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Summary

In gold catalysisthe performance of supportedcatalystis
affected by the size, the distribution of tgeld nanopatrticles, 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 o the need forbetter understanding the activity
structure relationshippf nanostructuredgold, which leads us to
improve thecatalystgperformancemodified supported gold catalysts
were developed for CO oxidation and glucose oxidation readiions
this work.

First, unmodified gold catalystsf two different gold particle
sizes supported on reducibl€TiO,, CeQ) and irreducible(SiO,)
oxideswere prepared and their catalytic behaviors were compared in
CO and glucose oxidation (Chapter 5.A4).correlaton was found
between the temperature required for 50% CO conversion and the
glucose oxidation reaction ratieactivity order of the catalysts was
reverse in the two reactiondhis result revealed that the known
support and size effect in CO oxidatios mot valid for glucose
oxidation. Inthe latterreaction 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 @rther development of the most active Au/GeO
catalysts was carried out. For this purpose Auj$#dalysts modified
by different amount of Cefin a special way, when nanosize Au
decorated with CeDpatches were prepared (Chapter 5.2)ghH
resolution transmission electron microscopR{HEM) measurements
revealedhin, nanosize Cefmoieties over gold already at extregel
low 0.04wt% CeQ@loading which decreased the temperature of 50%
CO conversion by 28 @raAf@enmolmpwa’s e d
Ce(Q was enough to approach the activity of the Au/€eserence
sample. At 0.6wt% CefOcontent the catalyst greatly exceedbd
activity of the pure Au/Cegused as reference. Further increafthe
CeQ content above 0.6%é did not changéhe activity significantly.
HRTEM proved that up tehis concentration ceris attached onto
gold surface and further increase in-l6ading caused Ce{spread
over the support surface as well. Strong interaction of Ce species with
stabilizer ligands located around Au is suggested as the reason for
CeQ, localization on gold.

For the @velopnent of the most active Au/SiOcatalysts in
selectve glucose oxidation the addition of silver to Au nanoparticles
was decided. Addition of a second metal to gold resulted synergetic
activity increase inmany oxidation reactions. Ag bimetallic
nanoparticles also have shown increased activity ioogke aiidation
but supported AgAu nanoparticles wéirstly applied in this work.

SiO, supported Adu bimetallic catalysts were prepared by sol
adsorption method with 10/90, 20/80, 3B/&nd 50/50 Ag/Au molar



ratios (Chapter 5.3)UV-visible spectroscopy anHRTEM proved
that the eduction of HAuCJ in Ag sol resulted in alloyed Agq
colloid particles and their alloyestructure remained after calcination
and reduction treatmentThe AuAg bimetallic effect and its
dependace on the Ag/Au molar ratio werstudied in glucose
oxidation Synergistic activity increase was observed compared to the
Au/SiO, reference sample in case of the bimetallic sampjedo
Ag/Au=33/67 molar ratio. Maximum activity was reached at
Ag/Au=20/80. Oxidation/reduction pretreatment stigtaffectad the
activity of the catalystsjhowever thesequenceof the samples
remained the sam@ reaction mechanism was proposed for glucose
oxidation over our silica supported silviergold catalysts, which is
consistent with our experimental resulsd 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,@ctivating ability provided by Ag sites.
The further increase of Ag loed) above the optimal concentration
may diluteor coverthe Au to such an extent that themberof gold
ensemblesmecessary for glucose activation decreases deteriorating
the activity.

Characterization of the parent monometalg sol by HRTEM
and Seledd Area Electron [fraction (SAED) shaved the
coexistence of the commonly knownace centered cubic crystal
phase of Aghanospherewith the rarely observed hexagoridi Ag
structure in the sameoncentration This hexagonal polytype of Ag

has been obseed, 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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1 Introduction

Catalytic reactions playmportant roles in our lifeCatalysts are
ud in all area of life from households to industatalysis
contributes to sustainable development through decreasing the energy
consumption of th@rocesseandeliminating or at least dramatically
decreasing pollution from chemical and refining proeses3he
development oselective, highly activeatalystsworking under mild
conditions meets the requirements of green chemistry. The
importance ohanoparticles and nanostructures to the performance of
catalysts has stimulated wide efforts to develophodt for their
synthesis and characterization, making this area of study an integral
part of nanoscience.

Gold i the most stable among all metdlsvas thought to be
inactive in catalysis untHa r ut a 6 s’ ofdthie catabytic power
of gold in carbon monoxideoxidation when its size is in the
nanometer range. Later high activity of gold nanoparticles wa
demonstrated in several oxygémnsfer reactions such as CO
oxidation, propene oxidation, water gas shn@action, synthesis of
H,0,, selective oxidation of alcohols and aldehyti&old catalysts
have many advantages compared to platinum groegals;it is
resistant tooxidative atmosphere, moreover gold hasatge price
stability.® Though in gold catalysigremendous worklealswith the
mechanismit is not fully understood, especiallyhe activation of

oxygen bygold.



2 Introduction

Nowadayssupportedjold nanoparticles are usadthe catalytic
converter of vehiclesgespiratory protectoré fuel cells operating in
electric vehiclesnd in chemical process&s

In a catalytic system the performance lod tatalyst is affected
by the size, the distribution of the nanoparticles, ty@e and the
structureof the support materiandthe different types of additive's
Through controlled synthesis of nanostruetl catalysts better
understanding of thactivity i structurerelationshipcan be achieved
leading to development of high performance catalysts.

In my dissertation supported gold catalyats synthesized ah
characterized in order to investigaséructue i catalytic activity
relationship Two different reactionsare chosen for testing the
activity of the catalystsCO oxidationas a gas phase, total oxidation
reaction and glucoseselectiveoxidationto gluconic acid as kquid
phasepartial oxidationreaction My aim is to study thegold-based
catalysts in the different reactions to understhatterthe 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 othe most impdant preparation methis for
supported gold catalysts angdold catalyzed reactionwill be
presentedn this chaptemwith special attention to CO oxidation and
glucose oxidationDespite of the tremendous work found in the
literature about heterogeneousidycatalyststhe nature of the active
site and the reaction mechanisms are not fully understooghiany

caseghe results are inconsistent

2.1 Preparation methods

The success of gold in catalysis is based on the proper
preparation method. The preparatioethod has a significant effect
on the properties of supported gold catalyisreby resuls in
different particle size and geometry, different oxidation state of Au
and different metai support interaction. Moreover these parameters
are in correlatiorwith each otherMany preparation methods have
been developed which fall into two main categdries

1.) the gold precursor and the support are formetiesame
time during the synthesisdprecipitation)

2.) the gold or gold precursor is deposited onrafgrmed
support Many techniques belongto this category such as

impregnation, ioradsorption, depsition T precipitation, deposition



4 State of the art

of organogold comlex, chemical vapour depositicand colloidal

gold depositionThe most important methods are detaletbw.

2.1.1 Coprecipitation

In this method the support and gold nanoparticles are formed
simultaneously.During the preparation process sodiaarbonate
was added to the solution of gold precursor (HAuG@Nd metal
nitrate (Fe(NO3) under controlled pH The formed hydroxide
precipitates transformed to supported gold catalysts during
calcination. This method is easy to carry out butapplicability is
limited to metal hydroxides that can be -pecipitated with
Au(OH).”

Metal i nitrate

base . calcination
Metal 1 ——  » Au/support
HAuUCI , hydroxides

2.1.2 Impregnation

This is the simplest method for catalysts preparation. The
supportis mixed with thesolution of thegold precursor followed by
aging, drying and calcination. The most frequently useduypsers
are HAuCL®™® AuCl;® and ethylenediamine ([Aaf),]Cls)*
complex. Silica, magnesia, alumina, titania and ferric ogideused
as supports. Themethod has two types: when the volume of the gold

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



State of the art 5

method is calledmpregnationto incipient wetness In the other
processan excess of precursor solution is used then the solvent has to
be evaporated. The efficiency of this method is pdarge gold
particle sizes (1iBB5nm) and low activity were producadaybe due

to the presence of the chloedon of the precursor, which promotes

mobility and agglomeration of gold species during thermal

treatmen?
S t ,
Hppor impregnation drying
HAuCl,/ ——— Au/support
Gold precursor Support calcination/
(HAUCI ) reduction

2.1.3 lon adsorption

This method is based on the ion exchange betwleergold
precursor and the hydroxgroups of thesupport in aqueous solution.
The gold precursor, HAuglgives anionic complexes in aqueous
solution if the pH of the solution is lower than the point of zero
charge of the support, then the support surface is positively charged.
The processvas studied for the preparation of Au/tiat pH 2 unér
various conditions® at which the main species in solution were
AuCl3(OH)" and AuC}l'; and these can interact electrostatically with

the TiG, surface (pont of zero charge: 6).

+

TIOH  +AuCl | - [TiOH , AuCl ]
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The performance of the catalysts prepared by thethod is
influenced by the temperaturef preparation the concentration of

gold prearrsor solution and the type of the washing agent.

< washing
upport pH < IERuppor  Anionic complex drying
supporf ~ : Au/support
>—> on catiaic sites — > PP
Gold precursor of the support ~ calcination/
(HAUCI ) reduction

2.1.4 Deposition i precipitation

Depositionprecipitation (DP)is the method where metal
hydroxide is supposed to precipitate on the oxide suppBit using
this method bas¢sodium hydroxide or carbonatey added to the
suspension obxide support and thaqueoussolution of HAuUC}, in
order to raise the pH to 7 or 8 of the suspensitien it is heated at
701 80 AC wi tfdr 1 Isotrinronder to gemove the sodium and
chlorine washing with water at ~B0C appdied. The products
fiteredandd r i ed at 100AC highet temperatarésn e d
to decompose the gold hydroxide complex to nfetal

Other version of this basiprocesswas also appliedUsing
urea (CO(NH),) during te 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 solutionisliee d above 60AC:

+

CONH ,), +3H,0- CO ,+2NH | + 20H
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There is agradual release of hydroxyl ions aimdrease of pH
in the solution. Using ureB00% gold depositionan be reachefiom
the solution onto the suppauhlike in the case of NaOH where the
maximum efficiery of gold deposition is 609 If the preparation
time is long enough (at least ~4 hougmall gold particles can be
achieved.

