ti appeared both on Au and SiO, support. The enhanced CO
oxidation activity was interpreted as a result of large and especially
active Au-TiO, interface.

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

is another aspect which can modify the catalytic properties.?
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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:*

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 — which induces
electron excess on gold — is followed by the adsorption of oxygen
without dissociation, in O," form. This type of mechanism could be
applied for irreducible oxides (SiO,, Al,O3) supported catalysts
because these supports are thought to be not involved in the
reaction.?*°

Another mechanism proposed for Au/Al,Oz requires Au®
cation at the edge of the particle, carrying an OH ~ group.>* 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 CO, and restoring the initial centre.
(Figure 2.3) No kinetic evidence was shown for this proposal. The
existence of the Au(l)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 ~and AuO,". %2
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Figure 2.3. Reaction mechanism proposed for Au/Al,Os catalyst by Kung et
al.t

Theoretical studies on stepped Au(211) and Au(221) surfaces
of Auj, and Auss supported on MgO lead to the proposal of Eley-
Rideal mechanism.>® According to this proposal the gaseous oxygen
reacts with CO adsorbed on gold, through the formation of the
metastable O-O-CO 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 O, can react at the perimeter of
the particle, at the gold-support interface.>> Some authors proposed

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

1254 (Figure 2.4), while others suggested that gold cations

metallic
are also present.” All the supposed mechanism focus on the reaction
between adsorbed CO and an oxygen molecule, as the rate-
determining step.

Kinetic analysis on Au/TiO, suggested Langmuir —
Hinshelwood mechanism, the non-competitive adsorption of the
reactants and the particle edges have been proposed as active sites.*®
A proposal for the oxygen activation by the reducible oxide supposed
that oxide ion vacancies exist on the surface where the O, can adsorb
in O, superoxide form near the gold surface. This model is
reinforced by the deactivation of catalysts caused by “spectator”
carbonate ions which block the surface anion vacancies; and also by
deactivation caused by chloride ion.>

Bond and Thompson supposed cationic gold at the interface
beside metallic gold which acts as a “chemical glue” and responsible
for the stability of the small particles.”

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(l11)/Ce(I1V) couple (Mars—van Krevelen type).>® The interaction is
more complicated when there is possibility of incorporation of
cationic Au into the ceria lattice forming Ce;- xAuxO, s type solid
solution.”® Depending on the morphology (preparation method) of
ceria, different catalytic activities can be obtained: Yi and co-
workers®® experienced using Au/CeO, that the CO conversion
depended on the shape (polyhedra, cube or rod) viz. the crystal planes
of CeO,. 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
A

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
“green” 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 These problems can be avoided by heterogeneous
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catalysts; moreover, utilization of gold catalysts has an environmental
advantage — the reaction can be carried out using molecular oxygen or
air as oxidizing agent at mild (30 — 90 °C) reaction conditions.

The selective oxidation of glucose to value added product is
important in industry and also in environmental aspects since D-
glucose — the most abundant monosaccharide in nature — 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.

O oM

H——OH H——OH

HO——H . HO——H

H——OH - H——OH
Au catalyst

H——OH H——OH

Hy~ oH Hy~ oH

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

gluconic acid with molecular oxygen.

First, Biella et al. published® 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.®*®*
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Alkaline condition was essential for high activity but the reaction

proceeded also under uncontrolled pH.%*®

TOF (1/h)

_ ST
3ooow— ' B . | -
2500—;-""”._..-' o

1500

1000+

7 1%AuC
5%Pd-5%Bi/C

1%Pt-4%Pd-5%Bi/C

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 50°C and pH 9.5, at higher temperature and pH value
side products (fructose, sorbitol, mannose, glycolaldehyde, maltose)
were formed.®® Kinetic studies on glucose selective oxidation resulted
in different conclusions on the reaction mechanism. Onal 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 — 30wt% °®'. The

results fitted a Langmuir — Hinshelwood model. Rossi and his



24 State of the art

coworkers® 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.®

The mechanism suggested afterwards involved O, reduction to
hydrogen peroxide, which was experimentally detected by Rossi and
coworkers.”® 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.®*"%"

Structure sensitivity of the reaction was studied by Comotti et
al.”? 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.”>’*™ On the contrary other authors®® 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 Al,O3, ZrO,, TiO,,

C902,76’77

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:?

1) adsorption on the support in an activated form next to gold
particle where the other reactant can be adsorbed (TiO,, CeOx,

Fe,03 etc.)

2) direct reaction with the adsorbed reactant (Eley—Rideal

mechanism)

3) formation of Au™ — O, 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"
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and 4™ possibilities. Little evidence supports the Eley-Rideal

mechanism.?

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™ and vinyl
acetate’®; selective oxidation of alcohols®®, styrene®, toluene®).
Other less intensively investigated bimetallic compositions as
AuPt®# AuAg® AuCu®®, AuNi®’, AuCo®, AurRh®, Aulr®®, AuRu®
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 H, (PROX), oxidation of benzyl alcohol and glucose.
The increased activity strongly depends on the silver content of the
bimetallic catalysts in benzyl alcohol®® and glucose oxidation.”%*%
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.*®’
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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 H; the silver oxide
disappears and realloying of Ag and Au was observed.””*® The
calcination and reduction temperature also affected the catalytic
activity in CO oxidation.”® Zanella and coworkers have studied TiO-
and SiO, 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."® 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.!® The best activity was
achieved when Ag/Au molar ratio was 3/1 and that was explained by
the strongest intensity of the O, species on the catalyst surface
detected by electron paramagnetic resonance (EPR) technique.'®

In glucose oxidation Comotti et al. have reported’® 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'®
synergistic activity in glucose oxidation at high pH using carbon
supported Au/Pd catalysts prepared by impregnation in agqueous
solution. The synergistic effect was related to high Pd surface
content. Zhang, Toshima and their co-workers have extensively
studied unsupported, PVVP—protected bimetallic AuPd, AuPt, AgAu
and trimetallic AuPtAg nanoparticles in glucose oxidation.
105106,107.108.109.110 gynergistic activity has been reported in all three

systems at high pH. The “crown-jewel-structured” 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 “the anionic charge on the top Au atoms is the direct cause for
the high reactivity”, based on DFT calculation results and XPS
measurement; namely 0.25eV of Au 4f;, 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 4f;,: 83.8eV and
Ag3ds;,: 367.8eV, respectively).® 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 4f;, 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.%1%°

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.



State of the art 29

In the case of colloidal catalysts, which were applied in
Zhang’s 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 SiO,/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.’™* These studies emphasized the importance of the size of
Au NPs not only in their own catalytic properties (as shown on
AU/SiO,/Si(100) samples, where SiO, can be regarded inactive
support),**#**2 put its indirect influence on the own activity of active,
reducible oxide overlayer on gold nanoparticle- and thinfilm (studied
in  MOx/AuU/SIO,/Si(100) type systems, where M: Fe, Ti and
Ce) H4HMSMBLITIIBIY The influence of the active oxide and Au-oxide
interface  morphology was studied in TiO, promoted Au/SiO,
applying amorphous and ordered mesoporous silica supports. 64819120
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 TiO, 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 TiO, supported gold
catalyst.*** The effect of TiO, morphology was observed also in case
of Au supported on different well crystallised polymorphs of TiO,."
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 ,,inert” silica and ,,active” TiO, support in
CO oxidation reaction.'®?% On SiO, 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 O, activation ability. On
TiO, support this activity decrease was not detected, that was
attributed to O, activation provided by the AuPd-TiO, 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 TiO, promotion, modification with CeO, was chosen
as another active co—operator of gold typically in total oxidation
reactions, which was studied primarily in the form of CeO, supported
Au systems earlier. On the other side Ag as second metal in supported
Au-based bimetallic system was decided to investigate, because of
the well-known 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 — 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:

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.

For CO oxidation the design of catalytically active Au-CeO,
interface was planned in a special way, when nanosize CeO, is in
intimate contact with silica supported gold (inverse catalyst).
Investigation of this inverse catalyst structure and the effect of the
active oxide (CeO;) concentration on the CO oxidation were
targeted.

For glucose oxidation the preparation of supported bimetallic

silver-gold catalysts with various Ag/Au molar ratios was aimed.
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— 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:

— ICP-MS, XRF and PGAA techniques to determine the metal and
CeO, content of the catalysts;

— TEM and XRD measurements to calculate the particle size of the
metals and CeOy;

— HRTEM and SAED techniques to discover the structure of metals
and CeO, and the metal — oxide interface;

— UV-visible spectroscopy to observe the surface plasmon
resonance of the metal nanoparticles;

— X-ray photoelectron spectroscopy to determine the surface
concentration and the oxidation state of the metals and CeO,.
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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 MQ cm at 25°C,
conductivity: 0.056uS/cm at 25°C (Millipore)

Metal precursors:
HAuCI,-3H,0 (Aldrich)
AgNO; (Aldrich)
cerium(l11) 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, CsHs5,046; M=1701.20 g/Mol (Aldrich;Lot
SZBA1240) Figure 4.1. (c)
sodium citrate (Aldrich)
NaBH, (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)

Na,CO3 for the preparation of the buffer solution (Sigma-
Aldrich)

NaHCOg3 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?/g). Gold content is 0.8wt%
with average particle diameter 10.5 nm (TEM) / 6.7 nm (XRD).

For CO oxidation:
CO and Oy in He (Messer)

a b
cr
N "
n
+
OH N
VRN
HoC  CHs
C
0 I
RO—CH, rR: G C OH
0 e o)
RO OR —OH
RO OR OH OH
OH

Figure 4.1. a) polyvinylalcohol (PVA) b) poly(diallyldimethylammonium)
chloride (PDDA), c) tannic acid
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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:

— Preparation of the metal sol using metal — precursor, reducing
agent and stabilizing agent.

— 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.

— Filtering, washing and drying.

— Oxidation and (in several cases) reduction treatment.

4.2.1.1 Preparation of the metal sols

Tannin—citrate — stabilized gold sol

Tannin—citrate stabilized Au colloid (Au-TC) was prepared by
reducing and stabilizing 16mL 0.32mM HAuUCI, at 60°C 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®*

ions.

