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1. Introduction
Catalytic reactions play important roles in our life. Catalysis
contributes to sustainable development through decreasing the energy
consumption of the processes and eliminating or at least dramatically
decreasing pollution from chemical and refining processes. The development
of selective, highly active catalysts working under mild conditions meets the
requirements of green chemistry. Application of nanoparticles and
nanostructures in catalytic materials may generate improved unique
properties.
Gold – the most stable among all metals – was thought to be inactive
in catalysis until Haruta’s discovery of the catalytic power of gold in carbon
monoxide oxidation when its size is in the nanometer range. Later high
activity of gold nanoparticles was demonstrated in various oxygen–transfer
and hydrogenation reactions. Gold catalysts have many advantages
compared to platinum group metals; it is resistant to oxidative atmosphere,
moreover gold has greater price stability. The performance of a gold based
catalyst is sensitively affected by many different structural properties that
must be understood and well controlled. As a result of research and
development nowadays supported gold nanoparticles are already used in the
catalytic converter of vehicles, respiratory protectors, in fuel cells operating
in electric vehicles and in chemical processes.
In my work I focused on comparison of supported gold catalysts in
two different type oxidation reactions; in CO oxidation and selective glucose
oxidation to gluconic acid to understand better the nature of the active sites
and on reaction specific modifications to develop more efficient catalysts for
the two reactions.
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2. Literature background
It is widely accepted that the activity of gold catalysts in CO oxidation
reaction depends on the particle size, the oxidation state of Au, the type and
structure of oxide support, the interaction between gold particle and the
support.1 The activity of gold catalyst increases exponentially with the
reducing size of the nanoparticles below 5 nm. The optimum size for gold
particles is 2–3 nm.2 The chemical nature of the support plays important role
determining the activity. Oxide supports are divided into two groups
according to their reducibility. Generally, the reducible oxides CeO2, TiO2,
Fe2O3 etc. are considered to be “active supports” since they provide good
activity for Au, while the irreducible ceramic oxides SiO2, Al2O3 can be
regarded as inactive or much less active supports;3 showing moderate
activity if the Au particles are small enough. However many exceptions can
be found due to the different preparation method which results different
metal-support interactions.
Selective oxidation processes represent a large class of organic
reactions where the development of clean and efficient “green” processes
can have a significant positive economic and environmental impact.
Catalytic oxidation of reducing sugars, like D-glucose, D-lactose and Dmaltose over gold give products of greater value. The oxidation product of
D-glucose is gluconic acid (or its salts). The annual gluconic acid production
is about 60 000 tonnes, that is made by fermentation.4 Utilization of selective
heterogeneuos catalysts allows the use of mild reaction conditions and
molecular oxygen or air as oxidizing agent and avoids problems with the
control of by-products and disposal of waste water, which are
environmentally advantageous.
First, Biella et al. published5 the highly efficient utilization of gold
catalyst in the reaction. In contrast with the Pt and Pd based catalysts
(exhibiting high activity but low selectivity), using gold catalysts gluconate
was obtained with 100% selectivity moreover self-poisoning and metal
leaching were also avoided.6 Comotti et al.7 reported that the support is of
1

G.C. Bond, C. Louis, D.T. Thompson, Catalysis by Gold; Imperial College Press: London, 2006.
G.C. Bond, D.T. Thompson, Catal. Rev. Sci. Eng. 41 (1999) 319-388.
3
R. Grisel, K.J. Westrate, A. Gluhoi, B.E. Nieuwenuys, Gold Bull. 35 (2002) 39-45.
4
S. Biella, L. Prati, M. Rossi, J. Catal. 206 (2002) 242-247.
5
S. Biella, G.L. Castiglioni, C. Fumagalli, L. Prati, M. Rossi, Catal. Today 72 (2002) 43.
6
Y. Önal, S. Schimpf, P. Claus, J. Catal. 223 (2004) 122–133.
7
M. Comotti, C. Della Pina, R. Matarrese, M. Rossi, Angew. Chem. Int. Ed. 43 (2004) 5812-5815.
2