DP method can be used only with support having isoelectric
point (IEP) higher tan 5 (MgO, TiQ, Al,Os, ZrO,, CeQ) and it
does not work with silica (IEP~2) and silietumina (IEP~1¥

washing
Support >pl-|c—ontrsl drying
Au-hydroxide/ —— Au/Support
HAUCI, + bas Support calcinatior
reduction

2.1.5 Colloid adsorption

With this technique stabilized gold colloidan bedeposited
on the support. Theize, shape and surface charge of gold colloids
can betailored according to the desired catalysts. The proper choice
of the reducing and stabilizing agent of gold is very important

control thepropertiesf the catalysts.

< washing

upport . dryin
>ad50rp“°,” Stabilized Au NPs _g, Aulsupport

HAUCI , /Support calcinatiort

+stabilizer reduction

+red.agent
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Gold colloids

Colloidal goldfirst appearedn Egypt and China ahe 5" and
was used to makruby glass and color cerami@sThe most famous
example is the pi gpnelcedbyiréduation bfe o f
HAuCI, with stannous chloriel Michael Faraday was the first who
published a sentific paper on goldatolloids. In 1857 he reported the
formation of deeped solution of colloidal gold®

Gold colloids have a strong adsorption band in \rstble
region, which is the origin of the observed red/purple colors of gold
nanoparticlegNPs)in solution. This absorption band results from the
collective oscillation of the conduction electrons in resonance with
the frequency of the incident elecimagnetic field and is known as
surface plasmon resonance (SPR) absorptidihe SPR frequency
(and the color of the gold nanopatrticle) depeodghe particle size,
shape and the nature of the surrounding mediu Gold
nanoparticles have been synthesized in various shapesplieres,
rods, cubes, plates, polyhedrons and wires. All shegsadifferent
physical properties (e.g. optical, electronar)d mechanical)The
most thermodynamically favored shape is spheri8agherical gold
NPs can be synthesized in various sizes from lnrutareds of
nanometers® Figure 2.1 shows the color of gold colloids with

different sizesand 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) the corresponding visible speci.LFa

In 1951 Turkevich reportedthe most frequently used
preparatio method for the synthesis of spherical colloidal gold
NPs® In his method HAuGlwas used as gold precursor and reduced
by citrate in water, where citrate also served as a stabilizer. This
method resulted 15mm gold NPs with narrow size distribution. Other
colloidal methods can be derived from the Turkevich method by

changing the stalizing and reducing agent, the preparation
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conditions, the type and the concentration of the gold precursor
producing gold NPs ith many different size¥

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 arwhditions.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 shied.relative rates
of nucleation and growth of the nanoparticles determine the size and
size distribution. For smalize and narrow size distribution needs
rapid creation of large number of nuclei before growth starts. During
the growth process the nucleation must be finisk#chng chemical
reducing agente(g. sodiun borohydrid@ generates smalpherical

nanoparticks’

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
chargepulky ligand

Sodium Tannic acid 6-7 anionicsurface charge 18

citrate bulky ligand

NaBH, PDDA 2-3 cationicsurface 19
chargepulky ligand

Sodium Citrate 1520 anionicsurface charge 16

citrate nor bulky ligand

"PVA: polyvinylalcohol; PDDA: poly(diallyldimethylammonium) chloride.
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Catdyst preparation via colloichdsorption

Gold colloids can beammobilizedon a support by mixing the
stabilizedcolloidal suspensiowith the supporfollowed by filtering,
washing and dryingColloids without immobilization may also be
used as catalyst liquid phase reacti@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 reducethis preparatiorprocesscan
be used on all type of suppofthe disadvantage of thmethod is the
need of thermatreatment before catalytic use to remove the organic
stabilizing shell which resultgglarticle sinteringn mostcases. Table
2.2 shows some exam@ef 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 okupporteccatalysts preparday gold soldeposition

das: mean diameter of Au nanoparticles.

Support  Stabilizer’  da, in the dauoOn support  Reference

sol (nm) after calcination

(nm)
Carbon THPC 2.9 4.3 20
Al,04 THPC 3.5 3.8 20
SiO, TC 6.5 6.7 21
CeQ 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 &cid
sodium citrate; PDDA: poly(diallyldimethylammonium) chloride; PVA:
polyvinylalcohol.

We have chosen this method, because we wanted to prepare
gold catalysts with different particle sizes ahts method allows us
to use the same method for all the reducible andreducible
supportsWith this method also Au/Sicatalyst 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 metaBimetallic catalysts appeared

promising in activity enhancement in many reactions through forming
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new active sites and inducing synetg effects.The preparation
methods of gold containing bimetallic catalysts may be divided into
three categorie$

1) no interaction between the two metal precursors in solution
(co-impregnatiorf>*®  co-adsorption of cation® deposition
precipitation?® photoreductioff);

2) interaction between the two metplecursorsthrough
surface reactiongedox methods)’

3) utilization of bimetallic precursors (molecular cluster
compound$®  colloidal  particles®®  dendrimei stabilized
particles?).

Bimetallic nanoparticlesmay result in different type of
structure: Au coriemetalshell, metal shéllAu core,alloyedstructure
and transition structures between them. The final structure of the
catalyst dependsn thetype of the second metal, tsequencef the
reduction and the further treatmentd8imetallic gold containing
colloids can be prepared imslar way like gold colloids alon€l'he
most often used metal combined with gold ar@®®t pd'622232627
but we can find some Gl Ag®® and RR? containing catalysts, as

well.

2.2 Reactions catalyzed by gold

Gold was thought to be inactive metal in catalyfis1823
Dulong and Thenard have publishée first studyabout the catalytic
power of gold in the decomposition of ammotid: Then in 1834
Michael Faraday haseportedthe reaction of hydrogen with oxygen

at room temperatureatalyzedby gold® In 1906 Bone et al.has
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studied again this reaction using ggiduze and later golpowder®*

The first report about the oxidation of carbon monoxidtalyzedoy

gold gauze at 573K wasublished” in 1927 but thévig breakthrough

in gold catalysis came in 1987 withe work of Haruta et &° who

has proved that supported gold nanoparticles are active at low
temperatures in CO oxitlan. Since then gold catalysts wpasoved

to be efficientin many other type of reactions from gas gdha

liquid phase.The most important reactions in which heterogeneous
gold catalysts can be applideksides total oxidation of CO and VOC,
are the hydrogenation reactions of alkenes, water gas shift reaction
and selective oxidations. The latter types otteas can be divided

into gas phase oxidation of hydrocarbons (alkanes and alkenes) to
oxygenated product which is important in environmental protection
and petrochemical industry; angartial oxidation of oxygen
containing organic molecules (mostly alots) 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 thahe activity of gold catalysts in this
reactiondepends on
8 the particle siz®
& theoxidation state of Ath
8 the typeand structure of oxide supp&rt
8 the interaction between gbparticle and the suppdtt

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 thdivity/ suface Au atom
(turn over frequency, TOR)f gold catalystincreasesxponentially
with the reducingsize of the nanoparticles below 5nnthere is a
sharp rise in activity beginning at ~5nm, as the gold particle size is

lowered from 20nm. The dpum sizefor gold particles i€ 3nm:*
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Figure 2.2. The effect of metainean particle size on tlgO oxidationreaction rate

normalized by surface metal atom. Comparison ofd gand platinum based

catalystsS.

2.2.1.2 The effect of the support

The chemical nature of the support plays important role
determining the activityOxide supports are divided into two groups
according to their reducibilityGenerally, the reducible oxid&€3e(,

TiO, FeOs etc. are considerd t o be fdactive supp

provide good activity for Au, whilghe irreducibleceramic oxides
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Si0,, Al,O3 can beregardedas inactive or much less active
supports™ showing moderate activity if the particles are ain
enough. However many exceptiorasn be found due tthe different
preparation method which results different maigbport interactions.

In the case of thmactive supports the oxygen adsorption was
suggested to happen on the defect sites of Aughahy the activity
shows stronger dependence on the disperdibe.reducibleactive
oxides which areable to act as oxygen reservoir, the microstructure
of oxide and the nature of mewlpport interface are of key
importance, since the oxygen activatby 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 gokide perimetef®

The crystalline form of the support also has an effect.
Comparing @ld nanoparticles supported on varidu®, polymorphs
(anatase, rutile and brookitehe Au anatase perimeteeems to be
significantly more active than the Abrookite perimetet’ 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 awditions and preparation methdds

The defect structure of oxides has important role in the
formation and stabilization of Au nanopatrticles. The activity of the
Au-oxid perimeter depends on the morphology of the oxide
componehregardless of whether it is supporting Au nanopatrticles or
decorating themGold on nanosized ceria prepared by DP is two

ordersof magnitude more active than gold on bulk ceria prepared by
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coprecipitation. Possible explanation is based on Raman spegiyos
measurement which showed the presence of superoxigy #6d
peroxide (3”) species only on the nanosized ceria support.

In our laboratoryAu sols for heterogeneous catalytic purposes
have been studiednd appliedfor the lastfew years'®'®* Gold
supported on mixed oxide supports such as,iT8iD, and TiO,i
SBA15 orCeGi SBA15 was prepred with special regard to ensure
intimate contact of the active oxide and Au on a high suréaea
amorphous and mesoporo8¢0,. A unique approach, the salled
localized oxide promotion of gold, has been established and
developed producing Au/Spaalysts that contain Ti©moieties on
Au particles due to the pestodification of preformed Au particlg$
This postmodification was done before or after the sol adsorption
step. It was concluded whah ehesea
as 0.2 wt% TiQ possess better CO oxidation activity than the parent
AU/SIO,, while at 4wt%TiQ content they are more active than
AU/TiO,, although the Au particle size for the latter sample was
unfortunately higher (sintering on Ti@ould not be prevented). At
low TiO, concentratiortransmission electron microscopyE§M) and
energydispersive Xray spectroscopyEDS) measurements proved
the presence of TiOpatches on Au particles while at higher FiO
loading Ti appeared both on Au a8dD, support. The enhanced CO
oxidation activity was interpreted as a result of laagd especially
active Au TiO; interface.