PVA-stabilized gold and silver sols
Monometallic Au (Au—PVA) and Ag sols were prepared by
addition of 12mL 25mM NaBH, solution to the mixture of 25 mL of
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6.0 mM HAuUCI, 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 AgNOs 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 NaBH, had been decomposed, the mixture of
different amount (22.5, 20.0, 15.0, 12.5 mL) of 6.0 mM HAuCI, and
10 mL of 0.2 wt% PVA solution was added followed by freshly
prepared 25mM sodium borohydride providing BH4/Au**=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 AgNO; First part HAuCl,;  Second part
6mM NaBH, 6mM NaBH,
(mL)  25mM (mL) (mL) 25mM (mL)
10Ag90AU/SIO, 2.5 1.2 22.5 10.8
20Ag80AU/SIO, 5 2.4 20 9.6
33Ag67Au/SiO, 10 4.8 15 7.2
50Ag50AU/SIO, 12.5 6 12.5 6

4.2.1.2 Preparation of the supported catalysts

. SiO,, TiO, and CeO, supported gold catalysts

Two series of SiO,, TiO, and CeO, 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 SiO; (Davisil) at pH 1.5 (Au-SiO, -PVA)

o CeO; at pH5 (Au-CeO,-PVA)

o TiO, (P25) at pH 5 (Au-TiO, -PVA) and

Au-TC sol was adsorbed on

o SiO; (Aerosil 200) (Au-SiO,-TC)

o TiO, (Eurotitania) (Au-TiO,-TC) at pH 1.5

o CeO; (Au-CeO; .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
60-80 °C. 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 Reducing Support
agent agent

Au-SiO,PVA PVA NaBH, SiO, (Davisil)

Au-TiO-PVA PVA NaBH,4 TiO, (P25)

Au-CeO,-PVA PVA NaBH, Ce0O,, (Aldrich)

Au-SiO,-TC Tannic acid  Sodium citrate  SiO, (Aerosil)
Au-TiO,-TC Tannic acid  Sodium citrate TiO; (Eurotitania)
Au-CeO,-TC  Tannicacid  Sodium citrate CeO; (Aldrich)

1. “Inverse” CeO, — Au/SiO; catalysts

For the preparation of CeO, — AU/SIO, catalysts the above
described tannin-citrate stabilized Au sols were used as “parent” sols
in the next steps. We used appropriate amounts of the sol to give 2
wit% Au supported samples, while the cerium content of the samples
was planned to be varied between 0.5wt% and 7.5 wt% CeO,. The
cerium precursor was introduced in two different ways.

In preparation method A (Ce-Au 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
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temperature was increased to 60°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(lll) 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 60°C where the tannic acid
started to hydrolyze as during the usual sol preparation, then HCI was
added to set the pH=6.5 (the final pH of the parent gold sol). 20 mM
Ce(ll)-nitrate was added dropwise to the mixture at 60°C and white
disperse precipitate was observed after addition of 0.6 ml of Ce(lll)-
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(l1) nitrate solution to the Au sol was done drop by drop and
finally some additional citrate was added (half of the volume of actual
Ce—nitrate 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 SiO, 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 1.5-1.7 ml 0.08 wt% aqueous PDDA solution per 100 mg of
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Si0,) 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 SiO,
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°C.

In preparation method B (Au/SiO;, impregnated by Ce(NOs)3
method), the parent Au/SiO, was further processed. The dried sample
was mixed with the appropriate amount of cerium nitrate solution at
50°C for 40 min, then the temperature was raised to 60—65°C and the
water was allowed to evaporate (it took usually 4-5 hours). Finally,
the Ce-loaded Au/SiO, samples were dried for 2 days at 70°C.

Thus, catalysts with different CeO, 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 CeO, 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/SiO; and ~2 wt%
Au/CeO, were prepared the same way without addition of Ce

precursor. However, in the case of CeO, support, the sol adsorption



Experimental 43

step was done at pH~2-3 (to increase the positive surface charge of

the support) without addition of PDDA polycation.

I11. Bimetallic AgAU/SiO, catalysts

Adsorption of the above described Ag, Au—PVA and AuAg sols
on SiO, (Aerosil 200) were assisted by PDDA addition. All
suspensions were filtered, the filtered cake washed thoroughly and
dried at 60°C. Before catalytic tests the supported catalysts were
calcined in synthetic air flow at 400°C for 1 h and after that reduction

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

Scheme 1. Schematic illustration of the planned preparation process of the
SiO, supported bimetallic AgAu catalysts.
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Scheme 1 shows the concept of the preparation process of the
AgAU/SIO, 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 — 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 HCI and HF acid mixture and
heated up to 80 °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. *

X-ray Fluorescence Spectrometry

The Ce content of three samples was determined using
radioisotope induced X-ray fluorescence spectrometry (XRF)
method*?* 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 ?**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'?*.

& Eztton is koszondm Katona Robertnek és Varga Zsoltnak az ICP-MS méréseket.
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Ce0O, contents of all samples were calculated from the Ce content
obtained by the above techniques. (XRF and ICP-MS).”

Prompt-Gamma Activation Analysis

About 50-350 mg of the AgAuU/SiO; catalyst was analyzed with

prompt-gamma activation analysis (PGAA),*%

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'®” 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'?® program, whereas the element identification
and the calculation of the concentrations was done with the program

129 utilizing our prompt-gamma analysis library.™*° Every

ProSpeRo
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.®

Transmission Electron Microscopy

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

and CeO, particles were studied by a Philips CM20 transmission

® Eziiton is koszondm Kocsonya Andras segitségét az XRF mérésekben.
¢ Ezuton is koszondm Mar6ti Boglarkdnak a PGAA méréseket.
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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 Au-—etalon was
dropped onto the grids and used for HRTEM reference.’

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 (A = 0.15418 nm). The
relative fraction of CeO, and Au phases was characterized by the ratio
of the integrated intensities of the strongest peaks of CeO, (111) and
Au (111) at 20 = 28.7° and 38.3°, respectively. The crystallite size
for each phase was determined from the full width at half maximum
of the first peak using the Scherrer-equation.®

¢ Ezaton is koszonom Geszti Olganak és Safran Gyorgynek e méréseket.
¢ Eziton is kdszéndm Gubicza Jendnek az XRD méréseket.
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UV - 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 Ka characteristic X-ray line, 40 eV pass energy
and FAT mode were applied for recording the XPS lines of Au4f,
Ag3d, Ce3d, Cls, O1ls, Si2p and Ti2p. The binding energies (BE)
were determined relative to Cls at 285 eV in the case of CeO,-
AU/SiO, samples. Si2p binding energy at 103.3 eV was used as
reference for charge compensation in the case of the bimetallic SiO;
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°C /400°C calcination in situ and in the case of the
AgAU/SIO, 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.”

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 80°C. 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

" Eziiton is koszondm Schay Zoltannak és Sranké Davidnak az XPS méréseket.
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quadrupole mass spectrometer (QMS) 200. 30 mg catalyst was used
which was in situ calcined at 300°C and 450°C in 20%0, in He
mixture for 1 h (10 °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 % O; in He at 55 ml/min with 4°C/min ramp rate.
The pretreatment of the catalysts were performed in situ. The

conversion was calculated on the basis of the CO, production.®

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 °C in air for 1 h) or calcined and
reduced (350°C in hydrogen for 30 min) catalyst to the O, 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: € pyfrer = 0.1 M, T = 35 °C stirring rate =
1000 rpm, 30 mL aqueous solution of glucose: € giucose = 0.1 M, O,
flow = 100 mL/min (1 atm).

9 Eziiton is koszondm Stefler Gyorgyinek a segitséget a CO oxidacios mérésekben.
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Figure 4.2. lllustration 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 Dauvisil 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 pm porous
diameter filter then the Si content of the filtrate was measured by
ICP—MS. 13 wit% 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 (CeO,, TiO, and SiO;) 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 TiO, and CeO, was very active in CO
oxidation with a temperature of 50% conversion (Tso) of 30°C, 130°C
and 57°C, 46°C in case of PVA and TC stabilized samples,
respectively (Table 5.1). The behavior of Au-SiO, catalysts was
different, they were less active. The Au/C catalyst in CO oxidation
did not show activity until 190°C 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 400°C in air for 1 h.

Samples Catalytic activity

CO oxidation Glucose oxidation
T at50% CO Reactionrate  Spec. activity

conversion (umol/min) (umol/mgau/min)

(°C)
Au/C (WGC) - 35 147
Au-SiO,—PVA 400 34 66
Au-TiO,—PVA 30 6 10
Au-CeO,—PVA 57 6 10
Au-SiO,-TC 308 25 42
Au-TiO,-TC 130 12 18

Au-CeO,-TC 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 60°C, 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.



56 Results and Discussion

1,8 A 2
1,6 A
1,4 4
1,2 A

y = 0,0437x

0 2
R? = 0,9859

0,8 A
0,6 1
0,4 A
0,2

Initial reaction rate (mmol/min)
[

0 10 20 30 40 50

Catalyst mass (mg)

Figure 5.1. Effect of catalyst amount on glucose oxidation with Au/C, c
putfer = 0.1 M, pH = 9.5, T = 35°C, stirring rate = 1000 rpm, ¢ gjycose = 0.1 M,
O, 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%0,/N, and pure O, bubbling.** The experiments were carried out
using ¢ putfer = 0.1 M, pH = 9.5, T = 35°C, stirring rate = 1000 rpm, ¢
glucose = 0.1 M. The reaction rate increases with oxygen concentration
as follows: 14pmol/min at 20% O2/N,; 35 pmol/min at 100% Os.

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 pusrer = 0.1 M, pH = 9.5, T = 35°C, stirring rate = 1000
rpm, € giucose = 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 pytter = 0.1 M, pH = 9.5, T = 35°C, stirring rate = 1000 rpm, ¢ giycose
=0.1 M, 30mL reaction mixture, O, 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 Tso 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®’’

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.?

