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Bulk gold is known as a metal of extreme nobility and, due to its electronic structure, one of
the chemically most inert elements. Therefore it has been considered catalytically inactive for
a long time and it’s mainly use has been as a coinage metal.[1] Nevertheless, already in the
1920s there have been reports about studies on the catalytic activity of gold. During this
decade Benton and Elgin reported about the catalytic synthesis of water vapor in contact with
metallic gold,[2] Hinshelwood and Prichard reported about the catalytic decomposition of
nitrous oxide on the surface of gold,[3] and Bone and Andrew about the union of carbon
monoxide and oxygen in contact with a gold surface.[4] Since all these reactions catalyzed by
pure, metallic gold took place at rather higher temperatures, between 130°C and 990°C, gold
as a catalyst for technical applications has not been predicted at this time. Especially, since
gold adsorbs neither hydrogen nor oxygen to a significant extent at ambient temperatures, via
dissociative chemisorption of hydrogen or oxygen, it was stated that gold cannot act as a
catalyst for oxidation or hydrogenation reactions at lower temperatures.[5] For hydrogen it was
found that dissociative chemisorption with the formation of atomic hydrogen occurs only
above 200°C. It was not until 1973 before Bond and Sermon reported the first time about the
ability of supported Au particles to dissociatively chemisorb H2 already at a temperature as
low as 373 K and, moreover, to be also an active catalyst for hydrogenation and
hydrocracking reactions at ambient temperatures.[6] Nevertheless, the observed catalytic
activity was still lower compared to the commonly used catalysts based on platinum group
metals. But, already at his time, these authors suggested the Au particle size being the
decisive factor for achieving highly active Au catalysts for hydrogenation reactions.[6] Only a
few years later, in 1976, it was once again P. Sermon who reported the first time that in
certain reactions and conditions gold shows catalytic activity which is significantly higher
than that shown by the transition metals, including platinum, nickel, rhodium, molybdenum
and tungsten, which are generally accepted as the more traditional catalysts.[7] Here special
attention was given to the hydrocracking of polyethylene over gold crystallites supported on
polyethylene itself, which has been more active at initiating hydrocracking compared to
supported Pt crystallites and also compared to pure polyethylene at temperatures below
600 K.[7]
Possible applications of gold as a catalyst have also been discussed already at this time by
G.C. Bond[5] and J. Schwank[8], both ending at the conclusion that gold shows very interesting
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properties and high activity for oxygen transfer reactions, here especially the oxidative
dehydrogenation.
It is often stated, and commonly believed, that the catalytic ability of gold was revealed in
1987 by Haruta et al., who reported about the activity of novel, metal oxide supported Au
catalysts for the CO oxidation reaction already at temperatures as low as -70°C.[9] As
described above, this was not the first time that the extraordinary catalytic performance of
gold catalysts was reported. But it have been in fact the reports by Haruta and his coworkers,
which brought the breakthrough in the scientific interest in gold based catalysis, which is
unbroken since this time and still increasing.[10] Also in the following years, it was mainly this
group which focused on the catalytic performance of supported Au catalysts and which could
show the extraordinary high activity for several reactions catalyzed by gold nanoparticles
supported on metal oxides already at very low temperatures, e.g., the CO oxidation,[9;11;12] the
H2 oxidation,[11] the water-gas shift reaction,[13] or the selective[14;15] and total[16;17] oxidation
of hydrocarbons. In agreement with the early proposal of Bond and Sermon,[6] they also
explained this high activity by the presence of gold nanoparticles with diameters in the range
of a few nanometers (< 10 nm) which are in contact with and immobilized by the underlying
metal oxide support.[9;11;12;17]
Since this time the efforts in understanding the origin of this high activity and also in
preparing still better Au catalysts for many reactions, mainly various oxidation and reduction
reactions already at low temperatures, grew rapidly.[10;18] The most prominent and most
investigated examples for this are the water-gas-shift reaction,[19-22] the (preferential) CO
oxidation,[9;12;23;24] and the selective as well as the total oxidation of hydrocarbons.[14;17;25]
Among these, the CO oxidation over supported Au catalysts, such as Au/TiO2, Au/CeO2 and
Au/Fe2O3, is the most extensively studied reaction, which is often used also as a test reaction.
In recent years, these Au/MexOy catalysts have been proposed and investigated as promising
candidates for applications in fuel gas processing, for the removal of CO from H2-rich feed
gases for low-temperature fuel cells, e.g., by the water-gas shift reaction[21;26-28] or by the
preferential oxidation of CO.[29-31] For further possible applications of Au based catalysts,
which exist for quite a number of reactions in the meantime, one may find extensive
information in the review articles about commercial aspects of gold catalysis by Corti et
al..[32;33]
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Despite extensive efforts to unravel the reaction mechanism and the physical origin of the
high activity of supported Au catalysts, essential features of the reaction are still under
debate.[18;34;35] Open questions are for example i) the pronounced effect of the Au particle size
on the catalyst activity,[36] ii) the nature of the active Au species, iii) the role of the support
material and of metal-support interactions and their influence on the catalytic performance of
the corresponding Au catalysts and its role in the reaction process,[37-42] and, for oxidation
reactions, in particular, iv) the activation of oxygen and the active site for oxygen activation
as well as the nature of the resulting active oxygen species.[42-44]
(i) The pronounced role of the Au particle size was explained, e.g., by quantum size
effects,[45] a high activity of under-coordinated Au atoms at corners and edges,[46-52] or the
increasing perimeter length at the interface between Au nanoparticles and the underlying
support material with decreasing gold particle size.[42]
(ii) The active Au species during catalysis may either be metallic Au nanoparticles or
ionic/partly charged Aun+ or Auδ- species.[41;53-56] For instance, while most groups agreed on
small Au0 nanoparticles as reaction dominating species during the CO oxidation reaction (see,
e.g., Refs. [18] and [34]), other groups proposed that cationic Au species play an essential role
in this reaction.[54;57;58] Also for the water-gas shift reaction, small Au0 clusters and metallic
Au0 nanoparticles[59-61] as well as ionic Aun+ species[19;62] were proposed to represent the
active center of the Au/CeO2 catalysts. Moreover, for metallic Au0 nanoparticles, undercoordinated sites on the Au nanoparticles,[50;52;63] support induced strained Au,[47] or
‘perimeter sites’ at the interface between Au nanoparticles and the metal oxide support[17;37;39;52;58;64] (or step sites at the perimeter of the interface)[65] were suggested as active
sites. Obviously, the nature of the active site determines also the particle size effect described
above, since the total amount of each kind of possible active site proposed above is somehow
correlated with the Au particle size. As will be discussed in more detail below, there is always
interdependence between individual parameters affecting the catalytic activity and it is hard to
unravel individual effects on the catalytic performance.
(iii) The same is true when looking at the role of the support material on the catalytic
performance of the corresponding Au catalysts. Based on numerous studies, there is no doubt
that the support has a pronounced effect on the activity of these catalysts.[37;66-71] Open and not
yet resolved is the exact nature of this effect. Testing a variety of Au catalysts supported on
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different metal oxides for their activity in the CO oxidation reaction, Schubert et al.
distinguished between two major groups of support materials, reducible materials leading to
‘active’ catalysts and non-reducible materials resulting in ‘inactive’ (or little active)
catalysts.[37] The difference was tentatively attributed to the different ability of these materials
to create oxygen vacancies on the support, close to the Au particles. These have been
proposed to represent active centers for oxygen activation during the CO oxidation
reaction.[37;72] However, there are a number of different possibilities for the support to modify
the activity of the catalyst. In addition to directly participating in the reaction, the support may
affect the reaction also indirectly, by influencing the shape and size of the Au nanoparticles
during the catalyst preparation and activation procedure, via metal-support interactions,[46;51]
by support-induced strain in the Au nanoparticles,[47] or by charge transfer from or to the Au
nanoparticles,[73] resulting in the stabilization of ionic Au species.[58;74]
(iv) Furthermore, while there is general agreement that CO is largely adsorbed on the Au
nanoparticles (only for very low temperatures / high CO partial pressures CO is also adsorbed
on the support material),[75] the activation of O2 for the reaction is equally unresolved. It is
likely that the performance and activity of these catalysts depends sensitively on the oxygen
content of the surface-near regions of the catalyst.[26;76;77] This is particularly true for
oxidation reactions on supported Au catalysts, where the activation of oxygen is considered to
be the rate limiting step.[43;78-80] More detailed information on this topic, however, which
would be highly relevant for the mechanistic understanding of these catalysts and the
respective reactions, is scarce, and little is known on the optimum surface composition, i.e.,
the surface composition of the catalyst in its active state. Hence, there is particular interest in
details about the process of activation of molecular oxygen during oxidation reactions over
supported Au catalysts, especially in the active site for this oxygen activation and in the
nature of the catalytically active oxygen species present under working conditions.[42-44;81] So
far it has been proposed that it may be either i) oxygen adsorbed on gold (atomic or
molecular),[45;50;82;83] ii) oxygen adsorbed on the support, most probably located at perimeter
sites at the interface between gold particles and support, also either atomic[84] or
molecular[38;44;75] (resulting in a surface peroxide or superoxide species if adsorbed
molecularly on an oxygen vacancy[37;85;86]), or iii) lattice oxygen as proposed in the case of Au
catalysts supported on CeO2, directly pointing to a Mars-van Krevelen like mechanism for CO
oxidation over these catalysts.[87]
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Obviously, there is an ongoing discussion on all of the open questions listed above and the
origin of the high catalytic activity of supported Au catalysts is still under debate. It also
becomes clear that all these possible effects on the catalytic activity may affect each other
and, therefore, it is rather difficult to study individual effects on the overall catalytic activity.
As a logical consequence, the underlying reaction mechanism for the CO oxidation over
supported Au catalysts is discussed equally controversial, with the adsorption of CO on the
Au nanoparticles being the only reaction step which is generally recognized.[18] According to
C.T. Campbell ‘The beauty of knowing a mechanism is that it gives an intelligent way to
extrapolate kinetics to unknown conditions. Also, it gives a detailed, fundamental
understanding of the reaction that might be valuable in devising schemes for improving
activity or selectivity, be they by changing reaction conditions or by modifying the
catalyst’.[88] Bimolecular catalytic reactions are often described in terms of one of the three
fundamental reaction mechanisms, the Eley-Rideal mechanism, the Langmuir-Hinshelwood
mechanism, and the Mars-van Krevelen mechanism.[89] The latter mechanism, where one
reactant is adsorbed and reacts with the second reactant provided by the support, e.g., surface
lattice oxygen, which is subsequently replenished from gas phase molecules, was originally
introduced to describe, e.g., oxidation reactions on metal oxide catalysts,[90] but has in the
meantime also be proposed for supported catalysts.[89;91-94]
Remediakis et al. postulated two different pathways for the CO oxidation over supported Au
catalysts, a ‘gold-only mechanism’ and a ‘metal/oxide boundary mechanism’.[40;95] Their
calculations showed stable adsorption of O2 species both at the interface between the Au10
cluster and rutile TiO2(110) and also on the Au10 cluster, though with different stabilities.
Subsequent reaction with COad was found to be possible on both sites. In the ‘gold-only
mechanism’, reaction takes place only on the Au nanoparticles, at low-coordinated Au sites
such as corners or edges. This mechanism was proposed to be active on all Au catalysts,
independent of the support material. Nevertheless, as described above, the support can
indirectly affect the catalytic performance also in the ‘gold only mechanism’ via support
induced modifications of the Au nanoparticles, e.g., via charge transfer or strain effects. In the
‘metal/oxide boundary mechanism’, oxygen is adsorbed and activated at the interface between
Au and the metal oxide support. Due to the charge transfer to the adsorbed O2 species, this
results in negatively charged O2 species. Such superoxide (and peroxide) species have already
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been proposed to represent the active oxygen species for CO oxidation by Liu et al. for a
Au/Fe2O3 catalyst.[43] Furthermore, they were identified on different metal oxide supported
Au