2

limited importance in the origin of the catalyst activity in the oxidation of
glucose. However the gold - support interaction was declared to be essential
for the formation of a stable catalyst system. On the contrary other authors 8
reported different catalytic activity using different type of carbon supports
with the same Au particle size indicating a specific metal - support
interaction. Ishida et al.9 observed that gold particle size influences the
catalytic effect more significantly than the nature of the support comparing
carbon and different metal oxide supports such as Al 2O3, ZrO2, TiO2, CeO2.
So the results published on glucose oxidation by gold catalysts are not
consistent and many unclear questions have emerged.
The catalytic performance of gold can be modified by its combination
with a second (third) metal. Numerous publication reports on activity
enhancement of AuPd systems in different processes10. Other less intensively
investigated bimetallic compositions of Au with other metals (as Pt, Ag, Cu,
Ni, Co, Rh, Ir, Ru) also presented superior catalytic properties to that of
either component separately, mostly in oxidation reactions.1
In our laboratory Au sols for heterogeneous catalytic purposes have
been studied and applied for more than 10 years.11 Gold supported on mixed
oxide supports such as TiO2–SiO2 and TiO2–SBA15 or CeO2–SBA15 was
prepared with special regard to ensure intimate contact of the active oxide
and Au on a high surface area amorphous and mesoporous SiO2. A unique
approach, the so-called localized oxide promotion of gold, has been
established and developed producing Au/SiO2 catalysts that contain TiO2
moieties on Au particles due to the post-modification of preformed Au
particles.12 The aims of the present work are significantly determined by and
based on the preceding activity of the laboratory and naturally on the results
published in the literature of the field. The results and deductions gained for
the gold catalysts in CO oxidation as a model of total oxidation reactions is
to be investigated how show up or alter in a partial oxidation, in the other
large class of oxidation reactions, using glucose as a model organic
substrates. The other issues relate to two of the most important modification
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possibilities of gold catalysts, as active oxide promotion and interaction with
another metal in bimetallic particles. After the investigation of TiO2
promotion, modification with CeO2 was chosen as another active co–
operator of gold typically in total oxidation reactions, which was studied
primarily in the form of CeO2 supported Au systems earlier. On the other
side Ag as second metal in supported Au–based bimetallic system was
decided to investigate, because of the well–known own activity of Ag in
oxidation reactions and oxygen activation and on the other hand the
promising results on AuAg cooperation in selective oxidation reaction
reported in literature on unsupported bimetallic AuAg colloids.

4

3. Experimental
Preparation of the catalysts
Colloid adsorption method was used for the preparation of all the
samples. In the first step the metal sol was prepared by reduction of metal–
precursor in the presence of reducing agent and stabilizing agent. Then metal
colloids were adsorbed on the support surface with the consideration of the
surface charge of the support and the colloid. Next filtering, washing and
drying were carried out. Oxidation and (in several cases) reduction treatment
were applied to remove the organic residues from the surface. For
modification by oxide promoter the precursor was introduced either in the
Au sol before adsorption on the support or in the dried Au/SiO2. In the case
of modification by a second metal bimetallic colloids were applied for the
catalysts preparation.
Characterization techniques
The following methods were selected for the structural characterization of
the catalysts: ICP-MS, XRF and PGAA techniques were used to determine
the metal and CeO2 content of the catalysts; TEM and XRD measurements to
calculate the particle sizes; HRTEM, EELS and SAED techniques to
discover the structure of the metal – oxide interface; UV-visible
spectroscopy to observe the surface plasmon resonance of the metal
nanoparticles; X-ray photoelectron spectroscopy to determine the surface
concentrations and the oxidation states.
Catalytic investigations
The CO oxidation was measured in a quartz plug flow reactor of 4 mm
inside diameter at atmospheric pressure connected to a quadrupole mass
spectrometer (QMS). Temperature programmed reaction was performed.
The activity of the catalysts was described by the temperature required for
50% CO conversion.
Oxidation of glucose was carried out at 35°C, in a thermostated,
magnetically stirred batch reactor, bubbling oxygen at atmospheric pressure
through the liquid phase. Analysis of the reaction mixture samples
withdrawn at different reaction times was performed by HPLC. The initial
reaction rates were determined and compared.
5