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 pre—
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 Surf.area/pore  da, (TEM)
content size after
(wt %) (m2/g)/inm calcination
(nm)
Sols
Au-PVA - - 22+09
Au-TC - - 6.7+ 1.8
Catalysts
Au/C (WGC) Activated 0.8 1200/0.8-0.9 10.5
carbon
Au-SiO,-PVA Davisil 1.7 300/15 7.8+2.8
Au-TiO,-PVA P25 2.3 55/non porous 53+2.1
Au-CeO,-PVA  Aldrich 2.2 80-100/ non 56+35
porous
Au-SiO,-TC Aerosil 2 200/ non 6.8+2.8
porous
Au-TiO,-TC Eurotitania 2.3 125/3.6 13.0+5.6
Au-CeO,-TC Aldrich 2 80-100/ non 8.0+3.8
porous

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
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83+0.2 eV in the case all samples. The same amount of gold was
found on the surface before and after glucose oxidation except Au-
SiO,-PVA  (Davisil supported Au sample) and Au-TiO,-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 After glucose
oxidation oxidation

Au-CeO,-PVA 1.6 1.7
Au-CeO,-TC 2.2 2.2
Au-SiO-PVA 1.2 0.6
Au-SiO,-TC 0.5 0.5
Au-TiO,-PVA 14 14
Au-TiO,-TC 24 1.9

Regarding the silica supported samples the Au/Si ratio decrease
was not observed in the case of Au-SiO,-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



Results and Discussion 63

change in the average particle size during calcination, too: In the case
of Au-SiO,-PVA (Davisil) the size increased from 2.2 to 7.8, while in
the case of Au-SiO,-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 SiO; particles similar in size, part of them
may be hidden for XPS but not for the glucose and O, molecules.

In the case of the spent Au-SiO,—PVA, 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 Au-SiO,—PVA 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.®* 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-SiO,-PVA before

glucose oxidation.

Figure 5.5. TEM image (a) and the size
distribution (b) of Au-SiO,-PVA after

glucose oxidation.
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In the case of Au-TiO,—TC (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-TiO,-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.** 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 metal-support 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 Dauvisil 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 6-7 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.””

Deposition of the same Au sol on different supports resulted
different particle size after calcination at 400°C 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 Au-SiO,—PVA 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
metal-support interaction. On SiO, support weak metal-support
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 SiO»,
CeO; and TiO; supported sol derived two different size gold particles

show that the SiO, 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 O, activation
mechanism in the two reactions and/or the presence of a metal—
support interaction in case of reducible oxides that modifies the
ability of Au for activating glucose and O,. The results show that the
effect of the support is more significant than the small gold particle

size.
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5.2 Ce0,-Au/SiO; 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 CeO, was studied with the aim of
the preparation of highly active catalysts in the reaction. For this
reason Au/SiO, powder catalysts modified by different amounts of
Ce0; in a special way, when nanosize Au is decorated with CeO,
patches were prepared. We wished to investigate the catalytically

active Au—CeO, interface in CO oxidation.

5.2.2 Catalytic properties

The CeO, — doped Au/SiO, samples prepared by method A
(Ce-Au sol adsorption on SiO;) or B (Au/SiO, impregnated by
Ce(NO3)3) (see Chapter 4.2) with different Ce loadings and the
reference samples Au/SiO, and Au/CeO, were tested in CO
oxidation. CO oxidation was used as a highly sensitive tool to test the
presence of Au—CeO, 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  Aucontent CeO, Tso (°C) Au
(Wt%) content after calc.  after calc.  particle

(Wt%) at300°C  at450°C  size” (nm)

ACe0.04 2.0° 0.04 121 6.30+1.45

ACe0.08 1.8 0.08 138 85 -

ACe0.16 1.8 0.16 76 83 8.07+£3.44

BCe0.06 2.0° 0.06 - 140 -

BCe0.11 2.0° 0.11 - 70 -

BCe0.60 2.0 0.60 50 48 5.73+£1.92

BCel.14 1.8 1.14 49 47 -

BCe2.64 19 2.64 44 44 6.57£1.65

BCe7.40 1.7 7.40 51 40 7.15£1.75

Au/SiO,  2.0° 0 - 401 6.37+3.78

Au/CeO, 2.0° 98 74 - 8.00+3.81

% nominal value
®: determined by TEM after calcination at 450°C followed by catalytic
run and only for Au/CeO, after calcination at 400°C followed by

catalytic run

The catalytic measurements were conducted after calcination
treatments at 300°C or 450°C. Carbonaceous deposits remained on
catalytic active sites were removed already at 300°C in air, however,
when applying 450°C calcination treatment, the CO, peak centered at
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around 300°C had a negligible tailing above 300°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 (Tsq) as a

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

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

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

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

of 0-0.6 wt% CeO, content.

Figure 5.8 summarizes the CO oxidation activity of the samples,

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

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

temperatures and different preparation methods are distinguished but
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surprisingly lay on the same line which sharply increases between
0.2wt% and 0.5wt% CeO, meaning the decline of activity. The
numeric data are collected in Table 5.4. The dotted line at 74 °C in
Figure 5.8 indicates the activity of the reference Au/CeO, sample.
We can state that enhanced catalytic activity of CeO,-modified
samples was found compared to Au/CeO, reference sample at as low
as 0.6wt% of CeO, loading already. The very little 0.04 wt% CeO,-
content on the other side makes ACe0.04 sample already a more

efficient catalyst than the reference Au/SiO,.
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Figure 5.9. Representative conversion curves of samples prepared by method A
(Ce—Au sol adsorption on SiO,) and B (Au/SiO, impregnated by Ce(NOs3)s)
versus reaction temperature. The data were obtained after calcination
pretreatment at 450°C. Note the extremely similar curves at CeO, 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°C
are plotted against temperature. The main issue is that after reaching
0.6wt% CeO,-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 Ce—content of the latter.

Considering the formation of the active Au-CeO; 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 Au—CeQO, nanostructures on

silica support

It is certainly eye-catching (Table 5.4) that the final CeO;
content of samples prepared by method A (Ce—Au sol adsorption on
Si0,) 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 Ce—containing components to the silica
surface was very limited. Thus, we prepared low loaded samples by
method B (Au/SiO, 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/SiO, 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 CeO,—content of samples prepared by method A

(Ce—Au sol adsorption on SiO,) versus intended CeO,—loadings.

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 CeO, nanoparticles the main synthesis methods are based
on solution phase methods such as alcohothermal,*® hydrothermal,
thermolysis processes. In hydrothermal route the starting precursor
can be Ce(lll), 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), forms, then Ce(OH), nucleation and growth takes place,
and finally the Ce(OH), particles formed dehydrate into CeO, during
heat treatment.”***351% Since Ce(IV) is more easily hydrolised than

Ce(111), homogeneous precipitation can be initiated by H,O, addition
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at low temperature that slowly oxidises Ce(lll). 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(lll)-hydroxide is a definite compound but Ce(IV)-
hydroxide which can be described as CeO,x2H,0 is considered to be
a hydrous oxide which dehydrates progressively.**” Primary particle
of hydrous ceria posses at pH<7.2 a positive surface charge thus
hydrous ceria is expected to adsorb anions.*®

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™® reported the formation
of nanoscale Ce(OH); particles inside micelle structure of inverse
microemulsion using cerium(lll) nitrate and aqueous ammonia.
Destabilization of microemulsion by acetone, filtrating, washing,
drying at 100°C resulted Ce(OH);3 particles of 2-3 nm as was detected
by HRTEM (lattice spacing corresponded to Ce(l11)-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(lll), or stabilize CeO, or Ce-hydroxide
particles, as well.*****1142 CeO, 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.***** 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°C. The particles formed this way were amorphous and
nanosize and contained mainly Ce(l11) as was detected by XPS.*#>14
Note that in the above literature data the pH of the liquid phase was
basic during preparation and so Ce(l1) hydrolysis certainly happened.
We believe that the presence of Ce(lll) ions in the Au sol can cause
particle aggregation and flocculation without hydrolysis based on the
work of Oladoja and co-workers.**” 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(lll)-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(lll) 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 SiO, surface to be able to
bind Au particles covered by negative stabilizing sphere.!”?! 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(lll) 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/SiO, impregnated by Ce(NO3)s) the
gold nanoparticles were located already on silica when Ce(l1l) nitrate
was added. The samples were washed to remove the majority of
organic and inorganic residues and dried at 60°C before Ce addition,
however, negatively charged residual-shell around the gold can be
expected which may localize a part of added Ce—nitrate.

In both methods the final evolution of Au-CeO, nanostructures
takes place during calcination in air when all Ce species transform
into CeO,/Ce0..

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°C to check the
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presence of crystalline CeO; (and Au) phases. Highly dispersed CeO,
in samples of about 1 wt% CeO, and lower cannot be detected by
XRD. Crystallite sizes are listed in Table 5.5. We could ascertain the
presence of cubic CeO; fluorite structure with about 5 nm crystallite
size in both samples. The intensity ratios of X-ray diffraction peaks
for CeO, 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 CeO, 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 CeO is
not visible by XRD in BCe2.64, suggesting the presence of an X-ray

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

calcination pretreatment at 450°C and catalytic run.
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Table 5.5. The crystallite size for Au (da,) and CeO, (deeria) 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/SiO,
after calcination pretreatment at 450°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 (da,~0-5 nm). Accordingly,
differences in catalytic behavior can be attributed rather to the
characteristics of Au/CeO; interface than the Au particle size itself.
Looking at the particle size distributions of Au/SiO, and Au/CeO,
reference samples it is clearly seen that ceria modification induces a
kind of stabilization effect since the Au-CeO,-SiO, systems have
narrower size distribution, except for ACe0.16 which was the sample
obtained by the adsorption of previously destabilized Au-Ce

composite sol.
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Figure 5.12. TEM image of the sample Au/SiO, after calcination
pretreatment at 450°C 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 CeO, phase.
EDS measurements detected Ce and oxygen, as well, conventional
TEM measurements (not shown here) gave us a hint on the existence
of CeO, particles on silica surface of BCe7.40, but at lower Ce—
content only Au particles could be distinguished by TEM.