catalysts

by

electron

spin

resonance

(ESR)[96]

and

Raman

spectroscopy

measurements.[44;85] Since in this case oxygen adsorption takes place on the support itself,
which therefore directly participates in the catalytic reaction, the contribution of this pathway
depends strongly on the chemical nature of the support. Depending on the reaction conditions,
on the preparation and pre-treatment procedure and on the structural and chemical properties
of the catalyst (Au particle size, support particle size, chemical nature of the support), the one
or the other pathway was proposed to dominate.[40;95] Also Boccuzzi et al. proposed two
reaction pathways to act in parallel, one comparable to the gold-only mechanism described
above, including adsorption of CO as well as adsorption of O2 directly on the Au particle,
forming a CO·O2 adsorption complex which then may further react to CO2, and a slower
pathway according to a Mars-van Krevelen mechanism with lattice oxygen being the active
oxygen species during catalysis.[97]
The dynamics of complex catalytic reactions, which are important for the mechanistic
understanding, are hardly accessible from normal reaction studies. Since steady-state kinetics
of a complex catalytic process are usually related to the rate-determining step only, they do
not provide detailed information to individual processes.[98] Hence, to understand the kinetics
of a sequence of elementary reaction steps in catalysis, transient methods are necessary.
Already in 1974, H. Kobayashi and M. Kobayashi stated that for heterogeneous catalyzed
reactions, which usually consist of several elementary steps, including the adsorption of
reactants, surface reaction and desorption of the products, transient response methods provide
more conclusive information on the true mechanism than steady-state experiments.[99]
According to C.O. Bennett ‘it is evident that we must carry out transient experiments to
understand transient behavior’.[100] Possible techniques to study the surface dynamics of a
heterogeneous catalytic reaction in operando at atmospheric pressure are, for example, the
‘steady-state isotopic transient kinetic analysis’ (SSITKA), which allows to measure the
concentration of the active reaction intermediate species and also the velocities of elementary
steps in the overall reaction,[98;101] or step-response transient experiments.[102] Nevertheless,
the time resolution of these techniques is well above seconds,[103;104] and transient experiments
only give information on single processes which are slower than the imposed transient.[105]
Moreover, due to the performance of these measurements at atmospheric pressure, the total
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amount of reactive gases is rather high. Accordingly, adsorbed active surface species which
desorb and/or react very rapidly and, hence, which are present on the catalyst surface only at
low concentrations, may not be detected.[106;107]
This was changed with the introduction of a new experimental method, the Temporal
Analysis of Products (TAP) reactor, by Gleaves et al.,[108] which allows the dynamic response
of catalytic reactions to be studied on a millisecond to second time scale and with very low
amounts of molecules in the gas phase.[108;109] During these measurements, well-defined gas
pulses of 1013-1019 molecules are emitted to a catalyst bed under high vacuum conditions, and
the broadened pulse emerging at the outlet of the reactor is detected and analyzed by means of
mass spectrometry.[110] Therefore, the time resolution as well as the sensitivity in TAP
experiments is higher than in SSITKA or step-response experiments.[98;105]
During TAP experiments, the time dependent gas flow of educt and product molecules at the
reactor outlet is measured. Hence, it is possible to obtain information on chemical
transformations that have occurred in the micro-reactor (by evaluating the composition of the
measured flow) and, at the same time, on the gas transport and the kinetics of individual
processes (by evaluating the pulse shape).[106] Moreover, it is possible to decouple mass
transport and chemical kinetics by comparison to an inert gas, e.g. Ar, which is not interacting
with the catalyst and typically included in every gas pulse.[106;108] This way, kinetic
parameters of individual elementary steps in a complex reaction network, such as reversible
and irreversible adsorption or surface reactions, can be obtained.[109] This method has been
applied for numerous studies on the mechanism and dynamics of adsorption and catalytic
reaction processes on catalyst surfaces in the meantime (see, e.g., Refs. [98] and [109;111]
and the following papers in that Special Issue). In recent years, this method was applied also
for studies of the CO oxidation reaction on Au/TiO2 catalysts, mainly by Olea et al..[112-116]
The authors of these studies concluded that i) O2 and CO adsorb reversibly at room
temperature and above (irreversible molecular oxygen adsorption only at high pulse
intensities), while CO2 was proposed to adsorb irreversibly as carbonate like species, ii) CO
does not react with lattice oxygen, iii) the lifetime of adsorbed CO is long enough that it can
react with a subsequent O2 probe pulse (determined by pump-probe experiments with time
delays between 50 and 10.000 ms between CO and O2 pulses), and iv) the reaction involves
molecular oxygen as reacting species. These results were mainly obtained by the careful
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evaluation of the pulse shape of the different gaseous species detected at the reactor outlet,
after diffusion processes and adsorption-desorption processes were decoupled.[106]
Another approach to study the mechanism of heterogeneous catalyzed reactions in TAP
reactor measurements is a fully quantitative evaluation of the amount of molecules at the
reactor outlet. This way, the absolute amount of educts consumed and products formed within
every single pulse can be determined. Moreover, due to the very small amount of molecules
per pulse, even very small amounts of reactants which are reversibly or irreversibly adsorbed
on dispersed catalysts under ultra high vacuum (UHV) conditions can be detected. Following
this approach, Kotobuki et al. demonstrated that Au/TiO2 catalysts are able to reversibly store
and release active oxygen on the surface upon adsorption from O2 or reaction with CO,
respectively.[42] This active oxygen was stable against desorption at least up to 80°C.
Furthermore, they could show for Au/TiO2 catalysts with varying Au nanoparticle size, but
similar Au loading, that the amount of reversibly deposited ‘active oxygen’, the oxygen
storage capacity (OSC), as well as the reactivity of the Au/TiO2 catalysts scale about linearly
with the perimeter of the interface between Au nanoparticles and TiO2 support, providing
strong support for a mechanism where oxygen activation and its reaction with CO occur at
these perimeter sites.[42] At this point, it is important to realize that these amounts of oxygen
stored on the Au/TiO2 catalysts can not be detected by any technique under continuous
reaction conditions, since the amount of molecules in a continuous gas flow is too high and,
therefore, the time required to deplete or refill the active oxygen is much too short to resolve
the initial CO or O2 consumption in titration experiments.[107] For example, in the activity
measurements at atmospheric pressure described by Kotobuki et al., the gas flow for CO or
O2, respectively, is about 1.6×1019 molecules·min-1 (60 Nml·min-1; 1% CO, 1% O2, rest
N2).[42] Hence, when using 50 mg of catalyst (normally between 0.5 and 50 mg catalyst are
used for kinetic studies), it would take well below 1 s CO exposure to remove the reversibly
stored oxygen on the Au/TiO2 catalysts used in the above mentioned study, while the time
resolution in the GC measurements is about 17 min (one sample taken every 17 minute). For
mass spectrometric detection, the time resolution would be significantly better, but also there
the time constants of the reactor and detection set-up would prevent the detection of the active
oxygen stored on the catalyst surface. Accordingly, an earlier attempt to detect and quantify
the OSC via transient IR measurements at atmospheric pressure had failed.[107] This
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demonstrates clearly the unique potential of TAP reactor measurements to detect and quantify
even very small amounts of adsorbed surface species.
The objective of the present work was to gain further insight into the mechanism of the CO
oxidation reaction over metal oxide supported Au catalysts by means of quantitative TAP
reactor measurements. Special attention was given to the formation and nature of the active
oxygen species for CO oxidation, which is present on the Au catalysts during working
conditions. This is the most intriguing open question up to now, since its answer will also
allow to unravel how the above listed factors (particle size effect, support effect, etc.)
influence the catalytic activity, e.g., by their impact to form active oxygen species on the
catalysts surface. To gain more detailed insight especially in the process of oxygen activation,
the CO oxidation over various supported Au catalysts was investigated using a highly stable
and reproducible TAP reactor system, which was developed and built-up in our institute by
R. Leppelt et al..[110;117] Applying TAP multi-pulse experiments, by admitting sequences of
O2/Ar or CO/Ar pulses to the catalyst in order to deposit or reactively remove active oxygen
from the catalyst surface, respectively, it is possible to investigate separately reduction and
oxidation processes during the CO oxidation on a powder catalyst. Hence, one can distinguish
between the activation of oxygen / formation of active oxygen and the reaction of CO with
previously formed active oxygen. At the same time, the OSC of the catalysts and hence, the
total amount of active oxygen present on the catalyst surface at a given temperature can be
determined. Moreover, the OSC can be correlated to the CO oxidation activity of the
corresponding catalyst, which is determined by sequences of simultaneous CO and O2 pulse.
Comparative studies of the OSC and the catalytic activity, and possible correlations between
these values enable to check, whether the same active oxygen species is used for the oxidation
of CO in both cases. For Au/TiO2, this was already demonstrated for a series of catalyst
samples with the same Au loading, but different Au particle sizes.[42] Accordingly, it is
possible to resolve single reaction steps and to achieve a more detailed picture, on a molecular
scale, compared to standard techniques used in real catalysis, like in a plug-flow reactor or in
diffuse reflectance infrared spectroscopy (DRIFTS) measurements at ambient pressure. A
corresponding scheme is given below:
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(1)

n Au/TiO2 + x CO

n Au/TiO2-x/n + x CO2

(2) n Au/TiO2-x/n + x ½ O2
(3)

x CO + x ½ O2

n Au/TiO2
n Au/TiO2

x CO2

Applying quantitative TAP reactor multipulse measurements, active oxygen is removed from
the catalysts surface by reaction with CO (during CO pulses only), resulting in the formation
of gaseous CO2 (1), and subsequently replenished by oxygen from the gas phase during O2
pulses (2). In sum CO is oxidized by O2 (the CO oxidation reaction took place), and the
catalyst exists again in its original form after reaction and, hence, the catalytic cycle is
finished (3).
This thesis is organized as follows: First, a description of the experimental set-up and
procedures is given in chapter 2. This part includes the preparation and pre-treatment of the
Au catalysts (2.1), techniques used for characterizing the physical properties of the catalysts,
such as the Au loading and size of the Au nanoparticles (2.2), and, finally, a description of the
measurements performed in the plug-flow reactor (2.3) as well as in the TAP reactor (2.4).
Thereafter, chapter 3 presents the experimental results and their discussion. This chapter is
organized in four parts, which deal with different problems concerning the CO oxidation over
supported Au catalysts. Thereby chapters 3.1, 3.2 and 3.3 are mainly based on articles which
have already been published, while chapter 3.4 is based on a manuscript which has been
submitted for publication just recently. The corresponding articles are cited explicitly in the
beginning of each section. In chapter 3.1 the activation of oxygen on Au/CeO2 by vacancy
formation is described, while in chapter 3.2 attention is given to the support effects in the Au
catalyzed CO oxidation, investigated by a careful comparison of different supported Au
catalysts with comparable Au particle sizes and Au loadings. This is followed by a study of
the nature of the active oxygen species present on Au/TiO2 catalysts, in particular their
thermal stability, in chapter 3.3. Finally, chapter 3.4 presents a study of the coverage and
reactivity of active oxygen present on the catalyst surface of a Au/TiO2 catalyst under
working conditions, during the CO oxidation. These individual parts themselves are
structured once again, with i) a short introduction to the corresponding problem, ii) the results
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of the physical characterization, iii) the results of all measurements performed and their
discussion and iv) the conclusions which can be drawn from these measurements.
Finally, in chapter 4, the final remarks and conclusions obtained will be summarized. Here,
particular focus will be put on the combination of the conclusions derived within the
individual sections, and how this combination results in an overall picture of the mechanistic
understanding of the CO oxidation reaction on metal oxide supported Au catalysts in general.