4. Results
First, unmodified gold catalysts of two different gold particle sizes
supported on reducible (TiO2, CeO2) and irreducible (SiO2) oxides were
prepared and their catalytic behaviors were compared in CO and glucose
oxidation. A correlation was found between the temperature required for
50% CO conversion and the glucose oxidation initial reaction rate, the
activity order of the catalysts was reverse in the two reactions (Figure 1).
This result revealed that the known support and size effect in CO
oxidation is not valid for glucose oxidation. In the latter reaction weak
metal – support interaction is favored, the silica supported catalysts
showed higher activity than the ceria or titania supported ones. The higher
activity of the larger gold particles found in glucose oxidation is explained
by the different surface geometry needs for the larger glucose molecule
compared to CO.

Figure 1. Comparison of activities in CO oxidation and glucose oxidation. The
higher the T of 50 % CO conversion the lower the activity is.

In CO oxidation further development of the most active Au/CeO2
catalysts was carried out. For this purpose Au/SiO2 catalysts modified by
different amount of CeO2 in a special way were prepared, when nanosize
Au was decorated with CeO2 patches. High resolution transmission
electron microscopy (HRTEM) measurements revealed thin, nanosize
6

CeO2 moieties over gold already at extremely low 0.04wt% CeO2 loading,
which decreased the temperature of 50% CO conversion by 280°C
compared to Au/SiO2 parent catalyst. 0.16wt% CeO2 was enough to
approach the activity of the Au/CeO2 reference sample. At 0.6wt% CeO2
content the catalyst greatly exceeded the activity of the pure Au/CeO2 used
as reference. Further increase of the CeO2 content above 0.6wt% did not
change the activity significantly. HRTEM proved that up to this
concentration ceria is attached preferentially onto gold surface (Figure 2)
and further increase in Ce-loading caused CeO2 spread over the support
surface as well (Figure 3). Strong interaction of Ce species with stabilizer
ligands surrounding Au is suggested as the reason for CeO2 localization
on gold.

Figure 2. Unfiltered micrograph (a) and EELS Ce map (b) of sample Au/CeO2/SiO2 4
with 0.04 wt% CeO2. The bright contrast in the Ce map (b) marks regions that contain
Ce. The enlarged image (c) shows CeO2 particles (0.32nm lattice spacing) on the Au
crystal (from the center of (a)). Practically no CeO2 was found apart from Au.

Figure 3. HRTEM of Au/CeO2/SiO2 with 7.4 wt% CeO2. The 0.32 nm period lattice
fringes represent CeO2 crystals both attached to the Au particles and located, in large
patches, on the SiO2.

For the further development of the most active Au/SiO2 catalysts in
selective glucose oxidation the addition of silver to Au nanoparticles was
7

decided. AgAu bimetallic colloids were reported to show increased
activity in glucose oxidation but supported AgAu nanoparticles were
firstly applied in this work.
SiO2 supported AgAu bimetallic catalysts were prepared by sol
adsorption method with 10/90, 20/80, 33/67 and 50/50 Ag/Au molar
ratios. UV-visible spectroscopy and HRTEM proved that the reduction of
HAuCl4 in Ag sol resulted in alloyed AgAu colloid particles and their
alloyed structure remained after calcination and reduction treatment. The
AuAg bimetallic effect and its dependence on the Ag/Au molar ratio were
studied in glucose oxidation. Synergistic activity increase was observed
compared to the Au/SiO2 reference sample in case of the bimetallic
samples up to Ag/Au=33/67 molar ratio (Figure 4). Maximum activity
was reached at Ag/Au=20/80. Reduction pretreatment of the calcined
catalysts slightly affected their activity; however the activity order of the
samples remained the same. A reaction mechanism was proposed for
glucose oxidation over our silica supported silver–gold catalysts, which is
consistent with our experimental results and based on previous studies for
alcohol and glucose oxidation on gold catalysts reported in the literature.
The higher activity of the bimetallic samples is suggested to be caused by
the improved O2 activating ability provided by Ag sites. The further
increase of Ag loading above the optimal concentration may dilute or
cover the Au to such an extent that the number of gold ensembles
necessary for glucose activation decreases deteriorating the activity.