G a

Figure 5.13. HRTEM of BCe7.40 with 7.4 wt% CeO,. The 0.32nm period
lattice fringes represent CeO, crystals both attached to the Au particles (a),
and located, in large patches, on the SiO, (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/SiO, impregnated by Ce(NOs)s3) and in the one with the lowest
Ce—content prepared by method A (Ce—Au sol adsorption on SiO5).
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 CeO,
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 CeO,. Far from the Au particles, the
pure SiO, surface is also covered by thin CeO, particles of 5-15 nm
size as seen in Figure 13(b) by the lattice fringes characteristic to
Ce0; (111). Note that, although most gold particles are decorated by
fringes of CeO,, we found Au particles with no sign of CeO,. The
absence of fringes does not definitely mean the absence of CeO,. It
may mean that the crystallographic alignment of a CeO, crystal is far
from a suitable zone, i.e. does not favor lattice imaging. The sample
BCe2.64 also contained CeO, particles both in contact with and
separated from the Au, but the amount of separate CeO, was less due
to the lower Ce—content. 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 “c” and “d”, respectively. In (d) a CeO,
crystal is identified by its (111) lattice fringes that is located on the
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silica, while, the CeO, 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 CeO, appears mostly on or nearby the

Au surface, while the silica is depleted in CeO,,

Figure 5.14. Unfiltered HRTEM image (a) and EELS Ce map of the same
area (b) of sample BCe2.64 with 2.64 wt% CeO,. 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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.32 nm
- Ce0, (111)

Figure 5.15. HRTEM image of sample BCe0.60 with 0.6 wt% CeOQ, (inset:
magnified Au particle and associated Ce-oxide as marked by the arrow)
representing that CeO, is found mainly as attached to Au and in the vicinity

of the Au particles.

To reveal the distribution of CeO, 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
SiO, 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 CeO, associated to Au (the existence of Au-
Ce0; interface) as it is presented in Figure 5.16. Figure 5.16 (a), (b)
and (c) show the unfiltered HRTEM image, the EELS Ce—map and
the enlarged frame “c” 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 CeO, nanoparticles on its surface.

CeO, (111)
0.32 nrrT 4 ‘

Figure 5.16. Unfiltered micrograph (a) and EELS Ce map (b) of sample
ACe0.04 with 0.04 wt% CeO,. The bright contrast in the Ce map (b) marks
regions that contain Ce. The enlarged image (c) shows CeO, particles
(0.32nm lattice spacing) on the Au crystal (from the center of (a)).
Practically no CeO, was found apart from Au.

We calculated the possible maximum coverage of CeO,
exclusively on Au surface assuming 2 wt% Au and 0.0326 wt% Ce
content and da,=6 nm size particles. Using the work of Stanek and
co-workers,*® where the number of Ce atoms on CeO,(111) surface
is given as 2.31 Ce atoms/a,> where a,=0.5412 nm, and assuming

monolayer coverage of CeO, on Au (which is not the case), we
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obtained that at such a low Ce-content only 17% of the Au surface
can be covered by CeO,. If ceria is present in multiple layers, this
number is even smaller. Certainly, our calculation applies several
assumptions; however, we get an approximate idea how dispersed
CeO, must be detectable on the surface of Au particles under the
electron beam.

Considering all experimental results, XRD and HRTEM
measurements proved the presence of crystalline CeO;
particles/domains of different size (between about 2 and 15nm,
depending on CeO, loading) in our samples. Depending on the Ce-
loading and preparation method, ceria can be found selectively on the
Au nanoparticles or both on Au and on the bare silica surface. The
localized oxide promotion of gold is greatly accomplished, since it
seems that independent of the preparation method, gold surface is
somehow saturated by ceria first, then the increase of Ce-loading
causes Ce species spread over the support surface, as well. Full
coverage of a single Au particle by ceria, viz. core-shell structures
were not detected. Scheme 2 summarizes the main points and
differences of the two preparation methods depicting the assumed

interactions and final catalyst structures.
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Scheme 2. Main steps of preparation with the suggested structures and
interactions.
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We tentatively suggest that when Ce precursor is added to the
sol, the stabilizing sphere around Au is full and attracts more Ce
species to be attached and complexed there than the one after washing
off most of organic materials and drying (what applies for method B).
It is still surprising (but is in accordance with the evolution of CO; in
calcination resulting from the oxidation of organic residues) that

washing leaves a sufficient part of negatively charged stabilizing
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sphere on the surface of Au and so when Ce-nitrate added during
preparation method B to the suspension, it is bound first to the Au
particles as HRTEM and catalytic studies proved. Otherwise, if 0.06
wt% CeO, were homogeneously dispersed on silica surface it would
not provide a catalyst with Tse,=140°C (note that Ts0,=401°C for
AU/SiOy).

Considering the results of XRD and TEM, we are definite to say
that nanosize, thin CeO, domains which are localized around Au
particles play the crucial role in the reaction, and CeO, islands far
from Au particles are not able to influence or enhance catalytic
activity through the well-known oxygen storage and release capacity
to a significant extent. The CeO, coverage on Au is somewhat limited
due to the complexing capacity of stabilizing sphere, this is why at
higher Ce—loading even more and more ceria is deposited on the bare
silica, additional activity increase cannot be observed or it is only
negligible.

Let us consider what the possible reasons of the very high
activity of Au—-CeO, interface can be. Gold particle size difference is
not suggested to be the determining factor, because da, varies
between 5.7-8.1 nm for all the samples. The commercial ceria
nanopowder which is the support of the reference sample consists of
6-50 nm size particles while our ceria decoration over gold has a
particle size of ~2-5 nm. It is known from the literature, that the
structure, morphology of ceria can greatly influence catalytic
activity.'*® The morphology effects of nanoscale ceria possessing
different shape such as rod, polyhedra or cube was investigated in

Au/CeO, samples, and XRD, TEM, temperature programmed
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reduction (TPR), X-ray photoelectron spectroscopy (XPS) and diffuse
reflectance Fourier transform infrared studies (DRIFTS) revealed that
not the crystallite size but the surface structure, the exposed surface
planes are of high importance in achieving good redox ability and
catalytic activity: the predominantly exposed {100}/{110}-dominated
surface structures of ceria nanorods turned to be the best supports for
gold.?***® The CeO; islands, slabs in our samples seem to be very thin
but we could not find distinguished crystal planes in abundance by
the characterization methods applied. However, as they formed by
calcination treatment at a relatively low temperature from organic
complexes or hydroxides arranged around Au particles in liquid
phase, they must contain surface defect sites and lots of oxygen
vacancies.

CO oxidation on Au/CeO; is suggested to take place via the
reaction of CO adsorbed on low-coordinated Au sites and oxygen
activated on the oxygen vacancies formed along the Au-CeO,
interface (adlineation sites). **1°2%3 There is a certain correlation
observed between the presence of oxygen vacancies, the amount of
Ce(ll1) ions and the increased catalytic activity as the following
studies reveal. The work of Widmann and co-workers*! using TAP
technique (temporal analysis of products) proved that CO oxidation
activity can be enhanced by the removal of about 7% surface oxygen
of ceria (reductive activation). Furthermore, model studies showed
that the Ce(lll) concentration is in line with the oxygen vacancy
concentration, and the presence of large amount of oxygen vacancies
in the oxide support influences the binding energy of small Au

particles with d<2nm and the CO desorption temperature, but these
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effects disappear with increase of Au size.™

8

According to Qian and
co-workers™® increase in calcination temperature in air annihilates
surface oxygen vacancies in CeO; (the Ce(l11)/Ce(IV) ratio decreases
measured by XPS), while Ce(l11)/Ce(1V) increases when the support
is loaded with Au which means that the loading of Au facilitates the
formation of surface oxygen vacancies. Escamilla-Perea and co-
workers™® declared the promoting role of Ce(lll) ions in CO
oxidation, because the decrease in their surface exposure led to a
decrease in activity.

In our case two parameters of ceria might be of high importance
concerning the high activity observed, namely the size (dimension) of
ceria islands and the preparation medium which is of reducing, with
citric acid and gallic acid present. XPS, STEM and IRAS techniques
applied on gold deposited on CeO,{111} thin films and CeOy
nanoparticles revealed that 3+ is the dominating oxidation state of
ceria in smaller particles in the nanosize CeO,, XPS results suggested
that ~ 5 nm is the particle size below which ceria exhibits a
significant degree of reduction.” Tsunekawa and co-workers'®®
showed during investigation of ceria sols containing 6.7-2.1 nm
particles that electron diffraction lattice parameter changes with size
meaning conversion of Ce(1V) near the surface to Ce(lll). As for the
reducing medium, Chen and co-workers™® found that ascorbic acid
treatment of sol—gel derived Au/CeO, might have been the reason for
the improvement of the Ce(l11)-ion related defect content of ceria and
the higher ratio of ionic gold. Ceria that was prepared by Marcilly
method in the presence of citric acid after only drying contains

mainly Ce(l11).14°4
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According to these literature references it seemed reasonable to
carry out XPS measurements on the samples to determine the
Ce(111)/Ce(IV) ratio. Unfortunately even at the highest CeO, content
it did not make sense to fit the broad and unstructured peaks of the
cerium region. The only definite result was that BCe7.4 sample does
contain Ce(lll) component beside Ce(IV) in as prepared state, which
upon a 300°C calcination treatment does not change significantly.
This finding means that the Ce(l1l) component is highly stable. The
determination of about 25% Ce(lll) concentration is only
approximate and was based on the ratio of the total Ce 3d area to the
Ce(IV) satellite peak area at about 917eV BE. The Ce 3d intensity in
the most interesting samples with low CeO, content was extremely
low and could hardly be seen on the curved baseline. That is why we
had to relay on the literature references of somewhat similar systems
and keep in our mind that all the reaction condition (presence of
reducing and complexing agents) may help to prevent the early
oxidation of Ce®** component as the XPS measurement after
calcination treatment proved.

Thus, based on the above literature and the XPS data of BCe7.4,
we tentatively suggest that our thin CeO, patches in close contact
with Au nanoparticles may contain large amount of Ce(lll) ions and
S0 many oxygen defect sites, which in turn enhance oxidation ability
compared to the bulk, commercial CeO, particles. Special electronic
interaction may exist between the contacting few layer thick CeO,
patches and the Au particle. Furthermore, the contact area between

Au and nanosize CeO, islands must be larger than the interface
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between the same Au particles and the bulky ceria particles of ceria

nanopowder.

Table 5.6. Initial reaction rate (ro) was calculated at 30°C when the CO
conversion values were below 15%. Calculated TOF values obtained for the
structural model assumed. Flat Au surface and hemispherical CeO, particles
of 3 nm are assumed. Active sites are Au atoms within 1 nm range around

the CeO, hemispheres, this is called perimeter.