2. Experimental
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2.1 Preparation and pre-treatment of Au catalysts
2.1.1 Deposition-precipitation
The Au/CeO2 catalyst used for the measurements described in chapter 3.1 (Activation of
Au/CeO2 by oxygen vacancy formation) as well as the Au/TiO2 catalyst used in the
measurements described in chapter 3.3 (Active oxygen on a Au/TiO2 catalyst - Formation and
stability) and chapter 3.4 (Reactivity and coverage of active oxygen on Au/TiO2 during CO
oxidation) were prepared by a deposition-precipitation method. The Au/CeO2 catalyst was
prepared by Dr. V. Plzak at the Center for Solar Energy and Hydrogen Research (ZSW) in
Ulm, and the Au/TiO2 catalyst was prepared by A. Gürtanyel at the Institute of Inorganic
Chemistry I / Ulm University.
For Au/CeO2, commercial CeO2 from Rhodia (HSA 15, calcined for 8 hours at 900°C before
use) was used as support material, and for Au/TiO2 commercial, non-porous TiO2 (P25 from
Degussa, surface area 56 m2·g-1). In both cases, the corresponding metal oxide powder was
suspended in water at 60°C and an aqueous solution of HAuCl4 was added under continuous
stirring at the same temperature. During additional 30 min of stirring the pH was kept
constant at 5.5 by adding a Na2CO3 solution. Finally, the precipitate was filtered, washed
carefully, in order to avoid chloride contaminations, and dried over night at room temperature
under vacuum conditions. A more detailed description of this technique for preparing
supported Au catalysts is given in Refs. [118;119]. To exclude subsequent modifications of
the catalysts with time, the samples were stored in a closed glass container in the dark in a
refrigerator.[120;121]
Before all measurements, the catalysts were pre-treated in situ via calcination in order i) to
activate the catalyst and ii) to achieve a well defined catalyst oxidation state as starting point
for subsequent measurements of the catalytic performance. Each catalyst sample was first
heated to 400°C in a flow of inert gas (20 Nml·min-1; either pure N2 or pure Ar) before
switching to a gas mixture containing 10% O2, rest N2. Afterwards, the catalyst sample was
kept in a flow of 20 Nml·min-1 10% O2/N2 for 30 min at 400°C, followed by subsequent
cooling to the desired reaction temperature in a flow of inert gas. In the following, this
procedure will be denoted as ‘O400’. This procedure resulted in well defined, fully oxidized
catalysts, with an oxygen pre-covered surface.

U2.1 Preparation and pre-treatment of Au catalysts

- 25 -

In order to obtain the same water content on all samples, independent of the previous history,
the Au/TiO2 catalyst samples were additionally dried in situ at 100°C for 15 hours prior to
calcination. This drying procedure took place either in a flow of Ar or under vacuum
conditions, which led to similar results.[122]
For the drying procedure, the pre-treatment by calcination, and for reaction measurements
(described below), high purity gases from Westphalen were used as delivered (CO 4.7, O2
5.0, N2 6.0, and Ar 6.0).

2.1.2 Colloidal deposition
Au catalysts supported on different metal oxides (TiO2, ZrO2, ZnO and Al2O3) which were
used in the study of support effects in the Au catalyzed CO oxidation (chapter 3.2) were
prepared via a colloidal deposition method, including the deposition of pre-formed Au
nanoparticles on the metal oxide support materials. Because the Au particle size is established
already before the deposition of Au for this method, this enables the preparation of catalyst
samples with the same gold loading and an almost identical mean Au particle size on different
support materials.[46] This is mandatory in order to investigate only the effect of the support
material on the specific catalytic properties of the respective catalysts. In contrary, for other
methods, where the final Au particle is formed only via a high temperature pre-treatment, the
Au particle size and the nature of the support material are interdependent.[123] It is well known
that, e.g., the above described deposition-precipitation method, impregnation or coprecipitation result in different Au particle sizes at approximately constant Au loadings for
different support materials.[71;124-126]
The four different Au catalysts used in this study were prepared by Y. Liu at the Max-Planck
Institute for Carbon Research in Mühlheim in collaboration. The colloidal deposition method,
using commercial, non-porous metal oxides, was described in detail in Refs. [127;128]. First,
colloidal Au solutions were prepared by adding polyvinyl alcohol (PVA) as protecting agent
to an aqueous solution of gold acid (HAuCl4) at room temperature. Afterwards, gold reduction was initiated by rapid injection of an aqueous solution of NaBH4, resulting in an orangebrown gold sol with metallic Au particles. To this gold sol, the support material was added
under stirring, which was continued until all of the Au particles were adsorbed on the surface
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(nominal loading 1 wt.%). Similar to the work of Comotti et al.,[129] we used the following
support materials: P25 from Degussa for the Au/TiO2 catalyst, AC-45 from Brüggemann
Chemicals for the Au/ZnO catalyst, PURALOX SBa-200 from Sasol for the Au/Al2O3 catalyst, and Zr(OH)4 from MEL Chemicals for the Au/ZrO2 catalyst. While the first three supports were used as received, the latter one was additionally calcined at 350°C for 4 h prior to
the Au deposition in order to obtain dehydroxylated ZrO2. The resulting raw catalysts were
washed and dried under vacuum (10-2 mbar) in a desiccator with P2O5 as drying agent, and
then stored in the desiccator until use. Catalyst preparation and storage took place under exclusion of light.
Prior to all measurements, also these catalysts were first dried in situ for 1000 min in order to
obtain the same water content on all samples, independent of the previous history (TAP
reactor: vacuum drying; plug flow reactor: drying in a flow of 20 Nml·min-1 N2 at 100°C) and
afterwards calcined in situ. Here a flow of 20 Nml·min-1 10% O2/N2 at 250°C for 2 hours was
used to obtain catalysts comparable to the ones described in the work by Comotti et al., who
performed a similar comparison of the CO oxidation activity over differently supported Au
catalysts, based on the very same support materials.[129] This procedure, which is slightly
different from the one used for Au catalysts prepared by the deposition-precipitation method
(400°C / 30 min), was shown to be sufficient in order to remove the protecting agent[129] and,
as described above for the samples prepared by deposition-precipitation, in order to achieve a
well defined catalyst oxidation state.[122] Henceforth this procedure will be denoted as ‘O250’.
For heating and cooling, the temperature was raised / decreased by 10°C·min-1 in a flow of
20 Nml·min-1 Ar (TAP reactor) or N2 (plug flow reactor).
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2.2 Characterization of Au catalysts
2.2.1 Optical Emission Spectroscopy (OES)
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used in order to
determine the Au content of all catalysts used in this study.
After dissolving the solid catalyst sample with aqua regia, the resulting solution is sprayed
into a plasma torch. The plasma is formed by coupling high-frequency energy to an argon
flow enclosed in the torch, resulting in temperatures above 5000 K. Due to the high
temperature and the long residence time, all atoms within the sample are excited, and partially
also ionized.[130] When returning to the ground state, light of a characteristic wavelength is
emitted for each kind of atom / ion present in the sample. The intensity of this emitted light is
directly proportional to the amount of atoms present in the sample (multiplied by the relative
population of the excited state), with a large linear concentration range typical for emission
spectroscopy. Hence, by comparison with the intensity of emitted light from a reference
material with known amount of the corresponding atoms, the total amount can be calculated
from the measured intensity on an absolute scale.[130] Further details on the experimental setup, the characteristics of ICP, and possible applications of ICP-OES are given in Ref. [131].
For all catalysts used during this study the absolute amounts of Au and Na (as a possible
residue from the preparation of the supported Au catalysts) were determined either by G.
Arnold in the Centre for Solar Energy and Hydrogen Research (ZSW), Ulm or by M. Lang in
the Institute of Analytical and Bioanalytical Chemistry, Ulm University.

2.2.2 Low temperature nitrogen adsorption
The specific surface area of the non-porous Au catalysts used in this work was determined by
low temperature nitrogen adsorption, employing the adsorption model of Brunauer, Emmet
and Teller for multi-layer adsorption of non-polar gases (BET theory), which is a
generalization of Langmuir´s model for monolayer adsorption.[132] From the measured
adsorption isotherms (see below, equation 2.2-1) the absolute amount of adsorbed nitrogen
required to form one monolayer (nmono) can be calculated:
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c× p
( p 0 − p ) × {1 + (c − 1) p

(2.2-1)
p0

}

[m3]

= volume of adsorbed nitrogen at a given pressure p

Vmono = volume of gas adsorbed required for the formation of one monolayer
n

= absolute amount of nitrogen adsorbed

nmono = absolute amount of nitrogen adsorbed within one monolayer

[m3]
[mol]
[mol]

c

= constant

[---]

p

= pressure measured

[Pa]

p0

= saturation pressure of nitrogen at adsorption temperature

[Pa]

With the known space required of a single N2 molecule to adsorb on the surface (0.162 nm2),
one can easily calculate the specific surface area of the material:

S=

n mono × AN 2
N A × mcat

S

= specific surface area

A

= space requirement of a single N2 molecule adsorbed

NA

= Avogadro constant

mcat

= sample / catalyst mass

(2.2-2)
[m2·gcat-1]
[m2]
[mol-1]
[gcat]

Low temperature nitrogen adsorption on the Au/CeO2 and Au/TiO2 catalyst samples described
in chapters 3.1, 3.3 and 3.4 was measured in the Institute of Inorganic Chemistry I at Ulm
University, while the specific surface areas of differently supported Au catalysts described in
chapter 3.2 (Au/TiO2, Au/ZrO2, Au/ZnO, Au/Al2O3) were determined by Y. Liu at the Max
Plank Institute in Mülheim.
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2.2.3 Transmission Electron Microscopy (TEM)
In general, electron microscopy is used to produce images from a sample with very high
magnifications, up to 1,000,000, and atomic resolution, down to below 50 pm.[133] In catalysis
research, these images gain direct information about the catalyst morphology and texture.[134]
During this study, Transmission Electron Microscopy (TEM) was used in order to determine
the size and shape of Au nanoparticles supported on various metal oxides. The principle of
TEM is similar to that of an optical microscope, using an electron beam for illumination of the
sample instead of visible light. Due to the characteristic wavelength of high energy electrons
(100 – 400 keV, wavelength below 4 pm), which is at least 5 orders of magnitude lower than
the wavelength of visible light (400-700 nm), much higher resolutions can be achieved.[135]
This high voltage electron beam, focused by electrostatic and electromagnetic lenses (instead
of optical lenses that are used in a conventional light microscope), impinges on the sample
and part of the electrons is transmitted through the sample. Here the attenuation of the
electrons depends strongly on the thickness and the density of the sample investigated:
regions with high probabilities for attenuation (e.g., more dense regions) will appear dark,
while regions with lower or even no attenuation (e.g., less dense regions or regions without
sample in the electron beam, respectively) will appear bright. This way a two dimensional
projection of the sample is obtained. After magnification of this projection by electron optics,
a so called bright-field image is resulting, which shows for typical operation conditions
(electron energy 100 keV, 0.5 nm resolution) a magnification of 300,000.[135]
For quantitative determination of the mean particle size and for evaluation of the particle size
distribution, the diameters of at least 100 Au particles (for catalyst samples with Au loadings
of 1.0 wt.% and lower) or 300 Au particles (for catalyst samples with Au loadings higher than
1.0 wt.%) were evaluated for each sample using the software iTEM.
From the results obtained one can finally also calculate the dispersion of the catalyst, which is
given by the fraction of surface Au atoms relative to the total number of Au atoms present on
the catalyst surface. For spherical and half-spherical nanoparticles bigger than 1.2 nm, a
detailed description of the relationship between the (volume-area) mean particle diameter,
based on the particle size distribution, and metal dispersion is given below:[134]
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=
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dVA