The surface OH groups anuktaffinity of the support tavater

is another aspect which can modify the catalytic propefties
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2.2.1.3 Mechanisms

There is not a unique mechanism f6O oxidation. The
mechanism may depend on the type of the catalysirdloneénced by
the reaction condibns and aso the moisture level. The suggested
mechanismsanbedividedinto two categorie&®

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 pthoeugh cooperative
adsorption of the reactants. The adsorption of thég @@ich induces
electronexcess on gold is followed by the adsorption of oxygen
without dissociationjn O, form. This type of mechanismould be
applied for irreducible oxides (S,, Al,O3) supported catalysts
becausethese supports are thought to be not involved in the
reaction>*°

Another mechanism proposefbr Au/Al,Os; requires Au®
cation at the edge dhe particle, carrying an OM group® An
oxygen molecule adsorkdissociatively on steps or defect sites of
metallic gold atoms. In the next step a CO molecule reacts via
hydroxycarbonyl ion, liberating CQand restoring thénitial 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 éed, the effect of chlorideon and TOFSIMS

measurements that detected Auénd AuQ'. > >?
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Figure 2.3.Reaction mechanism proposked Au/Al,O;catalyst by Kung et
altt

Theoretical studies on stepped Au(211) and Au(221) surfaces
of Aui, and Aw4 supported on MgO lead to the proposal of Eley
Rideal mechanisnt According to this proposal the gaseous oxygen
reacts with CO adsorbed on gold, throutife formation of the
metastablédi Oi 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 proposedmechanism where the support playan active
role in thereactionare more complicatedn these mechanisms the
role of the support is in oxygen activation, while CO is adsorbed on
metallic gold. The adsorbed CO and €@n react at the perimetef
the particle, at the goldupport interfacé® Some authorproposed

that thegold particlesare
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Figure 2.4.Mechanism proposed by Harwetal®

1254 (Figure 2.4), while otherssuggested thiagold 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 AuU/Ti®@ suggested Langmuiri
Hinshelwood mechanism, the rfi@ompetitive adsorption of the
reactants and the particle edges have been proposed as active sites
A proposal for the oxygen activation by tteglugble oxidesupposed
thatoxideion vacanciegxist on the surface where the €an adsorb
in O, superaide form near the gold surfac&his model is
reinforced by the deactivation of |
carbonate ions which block the surfam@on vacancies; and also by
deactivation caused by chloride ith

Bond and Thompson supposedtionic gold at the interface
beside metallic golavhichacsas a fAchemi cal gl ueodo ar
for the stability of the smaparticles™

Mechanism suggested faeria 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(lll)/Ce(IV) couple (Masi van Krevelen typeJ® The interaction is
more complicated when there is possibility of incorporation of
cationic Au into the ceria latticlorming Cey;; xAuxOz g type solid
solution®® Depending a the morphology (preparation method) of
ceria, different catalytic activities can be obtained: Yi and co
worker$® experienced using Au/CeOthat the CO conversion
depended on the shape (polyhedra, cube or rod) viz. thel gigstas

of CeQ. 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 cotreéions of Ad and

Au®*

2.2.2 Selective oxidation of D-glucose

Selective oxidation processe®present a large class of
organic reactions where the development of clean and efficient
Agreend processes can have a sigr
environmentalmpact.Catalytic oxidation of reducing sugars, like
glucose D lactose and- maltose over gold give products of greater
value. The oxidation product &F glucose, obtained by hydrolysis of
sucrose, starch and cellulpse gluconic acid(or its salt$ which is
used as watesoluble cleansing agents and as additives to food and
beverages. The annual gluconic acid production is abo@0®0
tonnesthat ismade by fermentation despite problems with separation
of the ferment, with control of bgrodwts am disposal of waste

water®®*®? These problems can be avoided by heterogeneous
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catalysts; moreover tilization of gold catalysts has an environmental

advantagé the reaction can be carried augting molecular oxygen or

air as oxidizingagentatmild (300 0 AC) reaction condi-t
The selective oxidation of glucose value added product is

important in industry and also in environmental aspecteedn

glucosei the most abundant monosaccharide in naturean be

derived from biomassrigure 2.5 shows the selective oxidatiavf

the aldehyde group of glucose ¢arboxyl group. The reaction was

extensively studié but the esults are not consistenand many

unclear questionisave emerged.

O oM

H——OH H——OH

HO——H ©2 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. publish&dthe highly efficient utilization of
gold caalyst in thereaction 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 selpoisoning and metal leaching were also avoitfé*
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Alkaline condition was essential for high activity but the reaction

proceeded also under uncontrolled. $£F

TOF (1)

) T
3ooow~ - S
25007-""' |
1500+ — |
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7 1%AuC
5%Pd-5%Bi/C

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

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

catalyss and the effect of the pﬁ

The highest reaction rate with total selectivity to gluconic acid
was achieved at 50AC arsahdgHHalue. 5, a
side products (fructose, sorbitol, mannose, glycolaldehyde, maltose)
were formed® Kinetic studies on glucose selective oxidation resulted
in different conclusio s on the reactianl. mecha
publisked zero order reaction with respect gucose. 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 ati Z80wt% °’. The

results fitted a Langmuii Hinshelwood model.Rossi and his
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coworker§® found that the reaction rate is proportional to the oxygen
pressure and increased with glucose concentratiothe range of
0.05molL to 0.2mol/L, the estimated activation energy was 47
kJ/mol and EleyRideal mechanism was proposé&d

Themechanism suggestafterwardsnvolved G reduction to
hydrogen peroxide, which was experimentalgtected by Rossind
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. QHhave promoting effect on the activity in
aerobic glucose oxation. 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 oxidatigt®"*

Structure sensitivity of the reaction was studiedCmynotti et
al.”? Catalytic activityof Au colloids inversely proportional to the
diameterof Au nanopatrticles in theize range of 2.5 t6 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. e initial rates of the reaction were unchanged
compared to the rates observed withsapported 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 goldsupport interaction was
declared to be essential for the formation of a stable catalyst
system™’*"> On the contrary other autrS® reported different

catalytic activity using different type of carbon supports with the
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same Au particle size indicating a specific metipport interaction.
Ishida et al. observed that gold particle size influencesctialytic
effect more significantly than the nature of the support comparing
carbon and different metal oxide supports such a®AFrO,, TiO,,
CGQ_76’77

2.3 Interaction of oxygen with gold

Chemiwrption 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 catalystslecular oxygen takes
part in the reactions ifiour possite ways?

1) adsorption on the support in an activated form next to gold
particle where the other reactant can be adsqfbi€s, CeQ,

FeOsetc.)

2) direct reaction wh the adsorbed reactt (Eleyi Rideal

mechanism)

3) formation of AU i O, by extracting charge from gold atoms

on very small gold particles

4) dissociative chemisorption to atorosa Au of below 2nmin

diameter

The often mentioned possibilifipr oxygen involvements the first

but strong reaction rate dependence on particle size support& the 3
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and 4" possibilities. Litle evidence supports the Eidideal

mechanisnt

2.4 Bimetallic gold catalysts in CO oxidation and

glucose oxidation

The catalytic perfonance 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 perSxided vinyl
acetat®’, selective oxidation of alcohdfs styrend, toluené?.
Other less intensively investigatedimetallic compositios as
AuPE3# AuAg®®, AuCU®, AuNi®’, AuCd®, AuRH®, Aulr®®, AuRu™
also presented superior catalytic properties to that of either
component separatelyostly in oxidation reactionsgn this section
we focus on AgAu bimetallic system in selected reactions regarding
that these were the subjectafr 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 B (PROX), oxidation of bexyl alcohol and glucose.
The increased activity strongly depends on the silver content of the
bimetallic catalysts in benzyl alcofidland glucose oxidatioft*4%°
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 inresence and absence of hydradfehi
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Regarding the AgAu structure Mou et al. reported the relevance of
the pretreatments: in oxidizing atmosphere@gdpond formation was
detected by EXAFS and afteeduction in H the silver oxide
disappears andealloying of Ag and Au was observéd® The
calcination and reduction temperature also affected the catalytic
activity in CO oxidatior?® Zanella and coworkers have studied TiO
and SiQ supported AvAg catalysts in CO oxidation reaction and
found that the support is not involved in the reaction as in the case of
the monometallic gold catalyst® 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 catalysf$ The best activity was
achieved when Ag/Au molar ratio was 3/1 and that was explained by
the strongest intensity of the,Ospecies on the catalyst surface
detected by electron paramagnetic resonance (EPR) techffique

In glucose oxidation Comott al. have reporté® 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 réforted
synergistic activity in glucose oxidation at high pH using carbon
supported Au/Pd catalysts prepared by impregnation in aqueous
solution. The synergistic effect was related to high Pd surface
content. Zhang, Toshima and theip-workers have extensively
studied unsupported, PVprotected bimetallic AuPd, AuPt, AgAu
and trimetallic AuPtAg nanoparticles in glucose oxidation
105106107.108109110 gynergistic activity has been reported in all three
systems at hi géwelptHr udther d@icd oAuwmPd



28 State of the art

catalysts were prepared by galvanic replaggnreaction method,
they shown excellent activity in the reaction. The authors concluded
that Athe anionic charge on the
the high reactivityo, based on
measurement; namely 0.25eV of Auw,4binding 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 /4 atomic ratio. The synergistic
activity increase was explad by the possible electronic charge
transfer from Ag in the core to the Au in the shell originating from
the ionization poterdl of Au and Ag (9.22 and 7.8¥, respectively),
however the XPS results showed binding energies corresponding to
zero valence A and Ag in the AgAu NP (Au 4% 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 reportedhan 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 energyof 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 einged Au atoms, and Ag atoms were
found positively charged in the trimetallic NFP&°

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 thetal

composition.

top
DFT
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In the case focolloidal catalysts, which were applied in
Zhangbés wor ks, the presence of st

reaction.