Sample lo TOF
umol CO/s/gey  1/s
BCe0.06 0.262 1.05E-01
ACe0.04 0.674 4.06E-01
BCe0.11  1.016 2.23E-01
BCe0.60 0.886 3.56E-02

Next, theoretical calculation was done to quantify the catalytic
data at the extreme low CeO, contents. TOF values were calculated
using the following model that we know includes several
assumptions. Flat Au surface was supposed which is covered by
hemispherical CeO, particles of 3 nm, and TOF values were
calculated related to one active Au site. The active sites (called Au
perimeter sites) were supposed to be Au atoms within 1 nm region
around the hemispherical CeO, particles. Au(111) surface was
assumed with 1x10™ Au atoms/cm? Initial reaction rate was
calculated at 30°C when the CO conversion values were relatively
low, below 15%. The results are summarized in Table 5.6. TOF

values are in good agreement with the work of Zhou and co-workers,
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who did TOF calculation for a model type CeO,/Au inverse
system.'®® The TOF of the sample of the 3 lowest CeO, content does
not differ significantly, suggesting that the increase of CeO, loading
in this region results in increasing number of similar active sites. The
somewhat lower TOF calculated for BCe0.60 may reflect the
appearance of some portion of CeO; on SiO; instead of Au.

We should consider finally the effect of 150°C difference in the
calcination temperatures applied as pretreatment. Increase in
calcination temperature is expected to heal the oxygen vacancies to
some extent and increase the crystallization of ceria. Our data,
however, do not reflect any significant changes due to the increase of
calcination temperature meaning that the Au—CeO; interface formed
is relatively stable under our reaction conditions. In the work of Beier
and co—workers™’ liquid—phase oxidation of alcohols was studied on
silver-based catalysts promoted by ceria in a simple way, viz.,
commercial CeO, was mixed and calcined at different temperatures
with the 10wt%Ag/Aerosil sample. The mixture that was calcined at
500°C was highly active and the calcination time had a great
influence on activity and selectivity: a medium time (30 min) was the
perfect choice, while the particle size determined by XRD did not
change with increase in calcination time. Other possible reasons were
not discussed. In our case BCe7.40 had an average 6.42 nm particle
size after 300°C calcination, whereas that increased to 7.15 nm after
450°C calcination. The difference in particle size is negligible;
moreover, the sample calcined at 450°C was more active than the
other. This shows that particle size difference indeed is not the reason

of the difference in catalytic activity between the samples.
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We can conclude that compared to TiO,—Au/SiO, system,®
where the activity reached the activity of the reference Au/TiO,
sample only at 4wt% TiO-loading, here, in the case of CeO,—
AU/SiO, systems a small amount of Ce was enough to reach the

activity of the Au/CeO, reference sample (0.16wt% CeO,).

5.2.5 Conclusions

In this chapter work on CeO,-Au/SiO, inverse catalysts is
presented. Au/SiO, catalysts were promoted by 0.04-7.4 wt% CeO,
using two different methods based on the application of Au sols. In
method A Ce(lll) nitrate was added to the Au sol and after a heat
treatment at 60°C the adsorption step onto SiO, was accomplished
using PDDA. In method B the Ce precursor was added to the washed
and dried Au/SiO; parent catalyst producing a suspension which was
kept also at 60°C until the evaporation of water. By method A the
introduction of Ce was very limited; the maximum cerium content in
the final samples corresponds to 0.16 wt% CeO,.

XRD showed the presence of CeO; nanocrystals at 2.4 wt% and
7.4wt% CeO; content (above the detection limit of the technique).
HRTEM measurements found thin CeO, moieties over gold already
at 0.04wt% CeO; in the calcined catalysts. This extreme low 0.04
wt% CeO, content decreased the temperature of 50% CO conversion
by 280°C compared to Au/SiO, reference and 0.16wt% CeO, was
enough to approach closely the activity of the Au/CeO, reference
sample. The increase of Ce—loading above 0.6 wt% CeO, content
apparently did not increase the CeO, coverage on gold nanoparticles,

because the samples had almost the same activity up to 7.4wt% CeO,.
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HRTEM proved that the additional CeO; is located on silica surface,
when this is the only possibility (method B) or removed by the
filtration of liquid phase (method A).

The localization of Ce—species around gold particles in liquid
phase must be provided and limited by the interaction with the

organic stabilizing shell. This applies for method B, as well.
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5.3 SiO, supported bimetallic AgAu catalysts for

glucose oxidation

5.3.1 Introduction

As seen from the literature cited above in Chapter 2, the Ag
modified Au bimetallic catalysts are very promising in oxidation
reactions and the origin of their activities is not clear. In Chapter 5.1
we found high activity of the silica supported catalysts in glucose
oxidation, so we decided to modify that Au/SiO, “parent sample” by
Ag addition. Our aim was to produce well characterized truly
bimetallic AgAu NPs of various Ag/Au atomic ratios and study the
effect of particle composition on glucose oxidation activity. The

structure of the AgAu colloidal particles has also been studied.

5.3.2 Catalytic properties

The bimetallic AgAuU/SiO; catalysts with different Ag/Au ratios
(preparation method was detailed in Chapter 2) were tested in glucose
oxidation. The catalytic activity of the samples was compared in
Figure 5.17. Synergistic activity increase was achieved with addition
of Ag to Au up to Ag/Au=33/67 nominal atomic ratio. At
Ag/Au=50/50 nominal ratio no activity was detected as in the case of

pure Ag/SiO, sample.
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@ Calcined (400°C, air)

B Reduced (350°C, hydrogen)

Initial reaction rate (mol/min/mol me)
N

0/100 10/90 20/80 33/67 50/50 100/0

Ag/Au (at%)

Figure 5.17. Catalytic activities of the AgAu/SiO, samples in glucose
oxidation; T=35°C, pH 9.5, cgiucose =0.1M.

The effect of the reduction treatment in H, at 350°C of the
calcined samples was investigated. The activity reached a maximum
value at 20/80 Ag/Au ratio in the case of the reduced sample. The
reduction treatment slightly affects the activity of the calcined
10Ag90AU/SiO, and Au/SIO, catalysts. The 50Ag50Au/SiO, and
Ag/SiO, showed no activity even in reduced form. The reduction
treatment increased the activity to a higher extent in the case of
33Ag67Au/SiO, and somewhat lower extent in the case of
20Ag80AU/SIO,.

Physical mixture of the monometallic Ag/SiO, and Au/SiO;
catalysts in 20% and 80% metal content, respectively, was also tested
in the reaction. The activity correlated to the activity of the
monometallic Au/SiO; as converted to the same amount of metal.
Absence of any synergistic effect shows that the Ag of the physical

mixture is not involved in the reaction.
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In order to understand the structure of the catalysts,
characterization of the system was carried out at each step of the

preparation process.

5.3.3 Formation of AQAu nanostructures

PVA stabilized Ag sol was formed by reducing AgNO3; with
NaBH,. This parent Ag sol was analyzed by HRTEM which provided
information on the crystal structure of the sample. Considering our
preparation method regular cubic Ag crystal structure was expected.

Figure 5.18a shows a HRTEM image of the Ag sol. We
measured the lattice fringes in numerous grains and found distances
of 0.250 nm, 0.247 nm, 0.238 nm and 0.232 nm. The 0.238 nm and
0.232 nm lattice periods and the 70.5° interplanar angle measured in
particle A refers to the (111) planes of the usual face centered cubic
(fcc) phase (PCPDF 040-783) as indicated also in the Fast Fourier
Transform (FFT) inset of A. However, in particle B we measured
fringe spacings of 0.250 nm and 0.247 nm with an interplanar angle
of 60°, that cannot be indexed with fcc structure. Instead, these lattice
spacings at an angle of 60° can be indexed as the (10-10) type planes
of the hexagonal 4H-Ag structure (PCPDF 411-402 ) as represented
also in the FFT inset in Figure 5.18.B.
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Figure 5.18a. HRTEM image of the Ag sol. The particles marked with A

and B with corresponding FFT patterns represent fcc and hexagonal Ag

phases, respectively.

Figure 5.18b. Electron diffraction pattern of several hundreds nanoparticles

in Ag sol.



100 Results and Discussion

[T KR B e R @£ . ;

Measured

- Fitted background

Agfec-

Ag hexagonal

Fitted at fcc/hex = 51/49

Difference between
measured and fitted

49075 +
36806,3 1

245375 4 2 ............................ , ............................ ,, ............................

Average intensity

12268,8 11

44
Scattering vector (21/d) [1/nm]

Figure 5.18c. Intensity distribution in electron diffraction pattern shown in

Figure 5.18b.

Selected Area Electron Diffraction (SAED) results confirmed
the coexistence of the Ag—fcc and Ag—4H hexagonal about the same
amount in the Ag sol. Figure 5.18b shows the electron diffraction
pattern of more than 600 nanoparticles in Ag sol and Figure 5.18c
presents the intensity distribution in that electron diffraction pattern.
The measured curve (blue line) fits well with the dark green curve,
which was calculated at 51% Ag-fcc and 49% Ag—4H hexagonal
phase composition. The coexistence of the fcc and 4H Ag phases was
also observed in the case of Ag-nanowires.’®® The equilibrium
crystal structure for silver is fcc (a=0.4086 nm),*** however, three
other polytypes of Ag have also been reported: the 9R polytype
forming at grain boundaries in polycrystalline Ag,'®® the two-
dimensional (2H) hexagonal phase of Ag can be grown on glass and
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Si by controlled electrochemical deposition'®? and the 4H hexagonal
polytype which, interestingly, to date, has been observed only in

162,164 or nan0r0d3.161'165'166

nanocrystalline and continuous films

Size—dependent phase stability of silver nanocrystals
governing the formation of different Ag polytypes was reported in
references.®*®" Chakraborty et al.'®®> underlined the importance of
the control of growth kinetics prior to the size effect and concluded
that the former is enough to obtain any of the three polytypes of Ag.