= volume-area mean diameter

[m]

di

= diameter of half-spherical particles

[m]

ni

= number of particles with diameter di

[---]

vm
D = 6×

am

d VA

= 6×

v m × ∑ ni d i

2

a m × ∑ ni d i

3

i

(2.2-4)

i

D

= dispersion

[---]

vm

= volume occupied by an atom in bulk metal

[m3]

am

= area occupied by a surface atom

[m2]

The dispersion is of special interest in heterogeneous catalysis, since gas phase molecules
(educts and products) can only adsorb on surface atoms of the Au nanoparticles, while atoms
in the bulk will not directly participate in the catalytic reaction. Hence, with the known
dispersion, reaction rates normalized to the mass of the active component (rCO,Au) can be
translated into turn over frequencies (TOFs), which give the number of educt molecules
converted / product molecules formed per time unit and per surface atom (see also
chapter 2.3).
TEM measurements of the Au/CeO2 and Au/TiO2 catalysts described in chapters 3.1, 3.3 and
3.4 were performed by U. Hörmann in the Central Facility of Electron Microscopy, Ulm
University, images of the differently supported Au catalysts described in chapter 3.2
(Au/TiO2, Au/ZrO2, Au/ZnO, Au/Al2O3) were taken by B. Spliethoff at the Max Plank
Institute in Mülheim.
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2.3 Plug-flow reactor
Catalytic activities for CO oxidation under realistic reaction conditions, at atmospheric
pressure, after in-situ drying and calcination of the catalysts were evaluated in a conventional
micro-reactor at atmospheric pressure. Details on the exact parameters chosen for the drying
and calcination procedure are described above (chapter 2.1). In order to obtain differential
reaction conditions and, hence, to exclude diffusion limitation of the reaction rates, the
catalysts were diluted with α-Al2O3. Prior to the activity measurements, this α-Al2O3 was
checked to be inactive for the CO oxidation in the temperature range investigated. Depending
on the activity of the respective catalysts, the dilution was chosen in such a way, that the
resulting conversions for both CO and O2 during the activity measurements were below 15%,
ranging from 1:150 for the most active catalyst (Au/TiO2), while no dilution was used for the
least active catalyst (Au/Al2O3). The dilutions for all catalysts used during this study are given
in Table 2.3.1, together with the reaction temperature during CO oxidation activity
measurements and the appearance of the respective measurements in this thesis.

Table 2.3-1: Dilution with Al2O3 and reaction temperature during measurements of the catalytic
activity in the plug-flow reactor.

Catalyst

Au/TiO2

Au/ZrO2

Au/ZnO

Au/Al2O3

Au/TiO2

Dilution

1:120

1:5

1:10

---

1:150

Reaction temperature

120°C

120°C

120°C

120°C

80°C

3.2

3.2

3.2

3.2

3.4

Chapter

For all measurements, about 65 mg of the diluted catalyst were fixed in the center of a quartz
tube micro-reactor (length 205 mm, outer diameter 6 mm, inner diameter 4 mm) by quartz
wool, which has also been checked to be inactive for CO oxidation. For temperature control
during the drying procedure, calcination, and reaction measurements the micro-reactor is
enclosed by a cylindrical tube oven, and a type K thermo couple (Ni/Ni-Cr) was fixed at the
outer wall of the reactor, central of the catalyst bed. Measurements of the temperature profile
showed that within the length of the catalyst bed (5-10 mm) the temperature deviates less than
2°C from the adjusted temperature, even at temperature as high as 400°C.[136] The gas flow
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was 60 Nml·min-1 (1% CO, 1% O2, rest N2), influent and effluent gases were analyzed by online gas chromatography (DANI, GC 86.10).
From the measured concentrations of CO, O2 and CO2 at the reactor outlet and by comparison
to the measured concentrations in the inlet (determined in bypass measurements before and
after the reaction) the conversions for CO and O2 can be calculated. For CO, the conversion
calculated referring to the consumption of CO should equal the formation of CO2:

X CO =
X CO =

X O2 =

cCO ,in − cCO ,out

(2.3-1)

cCO ,in
cCO2 ,out

(2.3-2)

cCO ,in

cO2 ,in − cO2 ,out
cO2 ,in

(2.3-3)

X

= CO (XCO) or O2 (XO2) conversion, respectively

[---]

cin

= concentration at the reactor inlet

[mol·l-1]

cout

= concentration at the reactor outlet

[mol·l-1]

Ensuring differential reaction conditions as described above and applying the basic principles
of the plug-flow reactor, reaction rates normalized either to the overall catalyst mass (rCO,cat)
or to the mass of Au (rCO,Au) can be calculated either from the conversion of CO or from the
formation of product CO2.

rCO ,cat =

rCO , Au =

X C O × cCO ,in × V&ges

(2.3-4)

mcat

X C O × cCO ,in × V&ges

(2.3-5)

m Au

rCO,cat = catalyst mass normalized reaction rate for CO oxidation

[molCO·gcat-1·s-1]

rCO,Au = Au mass normalized reaction rate for CO oxidation

[molCO·gAu-1·s-1]

m

= sample catalyst (mcat) or Au (mAu) mass, respectively

V&ges

= total gas flow at the reactor inlet

[g]
[l·s-1]

U2.3 Plug-flow reactor

- 33 -

This description of catalytic activities in terms of mass normalized reaction rates has a crucial
advantage compared to the description of the catalytic activity in terms i) of conversion or ii)
of the temperature needed to achieve a certain conversion, as one may also find in the
literature. Since reaction rates account for i) different concentrations of the educt gases, ii)
different total gas flows and iii) differences in the mass of the catalyst or in the mass of the
active component, respectively, they allow a serious comparison of the results of catalytic
activities obtained by different groups using different reaction conditions.
Considering also the dispersion (D) of the Au particles, which is the fraction of Au atoms
located at the surface of the nanoparticles of all Au atoms, turn over frequencies (TOFs) can
be calculated from the Au mass normalized reaction rates. Calculation of the dispersion is
possible from the Au particle size distribution measured by TEM as described above (see
chapter 2.2.3). This way, the catalysts activity is no longer normalized to the absolute amount
of the active component (rCO,Au), but to the amount of Au atoms available for species present
in the gas phase. Hence, this allows an even more reliable comparison of the activity of
several catalysts and studies from several groups, since it is also taking into account the Au
particle size.

TOF =

rC O , Au × M Au

[ s −1 ]

(2.3-6)

D

For further details on the set-up of the plug-flow reactor and the evaluation procedure see
Ref. [137].
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2.4 Temporal Analysis of Products (TAP) reactor
2.4.1 General
Pulse experiments were performed in a home-built TAP reactor which is described in detail in
Ref. [110]. It is comparable to a design published by Gleaves et al. (TAP-2),[106] but it is easier to operate and more stable. A schematic presentation of the set-up is given in Fig. 2.4-1.
It consists of a gas mixing unit, two independently working piezo-electrically driven pulse
valves and a tubular quartz glass micro-reactor (90 mm long, 4 mm i.d., 6 mm o.d.), which
was heated by a ceramic tube furnace and connected to an ultra high vacuum system (analysis
chamber). Pulses of typically 1×1016 molecules, generated by piezo-electric pulse valves,
were directed into the micro-reactor. Exact numbers of the amount of molecules admitted per
pulse were calculated by comparison with the signal of the internal standard argon, which was
included in every pulse. After passing through the catalyst bed and a differentially pumped
gate valve, the gases propagate into the analysis chamber, where they are analyzed by a
quadrupole mass spectrometer (Pfeiffer Vacuum, QMG 700) located closely behind the exit
of the micro-reactor. The analysis chamber is pumped by two turbomolecular pumps (Pfeiffer
Vacuum, TPU 2101P and 1001P), resulting in a base pressure of less than 2×10-9 mbar during
the measurements.
The consumption of CO and O2 in the respective pulses was calculated from the missing mass
spectrometric intensity in these pulses compared to the intensity after saturation. The
formation of CO2 was determined directly from the CO2 pulse intensity. The home built
differentially pumped gate valve allows to i) connect the end of the reactor tube directly to the
analysis chamber, to ii) close the reactor and analysis chamber to allow for sample exchange,
or to iii) close only the analysis chamber and open a connection from the reactor to a roughing
pump.[110;117] In the latter case, the reactor can be operated under continuous flow conditions
at atmospheric pressure. This mode is used, e,g., for in-situ catalyst conditioning (with
reduced pumping speed) or for evacuating the reactor before opening the connection to the
analysis chamber.[110]
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Reactor

Analysis chamber

Pulse valve #2
Pulse valve holder
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Rotary vane pump I

Analysis chamber
˜ 1.0×10-9 mbar

Turbo molecular pumps
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Mass
spectrometer

DPV

Gas mixing unit

(CO, O2, Ar, CO2, 13CO, 18O2, C18O2)

Pulse valve #1

Rotary vane pump II

Pressure gradient

Fig. 2.4-1:

Block diagram of the main components of the TAP reactor, including (from left to right)
i) gas mixing units, ii) pulse valve holder with pulse valves and mass flow controller
(MFC), iii) heater and reactor, iv) differentially pumped gate valve (DPV), v) analysis
chamber with mass spectrometer and vi) turbomolecular pumps.

In contrast to the commercially available systems, one of the most important features of the
present design is the use of turbomolecular pumps instead of oil diffusion pumps. This results
in a cleaner vacuum without the problem of oil vapor in the ultrahigh vacuum (UHV)
chamber and eliminates the need for the large gate valves necessary for operation with
diffusion pumps. Furthermore, home-built piezo-electrically driven pulse valves were used,
which offer the advantage of highly stable operation with very reproducible pulse intensities
and a wide, tunable pulse length (from <0.1 ms to completely open).[138;139] The high stability
and reproducibility of the pulse valves used here allows i) for a quantitative evaluation of the
individual pulses on an absolute scale and ii) to perform measurements at fixed, predetermined pulse ratios of different reactants. This high reproducibility of the pulse intensities
is demonstrated in Fig. 2.4-2, in which the raw signal for Ar during 200 pulses CO/Ar is
shown.
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Fig. 2.4-2:

Ar signal measured during 200 pulses of CO/Ar over a Au/TiO2 catalyst at 120°C with a
time delay of 5 sec between individual pulses. Since Ar is inert and does not interact
with the catalyst surface, the measured intensities represent directly the pulse size of the
gas pulses admitted into the reactor by the piezo-electrically driven pulse valve.

Since Ar is inert and non-interacting with the catalyst surface, as described above, this signal
represents directly the pulse size of individual pulses generated by the piezo-electrically
driven pulse valve. The signal was recorded during a multi-pulse experiment over Au/TiO2 at
120°C with a time delay of 5 sec between individual pulses. The high stability shown for this
measurement is representative for all measurements performed in the TAP reactor. Especially
for the determination of the catalytic activity of the supported Au catalysts under well defined
conditions (described below), it is important to admit gas pulses with a fixed and constant
pulse size.