2.5 Preceding research in our research group

Professor Gucanitiatedthe researchronanosized gold catalysts
around 1997in the Institite of IsotopesThe 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 thee#lucible
active oxideperimeter in the CO oxidation reaction. These questions
were studied in SigSi(100) supported model systems prepared by
physical methods and in high surface area oxide supported systems
prepared by chemical methods, typicallging colloid adsorption
technique** These studies emphasized the importance of the size of
Au NPs not only in their own catalytic propertiégds shownon
Au/SiO,/Si(100) samples, where SiQcan be regarded inactive
support)*?*3 but its indirect influene on the own activity of active,
reducible oxide overlayer on gold nanopartided thinfilm (studied
in MOx/Au/SiO,/Si(100) type systems, wher®l: Fe, Ti and
Ce) HA41IS1GILIBY Tha influenceof the active oxide and Aaxide
interface  morphology was studied in TGiQoromoted Au/SiQ
applying amorphous and ordered mesoporous silica suppHs*?°
Au sol deposition was applied for Au introduction for providing
similar Au particle size and chemaicstate (vis. metallic) in the
different systems. The decisive role of the stabilizer shell and the

surface charge of Au NPs in the precursor colland the support
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weredemonstrated in directing the formation of the active perimeter.
Moreover, the highl dispersed nanosized TiQtabilizedeither on

the surface of silica surface, then interacting with Au nanopatrticles or
depositeddirectly on the Au surface provided perimeter increbse
specific activitycompared to that of present in LiGupported gold
catalyst** The effect of TiQ morphology was observed also in case
of Au supported on different well crystallised polymorphs of ;1O
Modifying the Au catalyst pormanceby combining Au with a
second metal in bimetallic particléss also been investigated in the
case of AuPd system on ,Auppodgint o
CO oxidation reactioh®?%*?® On SiQ 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 opalladium that may weaken the @ctivation ability. On
TiO, support this activity decrease was not detected, that was
attributed to @activation provided by the AuP@iO, perimeter.

The aims of the present work are significantly determined and
based onhe preceding activity of thBepartmensummarizedriefly
aboveand naturally on the results publishedtle literature 6 the
field. It is a continuation and extension of the preceding gold catalysis
research. The results and deductions gained for dhik gatalysts 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 reactionsfifsbisteps
in this approach the glucose seleetiwxidation was chosen as a
model reactionThe 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 ofTiO, promotion, modification witlfCeQ, was chosen

as another active ¢toperator of gold typically in total oxidation
reactions, which was studied primarily in the form of @eG@pported

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

unsupported bimetallic AuAg colloids.
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3 Aims of the work

The generalaim of the workwas the controlled preparation of
different structuresupported gold catalyster study their catalytic
adivity 1 structure relationship tanderstand bettg¢he nature of the
active sites andmprove theircatalytic perfaomance in the desired
reactions.

CO oxidation as a gas phase, total oxidation reactiod liquid
phaseselectiveglucose oxidation reactions weselectedas model
reactions

Supported gal catalystswere to be modified according to the
chosertest reactionThe individual steps of this research work were
as follows:

0 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.

0 For CO oxidation thedesign of catalytically active AuCeG
interfacewas planned in a special way, whegmosize Ce@is in
intimate contact with silica supported gold (invecagalyst).

0 Investigation of this inverse catalyst structure Hreleffect othe
active oxide (CeQ) concentration on the CO oxidationere
targeted.

0 For glucose oxidatiorthe peparation ofsupportedbimetallic

silver-gold catalystawith various Ag/Au nolar ratios was aimed.
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0 In the bimetallic catalysts he effect of altering silver
concentration on the structure and the glucose oxidation were

planned.

The following methods wereselected for the structural

characterization of the catalysts:

0 ICP-MS, XRF and PGAA techniques to determine the metal and
Ce(Q content of the catalysts

0 TEM and XRD measurements to calculdie particle size of the
metalsandCeQ;

0 HRTEM andSAED techniques to discover the structurevadtals
and CeQ@andthe metal oxide interace

0 UV-visible spectroscopyto observe the surface plasmon
resonance of the metal nanoparticles

0 X-ray photoelectron spectroscopy to determire tsurface
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 MiliQ water resistivity: 182 W cm at, 25AC
conductivity: 0056 S/ @tm 25AC (Millipore)
Metal precursors:

HAuUCI,L 3,8 (Aldrich)

AgNO; (Aldrich)

cerium(lIl) nitrate hexahydrate (Merck)
Stabilizing and reducing agents:

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

poly(diallyldimeghylammonium) chloride (BPDA) 20 wt% in

water(Aldrich) Figure 4.1. (b)

tannic acid CzeHs.04 M=1701.20 g/Mol (Aldrich;Lot
SZBA1240)Figure 4.1. (c)

sodium citrate (Aldrib)

NaBH, (Aldrich)
Supports:

silica (Deguss&erosil 2@, Davisil)

titania (Degssa P25 and Eurotita from Tioxide
International)

ceria nanopowdegAldrich)
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For glucose oxidation:

D-glucose(Aldrich)

NaCOs for the preparation of the buffer solutiaidigma
Aldrich)

NaHCG; for the preparation of the buffer solutigi®igma

Aldrich)

0.8 wt% Au/C catalystreference \(Vorld Gold Council is
prepared at Milano University (Italy) by deposition of gold sols on
high surface area carbon (X40S, 1208gh Gold content is 0)8t%
with average particle diameter 10.5 nm (TEM) / 6.7 nm (XRD).

For CO oxidation
CO and Qin He (Messer)

a b
cr
N n
" +
OH
N
HsC  CHs
Cc
o) I
ROb Gt R G C OH
O C o
R 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 stepf the preparation process

0 Preparation of the metal sol using métgrecursoy reducing
agent and stabilizing agent

0 Adsorptionof the solon the support with or without further
addition of PDDApolycation which carmodify the sirface
charge of the support or the colloid
Filtering, washing and drying
Oxidation andin several casesgduction treatment

4.2.1.1Preparation of the metal sols

Tannni citrate 1 stabilized gold sol

Tannin citrate stabilizedAu colloid (Aui TC) was preared by
reducingand stabilizing 16mL 0.32mMHAuCl,; at 6 0 Aw@h 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 stitriflge immediate
appearance of thed color of the sol evidendéehe reduction of Atf

ions.

PVAstabilizedgold and silversols
Monometallic Au(Aui PVA) and Ag solswere prepared by
addition of 12nL 25mM NaBH, solution to the mixture of 25 mL of
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6.0 mM HAuUCI or AgNO; precursorand 30 mL of 0.2 wt% PVA
solutions. Al the sols were prepared at 273 K in solutions cooled by

icy water.

Bimetallic AgAu sols

For formation of AgAu bimetallic nanoparticles consecutive
reduction method was applied instead ofreduction of the metal
precursors in order to avoid AgCl pipitate formation during the
preparation. For AgAu sols preparation different amount (2.5, 5.0,
10.0, 12.5 mL) of 6.0 mM AgN©&solution and 20 mL 0.2 wt% PVA
was diluted by 400 mL MilliQ water and proper amount of freshly
prepared 25mM sodiurborohydrideproviding BH;/Ag"™=2 molar
ratio was added under vigorous stirring. The reduction of idgs
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 NaBHad beerdecomposed, the mixture of
different amount (22.5, 20.0, 15.0, 12.5 mL) of 6.0 mM HAWId
10 mL of 0.2 wt% PVA solution was added followed by freshly
prepared 25mM sodiurborohydrideproviding BH;/Au®*=2 molar
ratio. This procedure resulted samples vairious Ag/Au atomic
ratios: 10/90, 20/80, 33/67, 50/50.
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Table 4.1. The quantity of the @agentsusedfor the preparation of the

bimetallic sols

Catalyst AgNOs3 First part HAuCl, Second part
6mM NaBH4 6mM NaBH4
(mL)  25mM (mL) (mL) 25mM (mL)
10AQQ0AU/SIQ, 2.5 1.2 225 10.8
20Ag80AU/SIQ 5 2.4 20 9.6
33Ag67AU/SIQ 10 4.8 15 7.2
50Ag50AU/SIQ 125 6 125 6

4.2.1.2Preparation of the supported catalysts

l. SiO,, TiO, and CeQ; supported gold catalysts

Two series ofSiO,, TiO, and CeQ@ supported Ausanples were
preparedby the adsorption ofappropriate amount othe above
described sols on the suppdis 2wt% Au loading Au-PVAsolwas
adsobedon

0 SiO; (Davisil) at pH 1.5 Au-SO,-PVA

o CeQ at pH5(Au-CeG-PVA

o TiO, (P25) at pH FAU-TiO,-PVA) and

Au-TC solwas adsorbedn

0 SiO, (Aerosil 200) Au-SiO,-TC)

0 TiO; (Eurotitania) Au-TiO,-TC) at pH 1.5

o Ce (AuCe( .TC) assisted by PDDA addition (0.4mL

20%).
The discoloration of the liquid phase indicated the complete

adsorption of Au nanopactes (NPs)AIll the preparation systems
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were filtered, washed thoroughiyith MilliQ water and dried at

60i 80 A CDifferent silica and titaniasupported samplesere
prepared to see that the different structure but same chemical
composition could influencthe activities.Table4.2 summarizes

the monometallic different oxide supporteatalysts used in the

first part of the work.

Table 4.2.The monometallic different oxide supported catalysts.