Huang et al.*®®

successfully fabricated belt-like 4H-Ag and suggested
that the reason why 4H-Ag is rarely observed is probably due to a
special combination of synthesis parameters. Similar interpretation of
why 4H-Ag is favored under our experimental condition could be
applied. In our preparation method the silver nanoparticles were
prepared in aqueous media and NaBH, was added quickly to the
mixture of AgNO3 and PVA. The reduction of the Ag ions happened
rapidly. Thermodynamically the fcc structure is favorable while under
kinetic control the less stable 4H hexagonal polytype of silver can be
grown. For 4H-Ag higher chemical activity is supposed because of
its higher distance between the planes than in fcc structure Ag. Our
simple Ag sol preparation process could be a basis for synthetizing
Ag nanoparticles with desired polytype.

HRTEM provided further information on the structure of the
bimetallic sol sample prepared by HAuClI, reduction in the parent Ag
sol. A HRTEM image of the bimetallic 33Ag67Au sol is shown in
Figure 5.19. The enlarged image and the FFT pattern of particle A
(insets) show lattice periods and reflections of 0.237nm and 0.206nm

positioned at an angle of 71° and 54°, respectively. That obviously
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refers to the (111) and (200) planes of fcc Ag(Au) structure as shown
by the corresponding indices in the FFT. Contrarily to the 4H of Ag
sol, the fcc Ag(Au) structure was found typical in the bimetallic
AgAuU system.

-

747 0.206
Figure 5.19. HRTEM image of 33Ag67Au sol with the inset of the enlarged
particle marked with A and the inset of its FFT pattern. The 0.237nm lattice

periods at an angle of 71° and the 0.206nm-period at an additional angle of

54°, correspond to the (111) and (200) planes of fcc Ag(Au), respectively.

The contrast features of the particles in the micrograph
suggest that Ag and Au are randomly distributed, i.e. AgAu alloy was
formed. It is to mention, that in case of 6nm-size AuPd particles
concentric dark/bright contrast could be detected by TEM in our
laboratory, earlier, indicating Aucore—Pdsnen Structure.'®® Hodak et al.
have shown clear phase boundaries between the Au core and the Ag

shell for particles >20 nm, but for particles with smaller sizes phase
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contrast were not observed. Size-dependent spontaneous alloy
formation was concluded by Shibata et al.™® In the case of alloy
structures, e.g. CuAu,*"* ZnAu,? PbAu,****"3 SbAU'"* HRTEM was
utilized to determine the change in the lattice parameters resulting
from the alloying process. Gold and silver have similar atomic sizes
and a face centered cubic (fcc) crystal structure with similar lattice

constants of 0.408nm and 0.409nm, respectively;™

complete
miscibility can be obtained by these metals in the bulk at any
composition with no change in lattice constants. Therefore the usually
observed lattice parameter change in the case of alloy structures is not
expected in AgAu system. 4H Ag hexagonal crystal structure — found
in the case of the parent Ag sol — was not detected in the case of alloy
sol samples, only the equilibrium fcc crystal structure was observed.
The absence of 4H Ag phase in the alloy could be due to that the NPs

can be restructured during the preparation process.

unfiltered ! ' Ag 367eV
A A

Figure 5.20. TEM image of the of bimetallic 33Ag67Au sol sample (a),
EELS Ag elemental map (b) and plasmon image (c) of the same area.

Figure 5.20 a-c shows the unfiltered TEM image of bimetallic
33Ag67Au, the EELS Ag elemental map of the same area and the
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plasmon image of the sample sol, respectively. The bright contrast in
the Ag map (b) refers to high Ag concentration that indicates the
presence of Ag in all particles. Particles smaller than 2 nm cannot be
seen in the Ag map because of the ambient noise. We can conclude
that every — observable — particle contains Ag, so the particles should
be bimetallic. Alloy formation is supported also by the contrast within
the particles that is distinct from the appearance of core—shell
structure in bimetallic particles. The plasmon image shows dark
contrast of the catalyst particles compared to the non—metallic carbon
background. That represents metallic feature of the AgAu particles

suggesting that all of them are reduced.

—— Ag sol (a)
AgAu bimetallic sol (b)
—— Ag-Au mix sol (c)

—— Au sol (d) -
0,20 :
<
408 nm (a)
0,15
(0]
(&]
% Wavelenght (nm)
2 0,10
o
%)
o)
<
0,05
406 nm (c) 520 nm (d)
0,00 523 nm (c)
300 400 500 600

Wavelength (nm)

Figure 5.21. UV-visible spectra of Ag sol (a), the bimetallic 20Ag80Au sol
(b), the mixture of the monometallic Ag and Au sol in 20/80 volume ratio
(c) and Au sol (d) after linear baseline corrections. The inset shows the

original spectra of the same sols.
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UV-visible spectra of the AgAu nanostructures were recorded
to understand the formation of the bimetallic particles. Figure 5.21 a-
d show the baseline corrected absorption curves of (a) the parent Ag
sol; (b) the bimetallic 20Ag80Au sol; (c) the mixture of the
monometallic Ag and Au sol in 20/80 volume ratio and (d) Au sol
prepared by the same way as all of the other sols (see in Chapter 2.2).
The inset shows the original spectra of the sols and in Figure 5.22 the
different color of the sols can be observed. As shown in Figure 5.21
the Au surface plasmon resonance (SPR) appeared at 520 nm and the
Ag SPR at 408 nm. The origin of this surface plasmon band is the
collective oscillations of free conduction electrons in metal excited by
light at a particular wavelength.”® In the case of the AgAu bimetallic

sol a single absorption band appeared at 503 nm.

Figure 5.22. Colors of the monometallic Ag and Au, the mixture of Ag and

Au monometallic sol in 20/80 volume ratio and the bimetallic alloy sols.
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In order to check the possibility of the formation of separate
monometallic particles during the synthesis of AgAu sol, a mixture of
Ag and Au monometallic sols were used as a blank experiment. In the
case of the mixture sol two distinct surface plasmon bands appeared
at 406 nm and 523 nm. The results proved that bimetallic AgAu sol
formed and not a mixture of Au and Ag sols. The disappearance of
Ag SPR and blue shift of Au SPR suggests that the Au reduced on the
surface of Ag. This results proved that the [AuCl,]" anion is able to
replace the PVA on the surface of the Ag particle and the reduction of
AU takes place there. According to our preparation process the
consecutive reduction of the silver and gold ions should led to Ag—
core Au-shell particles, but the single band for the bimetallic particles
suggests AgAu alloy formation in the sol, which is in agreement with
HRTEM results. Nonalloy, or core-shell AuAg nanoparticles, exhibit
two characteristic absorbance peaks.'”® According to theoretical
calculations (based on Mie theory) in the case of core—shell structure,
gold deposition should result only in damping of the underlying silver
surface plasmon band. The blue shift of single Au SPR can correlated
with alloy structure and originated from the perturbation of the d—
band energy levels.!”” Considering the electrode potential of the
metals in the system, it is clear that its relations favor the alloy
formation. Ag was in metallic form when Au** ions were added to the
system.

3Ag + Au®* — 3Ag" + Au reaction could take place thus the
reduction of Au®* was caused by both the BH* reducing agent and
the Ag; and simultaneously the Ag” formed was reduced by NaBH.,

which promoted the intermixing of the metals. The reduction of Au
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precursor by metallic Ag was confirmed in a separate experiment,
when solution of HAuCl, and PVA was added to the Ag sol without
NaBH, reducing agent. The sudden disappearance of the yellow color
of the Ag sol and the slow evolution of the red color of the bimetallic
sol indicated that galvanic replacement reaction took place.

Shibata et al. also observed”

spontaneous alloying of
bimetallic core—shell AuAg nanoparticles at ambient temperature,
which was explained by the vacancy defects at the boundary between
the two metals. Such defects may be caused by the need to replace the
stabilizers at the surface of the particle during synthesis of the shell.
In our case similar behavior could also be the reason of the alloy
formation in the sol. The diffusion of metals is commonly accepted to
proceed via migration of atoms into vacancy defects. A single
vacancy at the interface is enough to catalyze fast diffusion. This
process is reinforced by the decreased melting point of the metals due

to small diameter of the particles.'”’

5.3.4 Structure of the AgAuU/SiO, catalysts

Table 5.7 presents the actual metal contents and the Ag/Au
ratios of the catalysts determined by prompt gamma activation
analysis (PGAA), and fit well with the nominal values. AgAu particle
sizes of the catalyst samples after calcination at 400°C in synthetic air
(by that the organic residues can be removed) and after following
reductive treatment in H, at 350°C were determined by TEM and the
standard deviations which are characteristic of the particle size

distribution.
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Table 5.7. Metal content and particle sizes of the catalysts determined by
PGAA and TEM, respectively.

Catalysts Ag/Au  Metal content Particle size
(%) (nm)
Ag Au
(mmol/  (mmol/ after after
Jeat) geat)  calcination reduction
Au/SIO; 0/100 0 0190 4824 4.0+£2.0
10Ag90AU/SiIO, 13/87 0.014  0.093 35+£23 31+1.6
(3.5+2.0"

20Ag80AU/SIO, 23/78 0.025  0.085 29+1.2 35+1.7
33Ag67Au/SIO, 33/67 0.033  0.067 34+25 33+1.2
50Ag50Au/SiO, 51/49 0.049  0.051 52+£22 -

Ag/SiO, 100/0 0.092 O 48+3.5 49+3.6

“Particle size after catalytic reaction.

The mean particle size of pure Au/SiO, and pure Ag/SiO,
sample were similar, 4.8 nm. In the case of Ag/SiO, sample the
particle size distribution was broad (4.8 + 3.5 nm) due to several
much larger particles with 5-16 nm in diameter beside the numerous
particles with 3-4 nm size. In the case of the bimetallic samples the
mean particle sizes range between 2.9 and 5.2 nm. In the case of
AuU/SiO, the decreased Au particle size after reduction is surprising.
Small changes were observed in the particle sizes after reduction
treatments (or catalytic reaction), and the resulting sizes were more

similar in the different samples than in the calcined state.
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+ 0.235nm
/

Au reference

SR S .
Figure 5.23. HRTEM of Ag/SiO, calcined at 400°C. The 0.200nm and
0.234nm fringe periods represent metallic fcc Ag phase. The 0.247 nm

period represent Ag—oxide.