2.4.2 Thin-zone TAP reactor
For all TAP experiments, a thin-zone reactor model was used, in which the catalyst zone,
containing the catalyst diluted with SiO2, is placed in the center of the reactor (‘active zone’),
sandwiched by zones containing only catalytic inert material (‘inert zones’).[140] While in the
catalyst zone diffusion and reaction processes are taking place, the additional inert zones
before and after the catalyst zone are acting as diffusion only zones.[141] By making the
thickness of the active zone small compared to the whole length of the catalyst bed, one gets
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finally the so called thin-zone reactor. The main advantages of this configuration are that
isothermal conditions can easily be maintained and that concentration gradients along the
active zone, in direction of the reactor axis, can be neglected.[142] By decreasing the length of
the active zone, the influence of the gas concentration gradient (which is the driving force for
gas transport through the catalyst bed) can be reduced.[140] This is important since changes of
the catalyst state during single pulses should be uniform in order to maintain uniform surface
coverages.[140;141] The resulting catalyst bed was fixed by two stainless steel sieves in the
central part of the reactor (Haver & Boecker OHG; aperture 25 μm, transmission 25%). For
dilution of the catalysts as well as for the inert zones SiO2 was used (‘gebaflot 010’ from
Dorfner GmbH, grain size 100 – 200 μm).

Table 2.4-1: Catalyst mass, dilution with SiO2 and reaction temperature used for the TAP reactor
pulse experiments described in this work.

Au/CeO2
Au/TiO2

Au/ZrO2

Catalyst mass
/ mg

Dilution
(Catalyst / SiO2)

Reaction
temperature / °C

Chapter

1.5

1:5

120

3.1

5.0(a)

1:5(a)

10.0(b)

1:2(b)

5.0(a)

1:5(a)

10.0(b)

1:2(b)

120

3.2

(a)

(a)

5.0

1:5

10.0(b)

1:2(b)

5.0(a)

1:5(a)

10.0(b)

1:2(b)

Au/TiO2

10.0

1:1

80-400

3.3

Au/TiO2

5.0

1:1

80

3.4

Au/ZnO

Au/Al2O3

(a) Catalyst mass / dilution used for activity measurements
(b) Catalyst mass / dilution used for multi-pulse experiments.

2.4 Temporal Analysis of Products (TAP) reactor

- 38 -

The stainless steel sieves as well as the quartz powder were tested to be inactive for the CO
oxidation in the temperature range investigated (up to 400°C). The total mass of the catalyst
bed was kept constant for all experiments (150mg, catalyst and SiO2) while the catalyst mass
as well as the factor for its dilution with SiO2 was varied according to the activity of the
corresponding catalyst. It was chosen in such a way that there is measurable conversion of CO
/ formation of CO2 for each catalyst investigated, while, at the same time, it was ensured that
it is well below full conversion in order to avoid leveling effects. The total amount of catalyst
and the dilution of the catalyst with SiO2 used for the catalyst zone for different catalysts and
for different reaction conditions are listed in Table 2.4-1.
Since for all samples investigated the catalyst bed consisted mainly of SiO2, this model for
catalyst packing results in a total catalyst bed length of about 8 mm (active and inert zones)
and, moreover, in an almost constant pulse width for Ar (about 3 seconds) for all samples.
Note that Ar is an inert gas, which does not interact with the catalysts surface, and hence, the
pulse width for Ar is governed by diffusion processes only. Representative pulse responses
obtained for Ar, CO and O2 over a saturated Au/TiO2 catalyst at 120°C, which was fully
reduced or oxidized, respectively, are shown in Fig. 2.4-3.

Normalized Intensity

1.0

CO
O2
Ar

0.5

0.0
0

1

2

3

4

5

Time / sec
Fig. 2.4-3:

Height normalized signals for Ar, CO and O2 during CO/Ar and O2/Ar pulses over a
Au/TiO2 catalyst at 120°C after saturation by CO/Ar and O2/Ar pulses, respectively.
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From this figure it is obvious, that the pulse width for CO and O2 over a saturated catalyst is
almost the same as for Ar, indicating that there is only weak reversible adsorption. This,
however, may change for irreversible adsorption and for consumption of the reactive gases.
Throughout this work it was ensured, that the pulse width for Ar on all samples was almost
constant and comparable to the one shown in Fig. 2.4-3. This enables a meaningful
quantitative comparison of the results obtained for different catalysts and/or different reaction
conditions. Especially for the activity measurements by simultaneous pulses, the pulse width,
and hence, the residence time of the reactive gas phase molecules in the catalyst bed, will of
course affect the conversion, with an increasing residence time resulting in increasing
conversion.[141;143] For the comparative study of differently supported Au catalysts this is
described more precisely in chapter 3.2.

2.4.3 Activity measurements
For evaluating the catalytic activity of the supported Au catalysts under reduced pressure in
the TAP reactor, the samples were exposed to CO and O2 at the same time by admitting
simultaneously CO/Ar and O2/Ar pulses into the reactor. The total number of molecules
admitted per pulse was always constant within individual series of measurements (either
8×1015 or 1×1016 molecules per pulse), ensuring the same total pressure during pulse
experiments. The total amount of educt gases as well as the composition of the reaction
atmosphere (CO/O2 ratio), however, could nevertheless be changed by varying independently
the ratio between O2 and Ar for one pulse valve or between CO and Ar for the other pulse
valve, respectively. For example, to study the influence of the gas phase composition on the
catalytic activity and on the oxidation state of a Au/TiO2 catalyst (described in chapter 3.4),
the ratio CO/Ar was kept constant at 1/1 (50% Ar), while for the O2/Ar pulses the O2 content
was between 10% and 90%. Taking the relative amount of atomic oxygen in the gas phase as
measure, reaction gas compositions containing 20% to 80% O in the gas phase were realized
this way.
Measurements of the catalytic activity always started at a well defined oxidation state, the
surface of the supported Au catalysts being fully oxidized (either by calcination or by O2/Ar
pulses) or fully reduced (by CO/Ar pulses). Since this is not mandatorily the oxidation state of
the catalyst surface under steady-state reaction conditions, reaction induced reduction or
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oxidation of the catalyst surface may occur. These changes of the catalyst surface, occurring
during the initial period of the reaction, until steady-state reaction conditions are reached, are
indicated and can be detected by the non-stoichiometric consumption of CO and atomic
oxygen. E.g., an oxidation of the catalyst surface is indicated by a higher uptake of (atomic)
oxygen compared to the uptake of CO. Once steady-state reaction conditions are reached,
there is stoichiometric consumption of the reactants CO and oxygen and the catalysts surface
oxidation state does not change any more. Moreover, by summing up the differences in CO
uptake and O2 uptake until reaching steady-state conditions and taking into account the well
defined starting point, one can finally calculate the oxidation state of the catalyst under
working conditions.
Furthermore, the formation of stable, adsorbed carbon containing species can be determined
from the carbon balance, by comparison of the CO consumption and CO2 desorption.
Previous in situ IR spectroscopic measurements showed a rapid build-up of surface carbonate
species during the CO oxidation for differently supported Au catalysts, which are comparable
to the catalyst samples investigated in the studies presented herein (Au/TiO2,[144;145]
Au/CeO2,[146] Au/ZnO,[147] and Au/ZrO2[148]). Based on these results, and since CO2
adsorption is weak on these catalysts, deficits in the carbon balance would be attributed to the
formation of stable adsorbed surface carbonates. Additionally, for studying the effects of the
support material on the catalytic activity of Au catalysts (chapter 3.2), single pulse
experiments using labeled

13

CO were performed. The aim of these measurements was to

evaluate the stability of adsorbed carbon containing species under reaction conditions. Here a
reaction mixture containing labeled

13

CO was pulsed first with one pulse valve (45%

13

CO,

45% O2, 10% Ar), followed by pulses containing non-labeled 12CO with the other pulse valve
(45% 12CO, 45% O2, 10% Ar). One should note, that the amount of catalyst and the dilution
were slightly different here than in the simultaneous-pulse measurements (Au/TiO2: 10 mg,
Au/ZrO2: 3 mg, Au/ZnO: 5 mg, Au/Al2O3: not measured).
The time delay between simultaneous pulses during all of the activity measurements was
either 30 second or 40 seconds, depending on the reaction conditions. As described above, the
residence time of Ar, CO and O2 was every time about 3 sec and almost constant for all
samples investigated (see Fig. 2.4-3). In contrast, CO2 molecules formed during reaction are
interacting more strongly with the metal oxide supported Au catalysts, resulting in a broader
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pulse response. Exemplarily this is shown for the CO2 signal measured at the reactor outlet
during simultaneous pulses CO/Ar and O2/Ar, for determination of the catalytic activity, over
a Au/TiO2 catalyst at 120°C with a time delay of 40 sec between these pulses. Even after 20
seconds, the signal measured for CO2 did not reach zero level again, and hence, CO2 is still
coming off from the catalyst surface.
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Fig. 2.4-4:

Height normalized signals for Ar and CO2 during simultaneous CO/Ar and O2/Ar pulses
over a Au/TiO2 catalyst at 120°C with a time delay of 40 seconds between individual
pulses.

This broader pulse response compared to the one for Ar and for the educt molecules CO and
O2, respectively, is a general feature of the CO2 signal measured on all samples and for all
reaction conditions, although with different pulse width. Depending i) on the interaction of
the catalyst sample with CO2, which differs for different kind of supports, and ii) on the
reaction conditions, with broader pulse responses for CO2 at lower temperatures, the time
until no more CO2 was detected was between 30 and 40 seconds for the samples investigated.
Since the previous pulse should not affect the next one during activity measurements, due to
residual molecules in the catalyst bed, it was ensured that all molecules have left the reactor
before the next one is admitted. Exact numbers for the times necessary for each sample are
given in the corresponding results and discussion section (chapter 3).
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2.4.4 Multi-pulse experiments
In general, multi-pulse TAP experiments involve the injection of extended series of gas pulses
containing just one reactant gas over the catalyst sample. This way, they represent a well
controlled and highly accurate method to gradually alter the surface state of the sample.[140] In
this work, multi-pulse TAP experiments, admitting alternately sequences of O2/Ar and CO
/Ar pulses to the catalyst, respectively, were used in order to deposit or reactively remove
active oxygen from the catalyst surface and thus change its oxidation state. Moreover, when
changing the oxidation state from a fully oxidized to fully reduced surface, the oxygen storage
capacity (OSC) under isothermal conditions can be determined. Oxygen storage is defined as
the reversible removal and addition of active oxygen on the catalyst surface.[149] For all
studies, if not stated otherwise in the results part, 100 pulses of O2/Ar were used to fully
oxidize the catalyst, and 200 pulses CO/Ar were used for its reduction. These amounts of
pulses were sufficient to fully oxidize or reduce the catalyst surface, respectively, and, hence,
no further O2 or CO uptake was detected at the end of the corresponding pulse sequence. In
order to check for reversibility of these processes and to distinguish between reversible and
irreversible removal of active oxygen, these sequences were repeated at least three times for
all multi-pulse measurements presented herein.
The time distance between individual pulses within a pulse sequence, and also the time
distance between single pulse sequences (switching from CO/Ar pulses to O2/Ar pulses and
vice versa) was 5 sec if not stated otherwise in the text. As described above, this time delay
between single pulses is sufficient for Ar, CO and O2 gas phase molecules to exit the reactor
prior to the next pulse (see also Fig. 2.4-3). Only for CO2 it would take longer time to
completely exit the reactor, but it has been checked that in multi-pulse experiments this has no
influence of the total amount of oxygen removed or replenished during the corresponding
pulse sequence. Accordingly, in order to minimize the time necessary for these multi-pulse
experiments, a time delay of 5 sec was chosen. The only exceptions are measurements, which
aim at investigating the stability of adsorbed surface species. In this case the time delay
between the deposition of oxygen and its reactive removal by CO (or vice versa) was varied
in order to see, if during the time interval between the corresponding species desorbs. If there
were significant desorption during the time delay, a lower amount of this species would be
detected in the subsequent titration experiment. This variation in the time between individual

2.4 Temporal Analysis of Products (TAP) reactor

- 43 -

pulse sequences is comparable to pump-probe TAP experiments, which are usually used for
determining the lifetime of adsorbed surface species, but with only single pulses of the pump
and the probe molecules in the latter case.[112;150;151]. During these pump-probe pulse
experiments, one reactant is pulsed first (pump) followed by another reactant (probe) after a
given time interval, which can be varied from 0 to several seconds. By measuring the product
yield as a function of the pump-probe interval, information on the lifetime and the reactivity
of adsorbed surface species can be obtained.[109;114]
Additionally, multi-pulse experiments have been used in order to achieve a defined oxidation
state of the catalyst prior to activity measurements, which have subsequently been performed
by simultaneous pulses as described above. Accordingly, it was possible i) to check the initial
catalytic activity of the corresponding catalyst at a well defined oxidation state and ii) to
follow subsequently reaction induced changes of the oxidation state together with changes of
the catalytic activity until reaching a steady-state situation (see above).
Finally, as described above for the activity measurements by simultaneous pulses CO/Ar and
O2/Ar, also during these measurements the formation of stable adsorbed, carbon containing
species can be determined from the carbon balance (difference in CO consumption and CO2
formation).