Catalyst Stabilizing Reducing Support
agent agent

Aui SIiO PVA  PVA NaBH, SiO, (Davisil)

Aui TiOZi PVA  PVA NaBH, TiO, (P25)

Aui CeGi PVA PVA NaBH, CeQ (Aldrich)

AuT SIG,I TC Tannic acid  Sodium citrate SiO, (Aerosil)
Aui TIOZI TC Tannic acid  Sodium citrate TiO, (Eurotitania)
AuiCeQiTC  Tannic acid Sodium citrate CeQ, (Aldrich)

II. Aln v er s edAuSOgatalysts

For the preparation of CeO Au/SiO, catalyststhe above
describedannincitrate stabilizedAu solswer e used as Apar e
in the next stepsWe used appropriate amounts of the sol to give 2
wt% Au suppored samples, while the cerium content of the samples
was planneda be varied between 0.5wt% and WB% CeD,. The
ceriumprecursor was introduced in two different ways.

In preparationmethod A (Ce& Au sol adsorption methodka
calculated amount of aqueasslution of 20mM Cenitrate was added

to the Au sols at room temperature under stirring, then the
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temperature was increased to°’®0within 1 h and kept there for 4
hours. Finally, the sol was cooled down to room temperature. When
the largest amount ofCelll) 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 precipgaDue to this experience blank
experiment singal 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 atpH=&as heated up t o a6dAC wh
started to hydrolyze as during the usual sol preparaten HCI was
added to set the pH=6.5 (the final pH of the parent gold sol). 20 mM
Ce(lll-ni trate was added dropwise to t
disperse precipitate was observaftier addtion of 0.6 ml of Ce(lll}
nitrate to 16 ml of blank solution. This white precipitate seemed to
dissolve by eyes upon additioh more Nacitrate (like in the case of
Au-Ce composite sol described above). The next sample with less Ce
content was preparedity more care, thus, the addition 20 mM
Ce(lll) nitrate solution to the Au sol was done drop by drop and
finally some additional citrate was added (half of the volume of actual
Céd nitrate added) and no changecofor was observed this time and
the solwas stable on the following days as well.

The adsorption of Geontaining Au sols (composite sol) onto
Aerosil SiQ was accomplished with the aid of PDD#olycation
Without this additive the adsorption of the sols on silica could not be
taken place. Ceatn amount of PDDA (depending on the actual sol,

usually 1.51.7 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
suspensiorand the white color of silica changed to red or reddish
purple as a sign of the successful adsorp@g@eompanied with
discoloration of the liquid phaséh 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 abaub then the solid
was separated by filtration, washed thoroughly with water and dried
for two days at 7.

In preparationmethod B (Au/SiO, impregnatedby Ce(NQ)s
method) the parent Au/Si@was further procgsed. The dried sample
was mixedwith the gpropriate amount of cerium nitrate solution at
50°C for 40 min, then the temperature was raised IG5 and the
water was allowed to evaporate (it took usuaHly Bours). Finally,
the Celoaded Au/SiQ samples were dried for 2 days af@0

Thus, caalysts with different Ce@content produced by method
A and B containednore or less the same Au loading of about 2wt%.
The samples prepared by method A denoted for instance by
ACe0.04 where the numbers at the end refer to Safdtent in wt%.

The sarples produced by method B are labeled in the same way but
with starting letter B. As references, w2% Au/Si0, and ~2 wt%
Au/CeQ were prepared the same way without addition of Ce

precursor. However, in the case of Gefhpport, the sol adsorption
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step wa done at pH~2Z (to increase the positive surface charge of

the support) without addition of PDDA polycation.

lll. Bimetallic AgAU/SiO; catalysts

Adsorption of the above deribed Ag, AilPVA and AuAg sols
on SiQ (Aerosil 200) wereassisted by PDDA additionAll
suspensions were filtered, the filtered cake washed thoroughly and
dr i ed aBefore6catdlydic tests the supported catalysts were
calcined in synthetic air flow at

treatment was carried out in hydrogen flodas 0 AC f or 30 mi n

Schemel. Schematic illustration of the planned prepamatprocess of the
SiO, supported bimetallic Agu catalysts

2.+ (HAUGH PVA) N1 ?/ N

) > , -
3.+ NaBH /J . i&
/7 SN
1. Ag szol: —
[AgNQ + PVA}NaBH
4.+ SiQ + PDDA
KQNR'TS

e
,_J

L0
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Schemel shows theconcept of the preparation process of the
AgAU/SIO, catalysts; however the final structure of thas different

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

Inductively Coupled Plasmai Mass Spectrometry

The Au and Ce content of the samples were firstly determined
using a doubldocusing inductively coupled plasmamass
spectrometer (ICIRS, ELEMENT?2). All measurements were made
using a Scottype spray chamber operating at room temperature and
a Meinhard concentric nebulizer. The dried catalyst sample was
dissolved using a 1 ml HNO3 ml HCIl and HF acid mixture and
heated up to 86C in water bath for 20 minutes and cooled down to
room temperature afterwardrior to the ICPMS analysis the excess
HF was removed. Aand Cestandards were used as referefice.

X-ray Fluorescence $ectrometry

The Ce content of threesamples was determined using
radioisotope induced -xay fluorescence spectrometry (XRF)
method?* applyinga very good correlation factor between 013
and XRF measurements. The Ce content of the samples wf Do
mg was measured adfAm ring source with 3.65 GBq activity was
used as excitation source. The emittegda)s were detected by a
Canberra 30165 type Si(Li)-kKay detector. The detector signals were
processed by a standard NIM electronics and cellebyy a Canberra
35plus multichannel analyser. Measurement time was 1800 sec. The

recorded spectra were evaluabgdthe AXIL softwaré?®.

*EzWMt ds k°sz°n°m Katona R:- beSt m®k ®®® kéar g
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CeQ contents of all samples were calculated from the Ce content
obtainel by the above techniques. (XRF and {&1B).°

Prompti Gamma Activation Analysis

About 50350 mg ofthe AgAU/SiQ catalyst was analyzed with
promptgamma activation analysis (PGAXS a nuclear analytical
techngue for nordestructive 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 seonds at the PGAA facilify’ of the Budapest Neutron
Center and the gamnrays from the radiative neutron capture are
detected with a Comptesuppressed HPGe detector. The energies
and intensities of the peaks the gamma spectrum were determined
with the HypermePC"?® program, whereas the element identification
and the calculation of the concentrations was done with the program
ProSpeR&°, utilizing our promptgamma analysis library’® Every
step of the measurement and the evaluation can be described with
statistical methods; therefore the uncertainties of the results can be

readily estimated from a single measurenfent.

Transmission Electron Microscopy

The distribution and size of goldjlver, bimetallic goldsilver

and CeQ particleswere studied by a Philips CM20 transmission

PEz%ton is k°sz°n°m Kocsonya Andr
‘Ez%ton is k°sz°n°m Mar -ti Bogl §r
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electron microscope (TEM) operating at 200 equpped with
energy dispersive spectrometer (EDS) for electron probe
microanalysis. The particle size distributiohthe NPswvas obtained

by measuring the diameter of about 300 metal particles. -High
resolution transmission electron microscopy (HRTEM) itigesions
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 asjueou
suspensions of the samples were didpd on carboitoated
microgrids for the investigations. In due casesi&alon was
dropped onto the gts and used for HRTEM referente.

X-ray Diffraction

The phase composition of crystalline components of selected
samples was investigated byry diffractionusing a Philips Xpert
powder diffractometer with CukK radiation { = 0.15418 nm). The
relativefraction of CeQand Au phases was characterized by the ratio
of the integrated intensities of the strongest pedkseG (111) and
Au (111)at2 U = 28. 7A and 38.3A, respect
for each phse was determined from the full width at half maximum

of the first peak using the Schereguation’

“Ez%ton is k°sz°n°m Geszti ®@3gletak ®s S§&fr
*Ez%t on is k°sz°n°m Gubicza JenRnek az XREL
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UV i Visible Spectroscopy

UV-visible absorption spectra of the sols and the supported
samples were recorded at ambient temperature using a dmédie
spectrophotometer (JASCO-550). The agueous suspensions of the
catalysts samples were dropped on a glass plate and after evaporating

water the UWvisible spectra of the samples were recorded.

X-ray Photoelectron Spectroscopy

Near surface compositiand chenical stateof the samples and
before and after reactiongere determined by XPS performed by a
KRATOS XSAM 800 XPS machine equipped with an atmospheric
reaction chambeAl KU ¢ h ar a ¢ay kne, 40s\t pass enkrgy
and FAT mode were appliedrfoecading the XPS lines of Af,
Ag3d, Ce3d, Cls Ols Si2p and T2p. The binding energies (BE)
were detemined relative to Cls at 285 eV in the case of £eO
Au/SiO, samples.Si2p binding energy at 103.3 eV was used as
reference for charge compensation in tase of the bimetallic SO
supported samplesThe 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 36G / 4 0 @afdmationin situand in the case of the
AgAU/SIO, samplesafter reductionin situ to get information about

the surface concentratisand the oxidation state tfie components
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Sensitivity factors given by the manufacturer were used for the

quantification’

High-performance liquid chromatography

Analysis of the reaction productsf glucose oxidationwas

performed by HPLC on a JASCO instrument equipped with a Jasco

UV 2075 and an ERC 7515A RI detector. A Hamilton -FA&H+
form cation exchange column was useithwaqueous succinic acid
0.11 mM as the elue t with 0.4 ml/ mi Ahef |
conversion was calculated on the basis of tomcentration of
gluconic acid produced and glucoseonsumed Under these
conditions selectivity was always 100 %.

The determination of the glucose and gluconic acid
concentrationswas carried out usin@ joint calibration curveof
glucose and gluconic acid;opmts of the calibration curvavere
recorded aknown conversios, because of the superposition of the
peak of gleose and gluconic acid at high conversions.