HRTEM of monometallic calcined Ag/SiO, sample is shown
in Figure 5.23. Fringe periods of both Ag (0.200 nm and 0.234 nm)
and Ag,03; (0.247 nm, PCPDF 72-0607) can be identified in the
catalyst particle after calcination in air at 400°C. The precision of this
measurement was provided by a comparison with the (111) lattice
spacings (0.235 nm) of the Au reference particle visible at the top of
Figure 5.23. Only a few crystals were found as pure silver-oxide,
most part of the particles was in metallic phase. It is worth pointing
out that both Ag and Ag-oxide phases were present within one
particle (Figure 5.23) regardless of the size of the particles in every
case where Ag-oxide was observed. HRTEM measurement of
33Ag67AU/SiO, bimetallic catalyst showed mostly metallic Ag(Au)
crystals and two-phase contrast was not seen within the particles.
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Figure 5.24. UV-visible spectra of AgAu/SiO, catalysts after calcination in
air at 400°C (A), after reduction in H, at 350°C (B).

Figure 5.24 shows the UV-visible spectra of the supported
catalysts after calcination (A) and after reduction treatment (B). The

intensities of the bands are not comparable because — as a
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consequence of the measurement method — the catalyst amounts
placed on the glass plates were not the same.

Single adsorption bands were detected in the case of all
samples after calcination. All surface plasmon resonance (SPR) bands
were broad due to the size distribution of the particles. After
reduction only single, narrower SPR bands were detected for all

catalysts compared to the bands of the calcined samples.
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Figure 5.25. UV—visible absorption band maximum of AgAu/SiO, catalysts
versus Au molar fraction after calcination in air at 400°C and reduction in
H, at 350°C.

Figure 5.25 shows the correlation between the nominal Au
molar ratio and the maximum of surface plasmon bands. The SPR
bands shift to higher wavelengths with increasing Au molar ratio. The

position of the maximum absorption band is related to the surface
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structure and composition beside the particle size.***'%" In accordance
with the literature linear correlation was found in the case of calcined
samples and reduced samples showing AgAu alloy structure.

In a recent study'’®

on the dependence of the SPR band on the
alloy composition the authors found that the correlation between the
position of the SPR band and the gold fraction was deviated from
linearity and was described by a third—order polynomial function. The
composition dependence can be approached by a linear relation
between 0.2 and 0.8 gold fraction range only. The authors took into
account alloy nanoparticles with diameters between 5 nm and 50 nm
as against our work where smaller than 5nm sized particles were
studied. The band positions were changed with calcination-reduction
treatments in our case. In the calcined samples deviation from
linearity can be originated from the somewhat different particle size
and may suggest some phase segregation, inhomogeneity of alloy.
Reduction pretreatment caused a blue shift of the absorption bands
and a diminution of the deviation from linearity suggesting more
homogeneous AgAu alloy structures. This effect could be explained
by the following: oxygen treatment favors the Ag concentration
enhancement on the surface because Ag-oxide formation is
thermodynamically favored, but as the temperature raises the
decomposition of the preformed oxide is occurred above 250°C.1"°
Modification of the surface plasmon of the particles likely reflects
this surface structure/geometry change, that can be an important
factor affecting the catalytic properties.

The results confirm that the AgAu nanoparticles prepared by

our method are AgAu alloy with random distribution of Ag atoms
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rather than core-shell AgAu, AuAg or a mixture of Au and Ag
nanoparticles.'®

To determine the oxidation states of the bimetallic
nanoparticles close to the surface and the relative surface
concentration of Ag and Au XPS spectra were recorded on the
catalyst samples after calcination in air at 400°C and after reduction
treatment in Hy at 350°C. Table 5.8 shows the binding energies of Au
4f7, and Ag 3ds2. BE of Au was in the range of 82.9 — 83.2 eV which
can be assigned to Au metallic state. Combining Au with Ag the BE
of Ag shifts to lower value (366.8 — 367.5 eV) from 368.6 eV
measured for calcined Ag/SiO, sample. The effect of reduction
treatment on the BE was smaller and not really significant in the case
of bimetallic catalysts than in the case of pure Ag/SiO,, in case of that
the BE of Ag 3ds,; decreased by 1.4 eV.

Table 5.8. XPS data of AgAU/SiO; catalysts.

Catalysts Au binding Ag binding Ag/Au atomic ratio
energy (eV) energy (eV) Bulk” Surface
calcined reduced calcined reduced calcined reduced
catalysts catalysts catalysts
Au/SiO, 83.0 83.0 — — — — —

10Ag90AU/SIO, 82.9 82.8 367.0 366.8 0.15 0.18 0.17
20Ag80AU/SIO, 82.9 82.8 367.5 3673 029 0.34 0.28
33Ag67Au/SIO, 82.9 83.2 367.0 3671 049 114 1.00
50Ag50Au/SIO, 82.9 83.1 367.4 367.3 0.95 1.17 1.17
Ag/SiO, - - 368.6 367.2 — - -

" Determined by PGAA.
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However, the clear shift of Ag 3ds, band to lower BE in the
monometallic Ag/SiO, as a result of reducing treatment is in
contradiction with the general view about behavior of Ag (according
to the literature the BE of Ag 3ds/, for metallic Ag is 368.3 eV, while
for oxidized Ag varies between 367.3 — 368.0 eV) and our other
results. Further experiments are in progress to clarify this unusual
behavior of Ag.

The surface atomic ratio of Ag and Au were calculated using
sensitivity factors given by the manufacturer and are presented in
Table 5.8. Surface Ag/Au ratios are only slightly higher than the bulk
for the 10Ag90AU/SiO; and 20Ag80AU/SIO, catalysts, but high Ag
enrichment on the surface was observed for the 33Ag67Au/SiO..

In the case of 33Ag67Au/SiO, sample the reduction treatment
resulted in glucose oxidation activity increase to a higher extent and
somewhat lower extent in the case of 20Ag80Au/SiO,. Regarding
that the mean particle size of the bimetallic particles is the smallest
(2.9 nm) in the 20Ag80AU/SiO, sample; it does not mean that the
20/80 is the optimum atomic ratio. These differences might be
explained by the decreased surface Ag/Au atomic ratio in the latter
reduced (Table 5.8) samples compared to the calcined ones,
supposing that the optimal Ag/Au surface ratio (at which the activity
reached the maximum value) is lower than in calcined
20Ag80AU/SIOs.

The inactivity of 50Ag50AU/SiO, cannot be explained only by
the different particle size (5.2 nm), the Ag/Au ratio must be a more
important factor. Taking into account that the penetration depth of

XPS is greater than one monolayer it is possible that the Ag/Au
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atomic ratios are higher in the topmost surface layer than the XPS
results show and this causes the inactivity of the 50Ag50Au/SiO,
sample.

5.3.4.1 The role of Ag

The higher activity of the bimetallic samples can be originated
from the role of Ag in the oxygen activation during the reaction.
Alloying silver with gold induces significant changes in the mode of
oxygen adsorption on Ag. Kondarides and Verykios studied'®® the
oxygen adsorption properties of a—Al,O3 supported silver — gold alloy
catalysts using micro—gravimetric and temperature desorption
techniques in the temperature range from 30 to 400°C. Three types of
adsorbed oxygen species have been proposed on the alloy surface
including molecular, atomic and subsurface. Subsurface oxygen
diffusion, which is initiated at relatively high adsorption
temperatures, inhibited by the presence of Au in the AgAu alloy. The
population of atomic oxygen decreases with increasing Au content
because of the need of silver multiatom adsorption sites for atomic
oxygen adsorption. On pure Au surfaces the dissociative adsorption
of O, is limited, particle morphology is a key factor influencing O,
dissociation, it is more favored on low coordinated corner and edge
Au atoms highly populated on small particles of about less than 2 nm
diameter.182183184 |5 the AgAu alloy molecular oxygen adsorption is
favored due to the absence of Ag multiatom sites and the presence of
single Ag atoms. In our experimental conditions (at high Au and low

Ag content, low temperature, aqueous media) molecular adsorption
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could take place on the surface of bimetallic catalysts. The high
surface coverage of hydroxide ions in water at high pH also makes
difficulties in oxygen dissociation therefore atomic oxygen adsorption
is not likely on the surface of our catalysts.

Considering that the ionization potential of Au and Ag is 9.22
and 7.58 eV, respectively; electronic charges could transfer from Ag
to Au atoms, but in the case of our bimetallic samples the BE of Au
(or Ag) did not depend on the Ag/Au molar ratio. Experimental
results with the physical mixture of the monometallic catalysts (no
synergistic activity increase was detected in that case) suggested that
synergism occurred if Ag atoms were in the vicinity of Au atoms,
maximum activity was reached at Ag/Au=20/80. The Ag/Au ratio
affected the geometry (size, shape and surface composition) of the
particles. Considering the molecular size of glucose (1 nm of

diameter®®®

) and Ag (or Au) atoms (atomic radius 0.144 nm), the
former is much larger than the latter. Consequently for glucose
activation multiatom adsorption sites are needed. Considering the size
of glucose, oxygen and gold/silver atoms, more space is needed for
the surface adsorption of the glucose than the O,. Oxygen adsorption
is preferred on silver rather than on gold and adsorption of other
negatively charged species (OH groups, carbonate and bicarbonate
species) may be stronger on the positively charged Ag than on Au.
The strength of adsorption of these molecules on gold is thought to be
weaker compared to silver, therefore the glucose may substitute the
pre-adsorbed molecules on the gold surface but not on the silver
surface. Thus the O,, OH adsorption is suggested to be dominant on

Ag sites, while glucose adsorption on multiatom Au sites and the



Results and Discussion 117

reaction takes place between these species in close vicinity. If the
Ag/Au ratio is higher than the ideal one, the adsorption of larger
glucose is hindered also on gold. Having not enough extended Au
surface lowers the glucose oxidation activity.