2.4.5 Temperature programmed desorption (TPD)
Finally, also temperature programmed desorption (TPD) measurements were performed in the
TAP reactor under ultra high vacuum conditions. These were performed in order to determine
the amount as well as the thermal stability of stable adsorbed species on the respective
catalyst surface. This may be, for example, either i) water or hydroxyl groups, ii) carbon
containing species like carbonates or formats, or iii) oxygen adsorbed on the catalyst surface.
For this purpose, the catalyst was heated up with a heating rate of 25 K·min-1 without an
additional carrier gas. In general, temperatures up to 900°C are possible with the TAP reactor.
The effluent gases arising from decomposition/desorption of the surface species were detected
by the mass spectrometer.
When investigating the amount and type of carbon containing species built-up during
reaction, reaction gas mixtures containing labeled

13

CO (13CO/O2/Ar) were used in the

2.4 Temporal Analysis of Products (TAP) reactor

- 44 -

preceding reaction measurements. This way it was possible to distinguish in TPD
measurements between carbon containing species which were already present at the beginning
of the reaction and, hence, not removed by the calcination procedure (12CO2 and

12

CO;

resulting in mass spectrometric signals for mass 44 and mass 28, respectively), and those
species originating from the reaction (13CO2 and 13CO; resulting in mass spectrometric signals
for mass 45 and mass 29, respectively).
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3.1 Activation of Au/CeO2 by oxygen vacancy formation
CeO2 is well known for its oxygen storage capacity and therefore often used as support
material for noble metal based catalysts in oxidation reactions.[152] In recent years, Au/CeO2
catalysts have been proposed and investigated as promising candidates for applications in fuel
gas processing, for the removal of CO from H2-rich feed gases for fuel cells, e.g., by the
water-gas shift reaction,[21;26-28] or by the preferential oxidation of CO.[29-31] Since the
performance and activity of these catalysts depends sensitively on the oxygen content of the
surface-near regions of the catalyst,[26;76;77] especially for oxidation reactions,[43;78-80] more
detailed information on the surface composition of the catalyst in its active state shall be
derived. This would be highly relevant for the mechanistic understanding of these catalysts.
This is topic of the present chapter, where results of a study on the dynamics of the CO
oxidation reaction on a Au/CeO2 catalyst by applying temporal analysis of products (TAP)
techniques are reported. By following the consumption of the individual reactants and the
formation of product CO2 during simultaneous CO/O2 pulses until reaching steady-state
conditions, these measurements allow a very sensitive determination of the steady-state
surface oxygen content of the catalyst surface relative to the initial surface and to correlate
this with the activity of the catalyst for CO oxidation. We first followed the evolution of the
CO oxidation activity of a Au/CeO2 catalyst, which had been pre-treated by calcination
(O400) as described in the experimental section, by monitoring the CO and O2 consumption
and CO2 formation during a sequence of simultaneous CO and O2 pulses. In order to get
further information on the origin and nature of the activation process, in particular on the
question whether the optimum O content of the active surface is independent of the pretreatment procedure, we performed similar measurements on Au/CeO2 catalysts which were
treated in different ways after the initial calcination process, by i) initial reduction, via
reaction with a sequence of CO pulses, and subsequent re-oxidation via O2 pulsing, or by ii)
controlled initial reduction using a limited number of CO pulses only. Consequences of these
measurements on the mechanistic understanding of the CO oxidation reaction will be
discussed. In addition to their mechanistic implications the data demonstrate the potential of
quantitative TAP measurements for mechanistic studies.
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The following sections were published in the Journal of Catalysis 2007, 251, 437-442:
D. Widmann, R. Leppelt, R.J. Behm “Activation of a Au/CeO2 catalyst for the CO oxidation
reaction by surface oxygen removal/oxygen vacancy formation”.[153]

3.1.1 Characterization Au/CeO2
According to the results from low temperature N2 adsorption, ICP-OES, and TEM
measurements the Au/CeO2 catalyst used for this study has a surface area of 24 m2·g-1, a Au
content of 2.4 wt.-% and a mean Au particle size of 4.0 nm with a standard deviation of
± 1.3 mn. The particle size distribution of the Au/CeO2 catalyst after oxidative pre-treatment
(O400) is shown in Fig. 3.1-1.
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Fig. 3.1-1:

Particle size distribution of the Au/CeO2 catalyst after oxidative pre-treatment in O2/N2
at 400°C (O400)
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3.1.2 Pulse experiments
3.1.2.1 Transient activation during reaction
Exposing the freshly calcined catalyst to simultaneous pulses of CO and O2 (CO: 1×1016 and
O2: 8×1015 molecules·pulse-1) results in pulse sequences as illustrated in Fig. 3.1-2a.

Fig. 3.1-2:

a) Sequence of simultaneous CO and O2 pulses dosed on a Au/CeO2 catalyst pre-treated
by calcination in 10% O2/N2 at 400°C (30 min; O400); b) CO uptake (○), oxygen uptake
(Δ) and CO2 formation (♦) during these pulses.
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After an initial period of about 30 pulses, the pulse intensities of the CO-, O2- and CO2-related
signals reach a constant value (see Fig. 3.1-2). Under steady-state conditions the pulse
intensities show a stoichiometric consumption of the two reactants and a corresponding
amount of CO2 formation, i.e., the consumed CO and O2 are quantitatively transformed into
CO2, and the formation of side products is below the sensitivity of these measurements (side
product formation <5% of the total CO2 formation).
The total conversion of the two reactants is about 80 % for CO (50 % for O2 due to excess O2
in the gas supply). The situation is different, however, in the initial period of the reaction,
during the first 30 pulses. Initially, both CO2 formation and reactant consumption are very
low. Both reactant consumption and product formation increase steadily with time. Based on
these observations the initial increase in educt consumption / product formation is not related
to the consumption of CO2 product species by some other reaction such as carbonate
formation,[154] but really reflects an activation of the catalyst.
The latter process, consumption of CO2, occurs as well, and can be determined from the
difference between observed CO2 formation and CO consumption, in particular from the later
increase of CO2 formation compared to CO and O2 consumption. The total deficit in
desorbing CO2 during the initial phase, which is ascribed to instantaneous carbonate
formation,[154] is calculated to be around 2.7×1016 CO2 molecules (1.8×1019 molecules·gcat-1);
see also Table 3.1-1. This is equivalent to a build-up of 0.06 monolayers (ML) of surface
carbonate (relative to the density of surface O atoms, using a density of O atoms of 1.3×1015
atoms·cm-2).[155] Furthermore, there is also a difference between the consumption of the two
reactants CO and O2. During the activation period the consumption of CO is higher than that
of O2, implying that CO does not only react with oxygen adsorbed from the gas phase, but
also with surface oxygen of the catalyst support. Integrated over the initial 30 simultaneous
pulses, the additional consumption of CO amounts to about 3.4×1016 molecules (2.3×1019
molecules·gcat-1), which is equivalent to a loss of oxygen surface coverage of 0.07 ML. Based
on this observation, we tentatively attribute the activation of the catalyst to a slight reduction
of the initial catalyst surface, after calcination. With ongoing reductive activation, the
difference in CO and O2 consumption gets less (see Fig. 3.1-2) and decays to zero when
reaching steady-state conditions.
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Table 3.1-1: Additional uptake of CO or O and build-up of carbonate during pre-treatment and
during subsequent reaction under simultaneous CO/O2 pulses, and total balance between
the calcined Au/CeO2 catalyst and the reactive state under steady-state conditions.

Additional
O uptake

Surface
carbonate
build-up

Reaction after calcination

3.4×1016

Reductive /oxidative pretreatment

Treatment / Reaction

Balance between calcined
catalyst and active state
O atoms

Carbonate

2.7×1016

3.4×1016

2.7×1016

2.2×1016

1.7×1016

--

--

Reaction after red./oxid.
pretreatment

1.4×1016

1.1×1016

3.6×1016

2.8×1016

Reductive pretreatment
(3 CO pulses)

1.1×1016

1.0×1016

--

--

Reaction after 3 CO pulses
pretreatment

2.0×1016

1.7×1016

3.1×1016

2.7×1016

Reductive pretreatment
(10 CO pulses)

4.1×1016

3.1×1016

--

--

Reaction after 10 CO
pulses pretreatment

-1.2×1016

-0.7×1016

2.9×1016

2.4×1016

Reductive pretreatment
(30 CO pulses)

7.7×1016

5.0×1016

--

--

Reaction after 30 CO
pulses pretreatment

-4.4×1016

-2.1×1016

3.3×1016

2.9×1016

3.1.2.2 Influence of pre-treatment on transient activation
In order to gain further information on the nature and origin of the activation process we
performed a similar series of pulse measurements on a Au/CeO2 catalyst which was also pretreated by calcination, but was then repeatedly reduced and re-oxidized by exposure to
sequences of 100 CO pulses and 50 O2 pulses. Subsequently, the catalyst was exposed to a
sequence of simultaneous CO and O2 pulses, similar to the previous experiment. The resulting
reaction behavior (Fig. 3.1-3) is distinctly different from that obtained on the calcined catalyst
discussed above. In this case, the maximum reactivity is reached instantaneously, as
evidenced by the high consumption of CO already in the first set of CO and O2 pulses. During
the subsequent CO/O2 pulses, the CO consumption decays slightly in intensity, indicative of a
slight decay in activity. The pronounced difference between CO consumption and CO2
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formation in the first pulse and, less pronounced, in the following one is explained by an
increased initial consumption of CO2 by carbonate formation, after the surface had been partly
depleted of surface carbonates by the preceding O2 pulsing (‘oxygen assisted carbonate
decomposition’). The deficit in gaseous CO2 desorption is equivalent to a carbonate build-up
of 1.1×1016 molecules (7.3×1018 molecules·gcat-1), the O2 induced decomposition of carbonate
during the preceding sequence of O2 pulses amounts to 2.1×1016 molecules, leaving about
1.7×1016 molecules on the surface (see also Table 3.1-1). Hence, the preceding loss of
carbonate was not fully compensated when reaching steady-state conditions.
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Fig. 3.1-3:

CO uptake (○), oxygen uptake (Δ) and CO2 formation (♦) during simultaneous CO and
O2 pulses dosed on a Au/CeO2 catalyst pre-treated by calcination in 10% O2/N2 at
400°C (30 min), subsequent reduction by exposure to 100 CO pulses and reoxidation by
50 O2 pulses.