4.2.3 Catalytic tests

CO oxidation

The CO oxidation was measured iguartzplug flow reactorof
4mm inside diameterat atmospheric pressureonnectedvia a

differentially pumped capillary inletystem to a Balzers Prisma

"Ez%ton is k°sz°n°m Schay Zolt&nnak ®s
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guadrupole mass spectromet&@MS) 200. 30 mg catalyst was used
which was in situ calcined at 3 and 450°C in 20%Q 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 o
0.54% CO and 9.1 % n He at 55 ml/min with 2C/min ramp rate.
The pretreatment of the catalysts were perfornredsitu. The

conversion was calculated on the basis of the @@duction’

Glucose oxidation

Oxidation of glucose was carried out in aefmostated,
magnetically stirred batch reactdsubbling oxygen at atmospheric
pressurethrough the liquid phaséFigure 4.2). The reaction was
started by adding he cal ci ned ( 4o0dlcinddCand n ai r
reduced (350AC i ncaalystdatiegesatuattdor 30 m
solution. The okygen saturation washeckedby Hanna HI 9143
dissolved oxygen meter. pHas kept at a constant value 9.5 by using
carbonatebicarbonate (volume ratio: 2:3)uffer solution Typical
reaction parametemsere: Cpufer= 0. 1 M, T = 35 AC st |
1000 rpm,30 mL aqueoussolutionof glucose:C giucose= 0.1 M, O,
flow = 100 mL/min (1 atm).

Ez%ton is k°sz°n°m Stefler Gy°rgyinek a sef/
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Figure 4.2.lllustration of the reactor used for glucose oxidation reaction

The reaction is carried out under alkalinenditions where
silica support might have been dissolved. Experiment was made for
checking the dissolution of silica as follow80 mg Davisil silica
were mixed with 0.1 M carbonatgcarbonate buffer #m it was
stirred for 3 hours. The mixture was filtdre t hr ough a 0.2 O
diameter filter then the Si content of the filtrate was measured by
ICPi MS. 13 wt% of the silica dissolved after 3 hours of reaction. If
we consider a linear dissolution rate of silica, the amount of dissolved
silica is less tharl 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 conveniegbmpared to
titration with NaOH.The possiblenegative effect of the bufferas
investigated. Thebuffer 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 ratewas slightly higherwe 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 rad catalytic behavior of goldupported on
different oxidecatalystsare shownn the present chapteCatalytic
activities were investigatednd comparedh both CO oxidatiorand
glucose selective oxidation reactions. The aim of this part of work
was to aswer 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 toeselect
the most active catalyst for furtherodification in order taachieve

new cdaalysts with better performance.

5.1.2 Catalytic properties

Two series of catalyst samples were prepared Hgidal gold
deposition ordifferent supports (CeQTiO, and SiQ) with 2 wt% of
nominal gold loadingas it was detailed in Chapter Bhe catalysts
were tested and thgderformance was compared@® oxidation and
glucose oxidation reaction§he catalytiaesults can be seenTable
5.1
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Au supported on both TiKand CeQ@ was very activein CO

oxidationwith a emperature of 50% convéra (Tsg) of 3 0AC, 130/

and 57AC, 46 AC in case of PVA
respectively(Table 51). The behavior of AtSiO, catalysts was
different they were less activ8.he Au/C catalyst in CO oxidation

did not show act i \ecarbgn suppart startedltd® 0 A C

burn.

Table 51. Activities of thecatalystdn CO oxidation and glucose oxidation.

The catalysts were calcined at 400AC

Samples Catalytic activity

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

conversion (mmol/min) (mmol/mga./min)
(®

Au/C (WGC) I 35 147

Aui SiO,1 PVA 400 34 66

AuT TiO,l PVA 30 6 10

Aui CeO,l PVA 57 6 10

AuT SIO,I TC 308 25 42

AUl TiO,I TC 130 12 18

Aui CeO,I TC 46 14 23

and

w I
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5.1.2.1Glucose oxidation

The evaluation of the results bfjuid phase reactions more
complicated thanthat of the gas phase reactionghe required
temperatur e i s prdpeate@hiis iieivdeG 9 add.he ap
Under the actual reaction conditions only gluconic acid as product
was observed in its glucomsfiorm. No isomerization products were
detected

5.1.2.1.1Effect of catalyst mass

In case of the most active Au/C catalyisé teffect of catalyst
amount was studied between 10 at@@l mg. Reaction parameters,
such as buffer concentration, temperature, stirring, rgtecose
concentration and oxygen flow rate were kept constagure 5.1
shows the effect of catalyst amount in termsnitfial reaction rate.
The rateincreases linearly indicating that the reaction proceeds under
kinetic control in the whole rangen lfurther experiments 30 mg

catalyst was used.
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Figure 5.1 Effect of catalyst amoundtn glucose oxidation with Au/C, ¢
ter= 0.1 M, pH = 9.5, T = 2&LACIMstirring
O, flow = 100 mL/min (1 atm).

5.1.2.1.2Effect of oxygen concetnation

The efect of oxygen concentration wasudied by choosing
two different values of oxygen concentratioprovided by using
20%Qy/N, and pure @bubbling®*! The experiments were carried out
using Coufr= 0. 1 M, pH = 9.5, T = 35AC, s
glucose= 0.1 M. The reaction rate increases with oxygen concentration
as follows: 1@&08mBOMmI hmano,a0 %100 %
Dissolved oxygen{DO) meter was used to estimdtee rate of

oxygen dissolutionThe measurement was carried out in a separate
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experiment (Guter= 0.1 M, pH = 9.5, T = 35A
rpm, Cgucose= 0.1 M) because it was not possible during the reaction

due to the technical parameters of the DO m@tee. 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 sampleThis result confirms thahe overallreactionrate is not

limited by oxygen dissotion.

A typical glucose oxidation conversion curve is presemted
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 nonzero order reaction with respect to glucose 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
decreasesThe 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, cataly@mg 0.8 wt%
AU/C, Cpyer= 0. 1 M, pH = 9.5, T = 3&AC,
= 0.1 M,30mL reaction mixture®, flow = 100 mL/min (1 atm).

5.1.3 Comparison of the activity in CO oxidation

and in glucose oxidation

Figure 5.3 showscorrelation between th&sp 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 tlogver the activity of the
sampleis. The moreactive samfes in CO oxidation are leszctive
samples in glucose oxidatioithe apparent linear relation has no
physical explanation. The comparison of initial reaction rates of both

reactions would be more raingful kinetically; however the activity

st
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differences in CO oxidation are so large, that there were no

temperature found to measure all samples.

450
400 - .
o
o ]
° 350 ® AU-SIO2-PVA
i O
o 300 = AU-TIO2-PVA
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©
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Glucose oxidation initial reaction rate (mmol/min)

Figure 53. Comparison of activities in CO oxidation and glucose
oxidation. The higher th€& of 50 % CO cowmersion the lower the activity is.

Reducible oxides ceriaand titania ensure the highctivity in

CO oxidation, whereas silica is much less effective support. In
accordance with previous studiés the activity increases with
decreasingparticle size. In contrast, in glucose oxidation inverse
activity order was foundSimilar behavior was observed by Edwards

et al?? in the oxidation of hydrogen, where a quite fBecinverse
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 sampldsor explanation of thebservedoehaviorof
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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 dameterof the particles and the gold content of the
samples were determindy TEM and ICPMS, respectively(Table
5.2). After deposition on the support followed loglcination the
particle sizes of the prgrepared gold sols increaséml 57 nm in
case othe PVA stabilized samples andl3 nmin case othe tannin
citrate stabilized samples due to sinter{dgring calcinationk This
sol adsorptionpreparationmethodallows us to use the sanpee
prepared colloidal particlesh case of all support. Althougththe
sintering during the calcination necessarytfe removal of organic
materialsresults in bigger ge and broadesizedistribution compared
to the size of the original colloidepending 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 - - 2.2 N
Au-TC - - 6.7 N
Catalysts
Au/C (WGC) Activated 0.8 1200/0.8-0.9 10.5
carbon 3
Au-SiO,-PVA Dauvisil 1.7 300/15 7.8 N
Au-TiO,-PVA P25 2.3 55/nonporous 5. 3 N
Au-CeO,-PVA  Aldrich 2.2 80-100/ non 5.6 N
porous
Au-SiO,-TC Aerosil 2 200/ non 6.8 N
porous N
Au-TiO,-TC Eurotitania 2.3 125/3.6 13. 0 N
Au-CeO,-TC Aldrich 2 80-100/ non 8.0 N
porous

The effect of the catalytic reaction on the samples was tested.
XPS spectra wereecordedon the samples after calcination, before
glucose oxidation and on the spent catalysts after glucose oxidation.
The resultsconfirmedthe presence of goldn the surface of each
samplesThe surface atomic ratio of gold and the suppationwere

calculatel and presented ihable 5.3. The binding energy of Au was
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83N 0 eV in the case all sampleShe same amount of gold was
found on the surface before and after glucose oxidatimept Au
SiO,-PVA (Davisil supported Au sample) and AiO,-TC
(Eurotitania spported Au sample)rhus, we can supposeat here is
neither metaleaching norsintering duringliquid phase glucose
oxidation except of those samples, whdre surface Au/SiTi ratio

decreased

Table 5.3.Surface Au content of samples (measureXBg).

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

Rearding the silica supported samples the Au/Si ratio decrease
was not observed in the case of-8iD,-TC (Aerosil 200 supported)
sample. The difference between the behaviors of the silicas might be
due to their different structure. Aerosil 200 is a 4pamaus, very
small particlesize (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 wagpparted by the negligible
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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 AtBiO,-TC (Aerosil 200) the average particle size only
slightly increasedThe 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 Si@articles similar in size, part gdfiem
may be hidden for XPS but not for the glucase Q molecules.