Figure 4. Catalytic activities of the AgAu/SiO2 samples in glucose oxidation;
T=35°C, pH 9.5, cglucose =0.1M.
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Characterization of the parent monometallic Ag sol by HRTEM and
Selected Area Electron Diffraction (SAED) showed the coexistence of the
commonly known face centered cubic crystal phase of Ag nanospheres
with the rarely observed hexagonal 4H–Ag structure in about the same
concentration (Figure 5). This hexagonal polytype of Ag has been
observed, to date, only in nanocrystalline and continuous films or
nanorods; in nanospherical form it was reported, to the best of my
knowledge, for the first time.

Figure 5. HRTEM image of the Ag sol. The particles marked with A and B with
corresponding FFT patterns represent fcc and hexagonal Ag phases, respectively.
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5. Thesis
1.) Inverse correlation has been found between the activities of supported
gold catalysts in CO oxidation and in selective glucose oxidation applying
two different size-ranges of reducible oxide (CeO2 and TiO2) and non–
reducible oxide (SiO2) supported gold nanoparticles. The type of the
support and the Au particle size both affects the activity of the catalysts in
glucose oxidation: the larger–size, non–reducible SiO2 supported samples
showed higher activity, in contrast with the known support and particle
size effect of gold catalysts in CO oxidation. [3,4]
2.) CeO2 decoration on SiO2 supported Au catalysts derived from Au
colloid provided higher CO oxidation activity at already 0.6wt% CeO2
content compared to the CeO2 supported Au catalyst, which is caused by
the thin, nanosize CeO2 in contact with gold forming higher activity
perimeter than bulk CeO2 with Au. [2]
3.) The activity of the CeO2 decorated SiO2 supported Au catalysts did not
change above 0.6wt% CeO2 content. Up to 0.6wt% concentration CeO2 is
attached dominantly onto the gold surface and further increases in Celoading caused CeO2 spread over the support surface as well. Strong
interaction of limited amount of Ce species with stabilizer ligands around
Au nanoparticles is suggested as the reason for CeO2 localization
preferentially on gold up to a given CeO2 loading. [2]
4.) AgAu alloy nanoparticles were proved to be formed during the
reduction of HAuCl4 by sodium borohydride in Ag sol at different Ag/Au
molar ratios. The alloy structure of the AgAu nanoparticles was retained
after adsorption on SiO2 support and subsequent oxidation and reduction
treatments. [1]
5.) SiO2 supported bimetallic AgAu nanoparticles of different Ag/Au
molar ratios were applied for the first time in selective glucose oxidation.
The catalysts showed synergetic activity increase up to Ag/Au =33/67
molar ratio compared to the monometallic SiO2 supported Au and Ag
catalysts. The activity of the catalysts was similar after oxidation and
reduction pretreatments. [1]
6.) The nanospherical form of hexagonal 4H–Ag crystal structure was
described for the first time. Reduction of AgNO3 with sodium-borohydride
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in the presence of polyvinylalcohol results in silver sol with face centered
cubic and hexagonal 4H crystal structured Ag nanoparticles in about the
same amount. [1]

6. Possible applications
Gold nanoparticles decorated by CeO2 are promising materials for
sensor applications (detection of CO and other organic gases) due to their
high activity and stability in room temperature CO oxidation reaction. The
bimetallic silica supported AuAg nanoparticles can be promising selective
glucose oxidation catalysts after improving the catalyst stability. For the
fabrication of nanospherical 4H-Ag crystals the preparation method
applied in this PhD research work is promising. This metastable structure
may have advantageous unique plasmonic properties compared to that of
the stable fcc Ag.
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