Also the consumption of oxygen, which is about constant in contrast to the slight decay in CO
consumption described above, is slightly smaller than the CO consumption, indicative of
additional surface oxygen consumption during the reaction. The total amount of (additional)
surface oxygen consumption, about 1.4×1016 oxygen atoms, is, however, much smaller than
in the previous experiment. At the end of the sequence, the signals are about constant and
steady-state conditions are reached. At that point, the CO and O2 consumption are, within the
experimental limits of these measurements, stoichiometric and the two reactants are
completely converted into desorbing CO2.
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This general behavior is reproducibly observed already after the first reduction – re-oxidation
sequence, and remains stable independent of the number of reduction – re-oxidation cycles
applied. Using the picture of the activation process described above this means that the reoxidation by O2 pulsing does not lead to the less active state arrived at after calcination, but
results directly in a state close to the (most) active state. Hence, after reduction of the catalyst
by CO pulsing subsequent O2 pulsing at 120°C (over limited times) is less efficient for
oxidation of the catalyst than calcination at 400°C.
In a last set of experiments we investigated the reaction behavior of catalysts which were
reduced prior to the reaction sequence, opposite to the final O2 treatment in the last two
experiments. Controlled reduction of the initially calcined Au/CeO2 catalysts was obtained by
exposing this to a limited number of CO pulses, before starting the reaction with simultaneous
CO/O2 pulses. Since in the previous reduction / re-oxidation experiments most of the reactive
oxygen was removed by CO after about 10 pulses (not shown here), we used 3, 10 and 30 CO
pulses for preparing differently pre-reduced catalysts surfaces. Subsequently, the catalyst was
exposed to simultaneous CO/O2 pulses, as in the previous experiments (Figs. 3.1-2 and 3.1-3).
After pre-reduction by 3 CO pulses, the slight increase of CO consumption during the first 10
pulses indicates that there is still some activation (Fig. 3.1-4a). This is significantly less
pronounced, however, compared to that on the Au/CeO2 catalyst directly after calcination
(Fig. 3.1-2b). From the higher consumption of CO compared to O2 consumption during the
simultaneous CO/O2 pulses (excess: 2.0×1016 CO molecules) and the additional reactive
removal of 1.1×1016 O atoms during the three preceding CO pulses, the active steady-state
conditions are characterized by a loss of 3.1×1016 O surface atoms (2.1×1019 O atoms·gcat-1),
which is equivalent to an O loss of about 0.07 ML relative to the calcined catalyst. This is
very close to the total O loss calculated in the preceding experiments for the active state (see
also Table 3.1-1). In the same way, we calculated from the difference between CO
consumption and CO2 formation that 2.7×1016 carbonate molecules were formed in total
(0.06 ML) during pre-reduction (3 CO pulses) and the subsequent simultaneous CO/O2
pulses. Also these numbers are comparable to the previous situations.
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Fig. 3.1-4:

CO uptake (○), oxygen uptake (Δ) and CO2 formation (♦) during simultaneous CO and
O2 pulses dosed on a Au/CeO2 catalyst pre-treated by calcination in 10% O2/N2 at
400°C (30 min) and subsequent reduction by exposure to a) 3 CO pulses b) 10 CO
pulses and c) 30 CO pulses.

In further experiments, we extended the number of CO pulses to 10 and 30 pulses in order to
prepare catalysts near to their most reactive state (after 10 pulses CO) and in a more reduced
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state (after 30 pulses CO). The reactant consumption and product formation, respectively,
during simultaneous pulses of CO and O2 after these pre-treatments, are illustrated in
Figs. 3.1-4b and 3.1-4c, respectively. After pre-reduction by 10 CO pulses, we again find an
initial activation, as indicated by the lower CO consumption in the first two pulses. After
passing through a maximum at the 3rd and 4th pulse, the CO consumption decays slightly and
then reaches steady-state conditions. Similar to previous observations, the reaction is
stoichiometric under these conditions, and gaseous CO2 formation is essentially identical to
the consumption of CO, i.e., side product (carbonate) formation is negligible. The pronounced
additional uptake of oxygen during the first few pulses demonstrates that after pre-reduction
by 10 CO pulses the surface is already over-reduced compared to steady-state conditions, and
that part of the initial oxygen supply, during the first 5 pulses, is used for increasing the
surface oxygen content. The detected CO2 desorption during this initial phase, in contrast, is
significantly higher than the CO consumption. This can be explained by an oxygen assisted
decomposition of surface carbonates which were accumulated before on the catalyst during
the 10 CO pulses. From the total consumption of surface oxygen during CO/O2 pulsing and
the removal of surface oxygen during the preceding 10 CO pulses the active state has a deficit
of 2.9×1016 O atoms or 0.06 ML compared to the calcined sample, which again is close to the
previous values. In the same way, the build-up of surface carbonate, from the calcined sample
to reaching steady-state conditions, is calculated to 2.4×1016 molecules (0.05 ML).
In total, these data indicate that after 10 CO pulses the catalyst was not in its most active, but
already in a slightly over-reduced state compared to the active steady-state. This is opposite to
the behavior observed after pre-reduction by 3 or less CO pulses, indicating that the most
active state is reached after pre-reduction by between 3 and 10 CO pulses.
After pre-reduction by 30 CO pulses, the general behavior resembled that observed after pretreatment by 10 CO pulses, but the effects were much more pronounced. Even after correction
for the lower intensity of the first O2 pulse, the initial activity measured by the CO
consumption is significantly lower than the steady-state value. In contrast, the initial O2
consumption is much higher than the steady-state value, and O2 mediated decomposition of
surface carbonates built-up during the preceding 30 CO pulses results in a distinct excess of
gaseous CO2 formation during the initial pulses. After this distinct initial phase the CO
consumption as well as gaseous CO2 formation remains constant, indicating that steady-state
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conditions are reached. Combining pre-treatment and reaction, the total loss of surface oxygen
between the calcined catalyst and the steady-state situation during CO/O2 pulses is around
3.3×1016 O atoms (7.7×1016 molecules consumption during pretreatment and 4.4×1016
molecules for re-oxidation during subsequent reaction), and the build-up of surface carbonates
amounts to 2.9×1016 molecules (5.0×1016 during pretreatment and – 2.1×1016 during
subsequent reaction). In total, after pre-reduction by 30 CO pulses the changes in the reaction
behavior are qualitatively identical to those after 10 pulses CO, but more pronounced. Overreduction of the catalyst compared to steady-state conditions is connected with a significantly
lower CO oxidation activity.

3.1.3 Discussion and conclusions
The data presented above clearly demonstrate that i) small amounts of reactive oxygen, can be
rapidly and reversibly deposited and reacted away on/from Au/CeO2 catalysts by exposure to
CO or O2 pulses, that ii) after calcination the catalyst is significantly less active for CO
oxidation and small amounts of surface oxygen have to be removed before the catalyst
reaches its more active steady-state surface composition, and that iii) neither the final activity
nor the surface oxygen content under steady-state conditions, during simultaneous CO/O2
pulses, depend on the way of oxygen removal, by in-situ activation during the reaction, by
preceding reduction and oxidation or by controlled reduction with few CO pulses.
Furthermore, the measurements also showed that at 120°C surface carbonates can be (partly)
decomposed by O2 exposure (oxygen assisted decomposition).
Reactive oxygen removal from CeO2 is well known,[152] and transient CO2 formation was
observed also in the absence of O2 in the reaction gas.[26;156] These observations differ,
however, from the present findings by the much longer time scale of the oxygen deposition /
depletion processes. Therefore, we assign the rapid uptake and removal of oxygen in the
present TAP measurements to an essentially pure surface reaction, which can be accompanied
or, on a longer time scale, be followed by slow exchange of oxygen or oxygen vacancies with
the bulk of the ceria particles, depending on the deposition/reaction conditions. In that sense,
the present measurements put a limit on the order of magnitude of surface oxygen that can be
easily and reversibly removed by reaction with CO. The Au particles play a decisive role for
the rapid removal and deposition of surface oxygen. Comparative TAP measurements on Au
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free ceria particles showed negligible activity for these processes. This agrees well with the
proposed activation of ceria for oxygen removal by Au nanoparticles under ambient
conditions.[26;76;77;157] Finally, it is important to note that the amount of surface oxygen
removal is below the detection limit of standard spectroscopic measurements, which do not
discriminate between surface oxygen and oxygen in surface near regions. For small ceria
nanoparticles the latter essentially includes the entire particle bulk.
The much higher activity after removal of 0.07 ML of surface oxygen from the calcined
catalysts underlines the role of oxygen vacancies for the CO oxidation reaction on Au/CeO2
catalysts under current reaction conditions. The participation of oxygen vacancies on
reducible supports in the CO oxidation on supported Au catalysts was proposed by various
groups,[37;43;78-80;158] with the catalysts ranging from size-selected Au clusters with a few Au
atoms deposited on single crystal oxide substrates to realistic, highly dispersed catalysts, and
the reaction conditions from UHV conditions to atmospheric pressure. For Aun/MgO(001)
(n = 8) model catalysts it was shown that the high reactivity results from the negative charge
on the Aun clusters, which are deposited on oxygen vacancies.[158] The present work provides
the first clear and direct experimental evidence that oxygen vacancies can not only be formed
on the support under reaction conditions, at least temporarily, but also have an effect on the
CO oxidation activity of a realistic, highly dispersed oxide supported Au catalyst.
For CO oxidation on Au/TiO2 different mechanisms and active sites have been proposed,
from low coordination sites on Au nanoparticles to sites at the interface between Au particle
and oxide substrate.[12] Recently, Shapovalov et al. proposed a mechanism for CO oxidation
on Au doped CeO2(111), which involves formation of an oxygen vacancy by reaction with
CO, most favorably adjacent to the metal dopant, O2 adsorption on the oxygen vacancy,
further reaction with CO to form a carbonate species, and finally its decomposition to CO2
while the remaining oxygen atom fills the oxygen vacancy.[159] In this case the Au dopant
reduces the barrier for the creation of an oxygen vacancy adjacent to the Au dopant atom.
Although it may be speculative at the moment, a similar mechanism may also be anticipated
for Au/CeO2 catalysts with Au nanoparticles as used in the present study, e.g., at the interface
between Au particle and CeO2 (‘adlineation sites’). Based on the Au loading and the mean
particle size, the number of oxygen removed is about twice the number of O or Au atoms at
these adlineation sites. Due to the high mobility of oxygen vacancies on the surface,[152]
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however, we would not expect all oxygen vacancies to be located at the interface. Therefore,
this result does not contradict the suggestion of adlineation sites as the active sites for vacancy
formation.
In conclusion, we have shown by transient pulse titration measurements in a TAP reactor that
a freshly calcined Au/CeO2 catalyst becomes significantly more active for CO oxidation upon
removal of about 7% of the surface oxygen content. Neither this value nor the steady-state
activity of the catalyst in simultaneous CO/O2 pulses depends on the procedure for surface
oxygen removal, during reaction, i.e., by reaction with CO in the CO/O2 reaction gas, by
initial reduction with CO and subsequent mild re-oxidation, or by controlled reduction. The
data clearly demonstrate the role of surface vacancies for activating the CO oxidation reaction
on ceria supported Au catalysts.
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3.2 Support effects in the Au catalyzed CO oxidation
As described in the introduction, the influence of the support material on the catalytic performance of metal oxide supported Au catalysts and its role in the reaction process,[37-42] and
in particular the activation of oxygen and the active site for oxygen activation,[42-44] are still
under debate. These two questions are topic of the present study. They are approached in a
simple way, by investigating the oxygen storage capacity (OSC) and its correlation with the
CO oxidation activity of four different Au catalysts (Au/Al2O3, Au/TiO2, Au/ZnO, Au/ZrO2)
with similar Au particle sizes and Au loadings, but with support materials which differ
strongly in their reducibility.
Based on numerous studies, there is no doubt that the support has a pronounced effect on the
activity of these catalysts. Open and not yet resolved is the exact nature of this effect, since
there are a number of different possibilities for the support to modify the activity of the
catalyst. In addition to directly participating in the reaction, the support may affect the
reaction also indirectly, by influencing the shape and size of the Au nanoparticles during the
catalyst preparation and activation procedure, via metal-support interactions,[51] by supportinduced strain in the Au nanoparticles,[47] by charge transfer from or to the Au
nanoparticles,[73] or by stabilizing ionic Au species.[58]
Several groups have tried to discriminate between these possibilities by producing Au catalysts with similar Au loading and particle size, either by traditional routes, e.g., by depositionprecipitation techniques[41;51] or by depositing pre-formed Au nanoparticles of similar size on
different support materials[69;123;129] and comparing their activity. In a careful TEM study,
Janssens et al. compared Au catalysts supported on TiO2, MgAl2O4, and Al2O3 and arrived at
the conclusion, that the differences in reactivity of these catalysts can mainly be explained by
the different numbers of under-coordinated Au sites on the Au nanoparticles,[51] although
other support-induced effects have to be considered as well to understand the lower activity of
the Au/Al2O3 catalyst. Comparing the reduction behavior of Au3+ species and the CO oxidation activity of Au/TiO2, Au/CeO2 and Au/Al2O3 catalysts, Delannoy et al. noted that both
properties are strongly affected by the support and that the CO oxidation activity of these
catalysts is related to the presence of Au0 nanoparticles. On the reduced catalysts, the activity
was found to decrease in the order Au/TiO2 ≈ Au/CeO2 >> Au/Al2O3.[41] To minimize effects
caused by support dependent differences in the Au3+ reduction behavior, Comotti el al. per-
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formed a similar comparison of the CO oxidation activity using Au catalysts (Au/Al2O3,
Au/TiO2, Au/ZnO, and Au/ZrO2) with similar Au loadings and particle size distributions,
which were prepared via a colloidal deposition method.[129] Also these authors found that the
nature of the support has a significant influence on the catalytic properties. This influence,
however, did not follow the reducibility of the supports. They tentatively suggested that
support induced variations in the shape of the Au nanoparticles, due to metal support
interactions, lead to faceting and defect sites and this way affect the activity. Similar studies
were performed also by Grunwaldt et al.[46] and Arrii et al..[69] Also in these studies, the
activity of the catalysts depended strongly on the nature of the metal oxide used as support
material; the origin of the different catalytic performance of the corresponding Au catalysts,
however, remained controversial. Recent TAP reactor measurements have shown that
Au/TiO2 and Au/CeO2 catalysts are able to reversibly store and release active oxygen on the
surface upon adsorption from O2 or reaction with CO, respectively.[42;143;160] This active
oxygen was stable against desorption at least up to 120°C. Furthermore, for Au/TiO2 catalysts
with different particle sizes but similar Au loading, the OSC and the activity for CO oxidation
were found to be closely correlated and to scale with the perimeter of the interface between
Au nanoparticles and TiO2 support, pointing to a direct involvement of these interface sites as
active sites for oxygen storage and in the CO oxidation reaction.[42]
In the present chapter, TAP reactor measurements will be described, which allow to directly
determine the OSC of the different catalysts and thus to reveal possible correlations between
OSC, CO oxidation activity and redox behavior of the different support materials. From these
results we can derive a direct participation of the support in the CO oxidation reaction, which
has not been possible by any other technique up to now.
These results were published in the Journal of Catalysis 2010, 276, 292-305: D. Widmann,
Y. Liu, F. Schüth, and R.J. Behm “Support effects in the Au-catalyzed CO oxidation -