In the case of the spent ABIO,i PVA, XPS did notindicate
the presence afarbondeposit ororganic residu¢hat may coverthe
Au surface In that samplehte decrease of th&u/Si ratio could be
due tometal leachingor sinteringduring the reaction.In order to
elucidate the reasori®EM imageswere takerand goldcontent was
measured after glucose oxidatioBased on the gold content
measurement by IGMIS leaching of the metal can bectuded.
Figure 54 and Figure 55 show typical TEM images (a) and particle
size distributions (b) of the A®iO,i PVA sample before and after
glucose oxidation. Comparing the figures some very large gold
particles (aggregates) of 3@ nm can be observededides 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 particlé In our case Auparticle migration
due toincreased mobility and aggregation may be the reasons of the
decrease in the surface Au/Si atomic ratio. However, particle
migration into the poregannotbe excluded because Davisil is a
poroussupport.Another aspect that we have &king into accounis

that about1 wt% of Davisil silicadissolvesin the reaction media
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which may reprecipitate on the gold surfadecreasing the Au/Si

atomic ratio.
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Figure 54. TEM image (a) and the size
distribution (b) of AuSiO,-PVA before

glucose oxidation

Figure 55. TEM image (a) and the siz
distribution (b) of AuSIO,-PVA after

glucose oxidation
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In the case oAui TiO,l TC (Eurotitania supported sampléjet
results show slight decrease in surface Au/Ti ratio after glucose
oxidationthatcould be dued some sinteringr 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 AluO,-TC sample was large
after calcinatiorand the distribution is quite broad that is why TEM
images did not show much chasgdt could be possible that the
small gold particles migrated into the pores, which cadserease 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 theinitial reaction rateof the catalysts in
glucose oxidation as the function of particle sid@her activity was

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

the function of Auparticlesize

Considering the possible explanations of the diverse bahavio
of the same samples in t@O oxidation and glucose oxidation
reactionsit 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 prprepared colloid particles is sphericaf 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 tlaege 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 siteshaezled.
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Figure 5.7. Effect of the support on the activity of the catalyistglucose
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 rangedn this study the Au/C reference catalyst gives
higher activity Figure 5.6) however,the silica supported catalysts
also work well indicating that weaknetal supportinteractionand
high surface aretavourthe reactionThe pore structure should also
play a role in the accessibility of the smaller particles in the pores by
glucose. In our systesnDavisil silica, Eurotitania and Activated
carbon areporous suppost Davisil silica hasl5 nm pore size and
gold particles could penetrate into the pores. Howevierthe
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 occutven so the activity of this sample is
the highest in glucose oxidation compared to the other samples.
Eurotitania is also a porous support wiBténm pore size. fis
supportwasusedwith 6/ 7 nm particle size gold sol considering that
most of the particke are outside of the pores but some of them could
be small enough to penetrate into the pofd® role of thesurface
area of the suppodould be that the support magsorb the reacting
glucose molecule facilitating the reaction as it wascussed by
Okatsu et.al.

Deposition of the same Au sol on different supports resulted
di fferent particle size after cal ci
support de to particle aggregatioand sintering. This behavior can
be observedlso at low temperature in the liquid phase reaction in
case of AuSiO, PVA sample, where larger particles or eggates
are shown in TEM imagefFigure 5.5). Particle migration on the
surface is hindered on reducible oxides after calcinatiorthe
catalyic reaction because of stabilization of the Au particles by
metal support interaction. On SpOsupport weak metasupport
interaction is supposed compared to ceria or titania.

5.1.5 Conclusions

In gold catalyzed total oxidation reactions as e.g. CO the
smaller @ld particle size and the reducible oxide supports favor the
activity. On the contrary, our results in glucose oxidation using,SiO
CeQ, and TiQ supported sol derived two different size gold particles

show that the Si@supported larger size gold is m@etive.
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The opposite support effect observed in the glucose oxidation
as compared in CO oxidation suggests different @tivation
mechanism in the two reactions and/or the presence of aimetal
support interaction in case of reducible oxides that modites
ability of Au for activating glucose and,Or'he results show that the
effect of the support is more significant than the small gold particle

size.



70 Results and Discussion

5.2 CeO,1 Au/SiO; inverse catalysts for CO

oxidation

5.2.1 Introduction

It is known andconfirmed byour resuls (Chapter5.1) that
reducible oxigs supported gold catalysts proviigh activity in CO
oxidation. In this chapter the role 6, was studied with the aim of
the preparation of highly active catalysts in the reaction. For this
reasonAu/SiO, powder catalysts modified by different amounts of
CeQ in a sgcial way, when nanosize Au is decorateith CeG
patcheswere prepard. We wished to investigate the catalytically

active Au CeQ interfacein CO oxidation

5.2.2 Catalytic properties

The CeQ i doped Au/SIO, samples prepared by method A
(Ce Au sol adsorption on SKp or B (Au/SiO, impregnated by
Ce(NGy)3) (see Chapter4.2) with different Ce loadingsand the
reference samples Au/SiOand Au/CeQ@ were tested in CO
oxidation.CO oxidation was used as a higkbnsitive tool to test the
presence of ALCe(Q active interface.
Table 5.4 contains data of metal loading of the samples together

with the particle size determined by TEM athe catalytic dataThe

Au content of the samples agrees reasonably with eaen and it is

close to the nominal 2 wt%. We are certain that the undetermined Au



Results and Discussion 71

loadings are around 2 wt%, too, because the discoloration of liquid
phase in the sol adsorption stepowedthat all Au nanopatrticles 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 CeG Ts00 (°C) Au
(Wt%) content after calc. after calc. particle
(Wt%) at300C  at450C  siz€ (nm)
ACe0.04 2.0° 0.04 121 6. 30N
ACe0.08 1.8 0.08 138 85 -
ACe0.16 1.8 0.16 76 83 8. 07K
BCe0.06 2.0° 0.06 - 140 -
BCe0.11 2.0° 0.11 - 70 -
BCe0.60 2.0 0.60 50 48 5. 73N
BCel.14 1.8 1.14 49 47 -
BCe2.64 1.9 2.64 44 44 6. 57N
BCe7.40 1.7 7.40 51 40 7. 15N
Au/Si0, 2.0° 0 - 401 6. 37N
Au/CeQ, 2.0 98 74 - 8. 00K

% nominal value
®: determined by TEM after calcination at 460followed by catalytic
run and only for Au/Ce@ after calcination at 46C followed by

catalytic run

The catalytic measurements were conducidtér calcination
treatments at 36C or 450C. Carbonaceous deposits remairmed
catalytic active sites were removed already at’Gd@ air, however,
when applying 45T calcination treatment, the G@eak centered at
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around 308C had anegligible tailig above 308C which means
insignificant organic material may heabeen 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 temperaires where 50% CO conversion was achieveg,fTas a
function of ceria content. 300 calcination/pretreatment temperature is
signed with empty, 45C calcination/pretreatment temperature is signed
with full symbols, respectively. Dotted line represertdvity of Au/CeG,
after calcination pretreatment at 360 The small inset enlarges the range
of 0-0.6 wt% CeQcontent.

Figure 5.8 summarizes the CO oxidation activity of the samples,
viz., the temperatureshere 50% CO conversion was achieveghdJ
asafunction of ceracontent. Data obtained after different calcination

temperatures and different preparation methods are distinguished but
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surprisingly lay on thesameline which sharply increases between

0.2wt% and0.5wt% CeO, meaning the decline of agty. The

numeric data are collected Table 54 The dottedinl i ne a
Figure 5.8 indicates the activity of the reference Au/Gesample.

We can state that enhanceadtalytic activity of Ce@modified

samples was found compared to Au/Ge€ferene sample at as low

as 06wt% of CeQ loading already. The very little 40vt% CeO,-

contenton the other side makes ACe0.8dmple already a more

efficient catalyst than the reference Au/&iO
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Figure 59. Representative conveos curves of samples prepared by method A
(Cd Au sol adsorption on Sip and B (Au/SiO, impregnated by Ce(N{R)
versus reaction temperature. The data were obtained after calcination
pretreatment at 45CQ. Note the extremely similar curves at Get@ntent

>0.6wt% for samples prepared by method B.
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The difference between the activities of themples is much
better discerriae looking atFigure 5.9 where a few representative
conversion curves obtained after calcination pretreatment &C450
are plotted agast temperature. The main issue is that after reaching
0.6wt% CeO,-content (by method Bthere is only a minor difference
between the catalystgurthermore, there is a slight difference in
favor of method A, because ACe0.8dmple exhilds better activity
than BCe0.06n spite of the higher Geontent of the latter.

Considering the formation of thective Au CeQ, speciesthe
structuralcharacterization of the catalysisas carried out in order to

understand the catalytic behavior of the samples.

5.2.3 Formation of Aui CeO, nanostructures on

silica support

It is certainly eyecatching (Table 5.4) that the final C&;
content of samples prepared by metho¢C& Au sol adsorption on
SiQ,) is very low and more than 10 times less than the intended
values (0.5wt%, Bwt%, 7.5wt%). Figure 5.10 shows that by nthod
A the attachment of all Geontaining components to the silica
surface was very limited. Thus, we prepared low loaded samples by
method B(Au/SiO, impregnated by Ce(N§) as well to be able to
compare catalystsynthesized 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/Si@ by cerium nitrate: all the Ceompounds

remain on theurface of the sample after evaporation of water.
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Figure 5.10. Measured Ceé) content of samples prepared by method A

(Cé Au sol adsorption on Sipversus intended Ceoadings

Let us consider what happens at the additioceoium 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 Ce®@ nanoparticles the main synthesis methods are based
on solution phase methods suah alcohothermdf® hydrothermal,
thermolysis processes. In hydrothermal route the starting precursor
can be Ce(lll), which is usually oxidized to Ce(IV) by thesgrece of
air or other oxidantdDue to the presence of bageovided at higher
pH, Ce(OH), forms, then Ce(OH)nucleation and growth takes place,
and finally the Ce(OH)particles formed dehydrate into CeQuring
heat treatmerl£****!*¢ Since Ce(IV) is more easily hydrolised than

Ce(lll), homogeneous precipitation can be initiated b@+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 pogcurs
cation and not by the pH, however, base is needed to complete the
hydrolysis. Ce(lll}hydroxide is a definite compound but Ce(lV)
hydroxide which can be described as @&M,0 is considered to be

a hydrous oxide which dehydrates progressiv&lyrimary particle

of hydrous ceria posses at pH<7.2 a positive surface charge thus
hydrous ceria is expected to adsorb anidhs

From the above references it is evident that the final oxidation
state ofhydroxide precipitates formed during hydrolysis is mostly
Ce(IV). However, Kockrick and eworkers® reported the formation
of nanoscale Ce(OH)particles inside micelle structuraf inverse
microemulsion using @rium(lll) nitrate and aqueous ammonia
Destabilization of microemulsion by acetone, filtrating, washing,
drying at 106C resulted Ce(OH)particles of 23 nm as was detected
by HRTEM (lattice spacing corresponded to Ce{fiydroxide).