5.3.4.2 Hypothetical reaction mechanism

The mechanism proposed for glucose oxidation over our silica
supported silver — gold catalysts is consistent with our experimental
results and based on previous studies for alcohol oxidation'®® and

glucose oxidation on gold catalysts.®®"%*%’

d'®  the oxidation of alcohols over

Zope et. al. have studie
AU/C catalyst with isotopically labeled O, or H,O in order to clarify
the origin of oxygen in the product and found that O is originated
from hydroxide ions instead of molecular oxygen. Molecular oxygen
is thought to be taking part in the reaction by regeneration of the
hydroxide through hydrogen peroxide formation and dissociation and
by removal of the electrons left on the surface by the OH™ adsorption.
The following reaction steps have been suggested (* refers to the

surface of the catalyst):

[O2]" + [H20]” — [OOH] " + [OH]" {1}
[OOH]” + [H.0]" — [HOOH]" + [HO]" {2}
[HOOH]" — [OH]” + [OH]" {3}

[OH] +e < OH +~ {4}
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Density functional theory calculations™® on ethanol oxidation over
gold surfaces showed the highest activation barriers for the
decomposition of peroxide {2} and hydrogen peroxide {3}
intermediates. All the other reaction steps showed lower activation
barriers.

Study on the decomposition of hydrogen peroxide on silver,
gold and silver — gold alloys concluded high activity of silver in this
reaction compared to gold.'®® Despite of the activity-reducing effect
of gold addition to silver, the alloy showed higher activity than pure

gold.

Scheme 3. Suggested reaction scheme for glucose oxidation over
AgAU/SIO, bimetallic catalysts.

OH I OH - OH * OH

HO 0 HO OH OH | Ho LAOH e H | Ho OH
HO\’\-OH HO\—'\ o HO\’-\JOH § HO\’\PH
OH || OH |y

1 2 3 4

Scheme 3 shows the suggested reaction scheme for glucose
oxidation over our bimetallic AgAu/SiO, catalysts. The glucose
adsorbs on the catalysts surface and forms alkoxy intermediate of the
geminal diol with adsorbed hydroxide, which is followed by the
subsequent elimination of H* by the HOO species adsorbed on Ag
{5}. This helps the decomposition of the HOOH on silver. The active
center of the catalyst should contain Ag and Au in low Ag/Au ratio,
where the adsorbed OOH and glucose intermedier (3) are close

enough to each other to react. Figure 5.26 shows the schematic
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illustration of the active center of the catalyst with the reaction

between the adsorbed OOH and glucose.

[OOH]surf. Ag + [RCH(OH)O]surf. Au — [HOOH]surf. Ag + [RCOOH]surf. Au {5}

OOH B-D-Glucose intermedier

/_H 4 A

Figure 5.26. Schematic illustration of the reaction between the adsorbed

peroxide and the glucose intermedier (3) on the catalysts surface.

The higher activity of our bimetallic samples compared to the
monometallic Au/SiO, catalyst can be explained by the higher
decomposition rate of peroxide—species on the surface of the
bimetallic catalysts promoted by Ag. Geometry of the metal surface

plays an important role in the creation of the active centers.
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5.3.5 Conclusions

Ag addition to Au/SiO, up to about Ag/Au=33/67 provided
synergetic effect in selective glucose oxidation reaction. The AgAu
catalysts contained dominantly alloyed metallic particles both after
calcination and following reduction treatments. The calcination —
reduction pretreatment changes somewhat the particle size and the
surface Ag/Au atomic ratio slightly affected the activity of the
catalysts, however, the activity order of the samples remained the
same. The higher activity of the bimetallic samples could be due to
the improved O activating ability provided by Ag sites at optimum
surface arrangement The further increase of Ag loading above the
ideal 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.
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6 Outlook

Understanding the heterogeneous reactions at molecular level is
difficult, because the catalytic activity of a metal is influenced by
many parameters such as the dispersion and the morphology of the
metal, the electronic structure, the nature and the morphology of the
support, the presence of impurities and these are all influenced by
each other and may be sensitively depended on the preparation
method. That is why the knowledge of the structure — activity
relationship is essential to catalyst development. The proper choice of
modification of the catalysts can lead us to achieve high performance
in a desired reaction.

The reaction specificity of the catalysts was demonstrated by our
studies, where the same catalysts were tested in a total oxidation and
a selective partial oxidation model reaction. It was surprising that in
selective glucose oxidation the small gold particle size does not
provide necessarily high activity; the support effect seemed to be a
more important factor influencing the activity. It would be worth to
carry out further study on the particle size effect on a wider size range
in selective glucose oxidation. Moreover understanding the role of the
non-reducible oxide support and its most relevant properties
determining the catalytic activity would deserve more investigation.

In the case of CeO,—Au/SIO, catalysts the CeO, patches were
found exclusively on the surface of gold up to 0.6wt% CeO, due to
the interaction between the Ce species and the stabilizing shell. It
would be interesting to apply other stabilizing agents for the

preparation of the gold sol, to enhance its attraction towards CeO,
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promotor of larger amount. In this way perhaps more CeO,
decoration could be deposited on gold and even higher activity could
be achieved. The size of the active CeO, — Au perimeter could be
characterized more precisely using CO—chemisorption measurement
followed by infrared spectroscopy.

Significantly higher activity of the bimetallic AgAu/SiO;
catalysts compared to the monometallic ones can be achieved in
glucose oxidation. The advantages of our catalysts compared to the
previously reported unsupported colloidal catalysts are the organic
polymer—free surface of the higher stability NPs and the easy-
handling of them. A tentative reaction mechanism was proposed for
glucose oxidation over our silica supported silver — gold catalysts. It
would be necessary to find further experimental evidences supporting
the mechanism advised. Isotopic labeled experiments also would be
beneficial. Application of the bimetallic AgAuU/SiO, catalysts would
be rewarding in selective oxidation of other oxygen—containing
substrates.

During the preparation process of the bimetallic AgAu sols
HRTEM and UV-visible spectroscopic measurements showed AgAu
alloy formation which is not expected at the temperature of the
synthesis (0°C) or at the temperature of storage (ambient
temperature). Formation of hexagonal 4H polytype of Ag was also
surprising and that simple synthesis method could be further
developed in order to prepare Ag nanoparticles with desired polytype.

The general intention would be to discover the key differences

between the required active sites in the total and partial oxidation
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processes via the comparison of all the modified catalysts in both
types of reactions.

A better fundamental understanding would be achieved with
these measurements in the behavior of the studied catalysts described

in the previous chapters.
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7 Thesis

1.

Inverse correlation was found between the activities of supported
gold catalysts in CO oxidation and in selective glucose oxidation
applying two different size-ranges of reducible oxide (CeO, and
TiO,;) and non-reducible oxide (SiO;) supported gold
nanoparticles. Both the type of the support and the Au particle
size affects the activity of the catalysts in glucose oxidation: the
larger—size, non—reducible SiO, supported samples showed higher
activity, in contrast with the known support and particle size

effect of gold catalysts in CO oxidation.

Ce0O,, decoration on SiO, supported Au catalysts derived from Au
colloid provided higher CO oxidation activity at already 0.6wt%
Ce0O, content compared to the CeO, supported Au catalyst, which
is caused by the thin, nanosize CeO, in contact with gold forming

higher activity perimeter than bulk CeO, with Au.

The activity of the CeO, decorated SiO, supported Au catalysts
did not change above 0.6wt% CeO, content. Up to 0.6wt%
concentration CeQO; is attached dominantly onto gold surface and
further increase in Ce-loading caused CeO, spread over the
support surface as well. Strong interaction of limited amount of
Ce species with stabilizer ligands around Au nanoparticles is
suggested as the reason for CeO, localization preferentially on

gold up to a given CeO; loading.
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4. AgAu alloy nanoparticles were proved to be formed during the
reduction of HAuClI, by sodium borohydride in Ag sol at different
Ag/Au molar ratios. The alloy structure of the AgAu
nanoparticles was retained after adsorption on SiO, support and

subsequent oxidation and reduction treatments.

5. SiO; supported bimetallic AgAu nanoparticles of different Ag/Au
molar ratios were applied for the first time in selective glucose
oxidation. The catalysts showed synergetic activity increase up to
33/67=Ag/Au molar ratio compared to the monometallic SiO,
supported Au and Ag catalysts. The activity of the catalysts was

similar after oxidation and reduction pretreatments.

6. The nanospherical form of hexagonal 4H-Ag crystal structure
was described for the first time. Reduction of AgNO;3; with
sodium-borohydride in the presence of polyvinylalcohol results in
silver sol with face centered cubic and hexagonal 4H crystal
structured Ag nanoparticles in about the same amount.
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10 Appendix

Table A.1. List of the investigated catalysts

Catalysts Support | Modification Preparation method
Au-SiO,-PVA SiO, — Au sol adsorption
AuU-TiO,-PVA | TiO, - Au sol adsorption
Au-CeO,-PVA | CeO, - Au sol adsorption
Au-SiO,-TC SiO, — Au sol adsorption
AuU-TiO,-TC TiO, - Au sol adsorption
Au-Ce0,-TC CeO, - Au sol adsorption
ACe0.04 SiO, 0.04 wt% CeO, (Ce — Au) sol adsorption
ACe0.08 SiO, 0.08 wt% CeO, (Ce — Au) sol adsorption
ACe0.16 SiO, 0.16 wt% CeO, (Ce — Au) sol adsorption
BCe0.06 SiO; 0.06 wt% CeO, | Au/SiO,imp. by Ce(NO3)s
BCe0.11 SiO, 0.11 Wt% CeO, | Au/SiO,imp. by Ce(NO,)s
BCe0.60 SiOo, 0.60 Wt% CeO, | Au/SiO,imp. by Ce(NO,)s
BCel.14 SiO, 1.14 wt% CeO, | Au/SiO,imp. by Ce(NOs)s
BCe2.64 SiO, 2.64 Wt% CeO, | Au/SiO,imp. by Ce(NOs)s
BCe7.40 SiO, 7.40 wt% CeO, | Au/SiO,imp. by Ce(NOs);
Au/SiO, SiO; - Au sol adsorption
Au/CeO, CeO, — Au sol adsorption
Ag/SiO, SiO, — Ag sol adsorption
10Ag90AU/SIO, | SiO; 10% Ag-90% Au | (Ag — Au) sol adsorption
20Ag80AU/SIO, | SIO, 20% Ag-80% Au | (Ag — Au) sol adsorption
33Ag67AU/SIO; | SIO, 33% Ag-67% Au | (Ag — Au) sol adsorption
50Ag50AU/SIO; | SiO, 50% Ag-50% Au | (Ag — Au) sol adsorption
AU/SIO, SiO, — Au sol adsorption
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