We should keep in mind that theegence 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 Cdjl or stabilize Ce®@ or Cehydroxide
particles, as wefl*****42 CeQ, nanoparticles from cerium salt were
produced with citric acid as protective agent againsigbarmgrowth.
Ceriumecitric acid complex formation was suggested to occur first,
and after its hydrolysis cerium hydroxide sol formed where the

8144

nanoparticles were covered with citric atf Marcilly and ce

workers used also citric acid during ceria preparation while increasing
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the pH to the basicegion and applying fast evaporation of the
solvent at 78C. The particles formed this way were amorphous and
nanosize and containedainly Ce(lll) aswas detected by XP$>!4°

Note that in the above literature data the pH of the liquid phase was
basicduring preparation and €2e(lll) hydrolysiscertainlyhappened.

We beleve that the presenad Ce(lll) ionsin the Au solcan cause
particle aggregation and flocculation without hydrolyssed on the

work of Oladoja and cavorkers'*’

They assumed thatositively
charged speciesanstrongly adsorb mthe negativeainnin molecules,
can give effective destabilizatiorthrough neutralizatiorand 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 take place
simultaneously.

Consequently, it was not ascertained whether or neniCate
hydrolysed in our reaction conditiansMacroscopic particle
aggregation which was observed in our blank experiments and at the
highest cerium concentration does netessarily mean the formation
of hydroxide precipitate but it may reflect only charge neutralization
and flocculation of Ce(lll}tannincitrate complexesThe pH of the
Au sol was 6.5 which is still acidic so we ratlseiggestthat no or
only partial hydolysis happened to Gatrate in our experiments and
most of Ce(lll) was bound in a chelate complex with tannin (gallic
acid) and citrate. At lower Caitrate concentration complete charge
neutralization and so macroscopic precipitation does not happen
betveen the anionic organic molecules and cerium ions. In the

subsequent adsorption stepPDDA, a positively charged
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polyelectrolyte was used to recharge the ;SiOrface to be able to
bind Au particles covered by negatistabilizing spheré”?* The
final low Ce content of samples prepared by method A reflects that
Ce speciegany kind of them)do not favour the positively charged
polyelectrolyte covered solid and theather remain in liquid phase in
the filtrate associated with hydrolyzed negatively charged tannin
(gallic acid) and citrate ion3.he highest negative chardensityand
the highest concentration of cplaxing agents for Ce(lll) is located
around the Au articles, that is why the relatively low Ce
concentration is expected to be concentrated around Au.

In the case of method @\u/SiO, impregnated by Ce(N£p) the
gold nanoparticles were located already on silica wheHICaitrate
was added. The samplegere washed to removihe majority of
organic and inorganic residues and
however, negatively charged residushell around the gold can be
expected which may localize a part of addedrteate.

In both methods the finavolution of Au CeQ, nanostructures
takes place during calcination in air when all Ce species transform
into CeQ/Ce0.

5.2.4 Structure of the catalysts: particle size and
distribution of Ce species
In whatever form Ce species are present after drying, catmina
pretreatment to remove organic moieties transforms them into Ce
oxide. X-ray diffraction pattern of BCeZ0 and BCe2.64hown in

Figure 5.11 were taken after calcination at #80to check the
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presence of crystalline CeQ@nd Au) phases. Highly disgad Ce@Q

in samples of about 1 wt% Oeg and lower cannot be detected by
XRD. Crystallitesizes are listed ifiable 5.5 We could ascertain the
presence of cubic Ce@luorite structure with about 5 nm crystallite
size in bothsamples. The intensity ratiag X-ray diffraction peaks

for CeQ and Au for samples BCe7.40 and BCe2.64ase 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 Ce@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 8eO
not visible by XRD in BCe2.64, suggesting the presence of-aayX
amorphous paof CeQ.
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Figure 5.11. X-ray diffraction pattern of BCe7.40 and BCe2.64 after

calcination pretreatment at 48Dand catalytic run
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Table 5.5. The crystallite size for Au (¢) and CeQ® (d.eriy phases, and the
intensity ratio characterizing the volume fraction of the two phases

determined by XRD technique

Sam ple CIAu (n m) dceria (nm) Iceria“Au
BCe7.40 550.6 4905 1.790.16
BCe2.64 5.220.5 5.80.6 0.430.02

The nice, even distribution of individual Au particles is diga
seen inFigure 5.12 that depicts the TEM micrograph of Au/SiO
after calcination pretreatment at 460andcatalytic 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 intenadl the usual sudden
change in activity with Au dispersion £@-0i 5 nm). Accordingly,
differences in catalytic behaviazan be attributed rather to the
characteristics of Au/Cefnterface than the Au particle size itself.
Looking at the particle size digtutions of Au/SiO, and Au/CeQ
reference samples it is clearly seen that ceria modification induces a
kind of stabilization effect since the ACeGi SiO, systemshave
narrower size distributigrexceptfor ACe0.16which was the sample
obtained by the adsation of previously destabilized AuCe

composite sol.
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Figure 5.12. TEM image of the sample Au/SjOafter calcination
pretreatment at 450UC followed by a

particles is seen that is characteristic to all investigsdetples.

We already know that XRD detected crystalline ggihase
EDS measurements detected Ce and oxygen, as well, conventional
TEM measurements (not shown here) gave us a hint on the existence
of CeQ particles on silica surface of BCe7.40, but at dovCé
content only Au particles could be distinguished by TEM.

2

Figure 5.13. HRTEM of BCe7.40 with 7.4 wt% CeOThe 0.32nm period
lattice fringes represent Ce@rystals both attached to the Au patrticles (a),
and located, in large patches, on the, %D
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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(N£) and in the one with the lowest
Ce content prepared by method (€& Au sol adsorptioron SiO,).

The HRTEM micrographs of sample BCe7.40 are showRigure
5.13(a) and (b).Figure 5.13(a) reveals the presence of nanosize £eO
particles, in contact with the Au nanocrystsisfaces. Two thin slabs
with fringes can be observed partly coverithe Au particles in the
inset of the figure. The fringe period (0.32 nm) corresponds to the
(111) lattice spacing of cubic CeCFar from the Au particles, the
pure SiQ surface is also covered by thin Gegarticles of 515 nm

size as seen ifrigure 13(b) by the lattice fringes characteristic to
Ce(Q (111). Note that, although most gold particles are decorated by
fringes of Ce@®, we found Au particles with no sign &eQG. The
absence of fringes does not definitely mean the absence of €eO
may meanhat the crystallographic alignment of a Gesdystal is far

from a suitable zone,da. does nofavor lattice imaging. The sample
BCe2.64 also contained Ceg@articles both in contact with and
separated from the Au, but the amount of separate @a®les due

to the lower Céecontent.Figure 5.14 shows the HRTEM and EELS
elemental mapping resultef 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 contegsbns

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
Figure5.14( a) mar ked with Acoda@® fdo,
crystal is identified by its (111) kite fringes that is located on the
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silica, while, the Ce@particle shown in (cis attached to the Au. As
we go further to less Geontent (BCe0.60)Figure 5.15 with the
enlarged inset shows that the Gefppears mostly on or nearby the

Au surface, whi¢ 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 wi% GeOhe bright contrast
regions in (b) represent presence of Ce that corresponds to the regions with
0.32 nmiattice fringes in (a). (c) and (d) are enlarged frames from (a).
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Figure 5.15. HRTEM image of sample BCe0.60 with 0.6 wt% GdiDset:
magnified Au particle and associated-@éde as marked by the arrow)
representing that Ce® found mainly as atthed to Au and in the vicinity

of the Au particles.

To reveal the distribution of @& at extreme low cerium
contents is of crucial importance because theoretically it is very easy
to locate this amount of Gaxide on the high surface area Aerosil
SiO, without even any contact with Au particles. With this aim, a
sample prepared by method A @x% Ce) was also investigated.
HRTEM and EELS found no trace of ©&ide on silica, however, it
gave definite proof of Cefassociated to Au (the existence ofiAu
Ce(; interface) as it is presented kigure 5.16. Figure 5.16 (a), (b)
and (c) show the urifered HRTEM image, the EELS Omap and
the enlarged frame fAco from (a),
the Ce map (b) indicates a distribution of Ce exeklgiaround/on
the Au particles (see also the arrows). No remarkable signal of Ce
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was detected apart from the Au crystals. Furthermoreigare 5.16
(c) a single Au particle is seen (enlarged frame from (a)) with the

lattice fringes of Ce@nanoparticle®n its surface.

Figure 5.16. Unfiltered micrograph (a) and EELS Ce map (b) of sample
ACe0.04 with 0.04 wt% CeOThe bright contrast in the Ce map (b) marks
regions that contain Ce. The enlarged image (c) shows, @afiicles
(0.32nm lattice spacingon the Au crystal (from the center of (a)).

Practically no Ce@was found apart from Au.

We calculated thepossible maximumcoverage of Ce®
exclusively on Au surface assuming 2 wt% Au and 0.0326 wt% Ce
content and g=6 nm size particles. Using the wo of Stanek and
co-workers**® where the number of Ce atoms on GEQ1) surface
is given as 2.31 Ce atomg/avhere 3=05412 nm, and assuming

monolayer coverage of Cen Au (which is not the case), we














































































































































