Correlation between activity, oxygen storage capacity, and support reducibility”.[161] The Au
catalysts were prepared by Y. Liu at the Max-Planck Institute for Carbon Research in
Mülheim. My contributions to this publication were to plan, perform and evaluate all kinetic
and TAP reactor measurements and to interpret the obtained results. Additionally, I wrote the
draft of the manuscript and was strongly involved in the subsequent creative process.
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3.2.1 Catalysts characterization
3.2.1.1 Au content
The Au content of the Au catalysts was determined by inductively coupled plasma – optical
emission spectroscopy (ICP-OES), measured two times by repeat determination. For the
Au/TiO2, Au/ZrO2 and Au/ZnO catalysts it was 1.0 wt.%, identical to the nominal loading
obtained upon after complete deposition of the Au particles on the support. Only for the
Au/Al2O3 catalyst, the Au content was slightly lower (0.8 wt.%) (see Table 3.2-1). This
catalyst required also the longest time (24 h) for depositing the Au nanoparticles. For
comparison, on the TiO2 support, where the deposition was fastest, it took only 30 min to
adsorb all Au nanoparticles and reach the nominal Au loading of 1.0 wt.%.

Table 3.2-1: Physical properties of the different supported Au/MxOy catalysts after pre-treatment by
calcination in 10% O2/N2 at 250°C for 2 hours (O250).

Au/TiO2

Au/ZrO2

Au/ZnO

Au/Al2O3

Au loading / wt.%(a)

1.0

1.0

1.0

0.8

Au diameter / nm(b)

3.3±1.0

2.4±0.7

3.1±0.9

3.5±1.1

Surface area / m2 gcat-1(c)

47

201

50

198

Dispersion / %(d)

30

42

33

28

(a) measured by ICP-OES
(b) measured by TEM
(c) measured by low-temperature N2 adsorption (BET)
(d) assuming half-spherical Au particles

3.2.1.2 Au particle size
The Au particle sizes on the various catalysts were measured by transmission electron microscopy (TEM). Representative images for each catalyst are shown in Fig. 3.2-1. In these
images, the dark spots represent the Au particles. The evaluation of >100 particles for each
catalyst resulted in mean Au diameters of 3.3±1.0 nm for Au/TiO2, 2.4±0.7 nm for Au/ZrO2,
3.1±0.9 nm for Au/ZnO, and 3.5±1.1 nm for Au/Al2O3. The corresponding particle size
distributions are shown in Fig. 3.2-2.
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a) Au/TiO2

20 nm
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c) Au/ZnO

d) Au/Al2O3

20 nm

Fig. 3.2-1:

20 nm

Representative TEM images of the four differently supported Au catalysts after
calcination in 10% O2/N2 at 250°C for 2 h (O250).
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Fig. 3.2-2:

Particles size distributions of the a) Au/TiO2, b) Au/ZrO2, c) Au/ZnO and d) Au/Al2O3
catalysts after calcination in 10% O2/N2 at 250°C for 2 h (O250).
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Assuming half spherical Au particles and 1.15×1015 Au atoms·cm-2, we can further calculate
the dispersion of each catalyst, which is also listed in Table 3.2-1. It should be noted that for
similar catalysts Comotti et al. found Au particle sizes which are slightly (0.3 nm) smaller
than in the present study, which can be explained by the different pre-treatment (pre-treatment
in reaction atmosphere vs. O250).[129]
3.2.1.3 Surface area
The specific surface areas of all four catalysts, as measured by low-temperature nitrogen
adsorption (BET), were close to the surface areas of the corresponding support materials.
They are 198 m2·gcat-1 for the Au/Al2O3 catalyst, 47 m2·gcat-1 for the Au/TiO2 catalyst,
50 m2·gcat-1 for the Au/ZnO catalyst, and 201 m2·gcat-1 for the Au/ZrO2 catalyst (Table 3.2-1).

3.2.2 Kinetic measurements
Figure 3.2-3 shows the Au mass normalized reaction rates measured for the CO oxidation
reaction over the four different supported catalysts under differential reaction conditions.
Because of the similar Au loading and mean Au particle sizes of the four catalysts, these

-1

1.20

-2

Reaction rate / 10 mol·s ·gAu

1.40

-1

reaction rates are a direct measure for the inherent catalytic activity of the respective catalysts.

Au/TiO2
Au/ZrO2
Au/ZnO
Au/Al2O3

1.00
0.12
0.10
0.08
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0.02
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Time / min

Fig. 3.2-3:

Au mass normalized reaction rates during the CO oxidation at 120°C over the four
differently supported Au catalysts after calcination in 10% O2/N2 at 250°C for 2 h
(O250) (1 kPa CO, 1kPa O2, and balance N2).
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The reaction rates obtained under steady-state conditions, after 1000 min time on stream, are
1.1×10-2, 7.7×10-4, 4.1×10-4 and 7.1×10-5 mol·s-1·gAu-1 for Au/TiO2, Au/ZrO2, Au/ZnO, and
for Au/Al2O3, respectively (see also Table 3.2-2). The corresponding TOF numbers, which
decrease in the same order due to the almost identical Au particle sizes, are 7.1, 0.37, 0.24 and
0.05 s-1, respectively.

Table 3.2-2:

Oxygen storage capacity (OSC), catalytic activity for CO oxidation and amount of
carbon containing surface species accumulated on the surface during reaction at 120°C
on the different supported Au catalysts after calcination (O250).

Au/TiO2

Au/ZrO2

Au/ZnO

Au/Al2O3

OSC / 1018 O atoms·gcat-1

1.5

1.2

0.9

<0.1

Additional amount of active
oxygen present after O250
calcination relative to reoxidation by O2 pulsing /
1018 O atoms·gcat-1

1.2

1.1

3.2

---

Additional amount of active
oxygen present after O250
calcination
relative
to
steady-state during single
pulse
measurements
/
18
-1
10 O atoms·gcat

1.1

1.0

4.0

---

Reaction rate (plug flow
reactor) / mol·gcat1·s-1

1.1×10-4

7.7×10-6.

4.1×10-6

5.7×10-7

Reaction rate (plug flow
reactor) / mol·gAu1·s-1

1.1×10-2

7.7×10-4.

4.1×10-4

7.1×10-5

TOF (plug flow reactor) / s-1

7.1

0.37

0.24

0.05

Relative CO conversion
under steady-state conditions (TAP reactor)

53%

28%

11%

<2%

Carbon containing surface
species under steady-state
conditions (TAP reactor)/
1018 molecules CO2·gcat-1

<0.2

7.7.

2.7

<0.2
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The pronounced differences in activity for CO oxidation, which differed by almost a factor of
200 between the most active (Au/TiO2) and the least active (Au/Al2O3) catalyst, despite of
comparable Au nanoparticle sizes, are clear evidence for a distinct effect of the support on the
catalytic activity of the corresponding catalysts. This will be discussed in detail later.
These results can be compared with data on the catalytic activities of the very same Au catalysts published recently by Comotti et al., where the temperature needed for 50% conversion
of CO (T50) was used as measure for the activity (reaction atmosphere: 1 kPa CO, 20 kPa O2,
rest N2).[129] The T50 temperature varied from values between -12 and 46°C for Au/Al2O3,
closely followed by Au/TiO2 (T50 = -13°C), to T50 = 50°C for Au/ZnO and T50 = 74°C for the
least active the Au/ZrO2 catalyst.[129] Based on these data, the authors suggested that the
reducibility of the support is not the decisive factor for CO oxidation activity. Qualitatively,
our results agree reasonably well with those findings, except for the Au/Al2O3 catalyst, which
had an outstandingly high activity in that earlier study, with a T50 value even lower than that
of the Au/TiO2 catalyst, while in the present study its activity was distinctly lower than that of
all other catalysts. Slight differences in the pre-treatment procedures (activation during
reaction in the first study and O250 pre-treatment in the present study) and in the reaction
conditions (lower oxygen concentration and differential reaction conditions in the present
study) may explain the reversed order in the catalytic activities of Au/ZnO and Au/ZrO2, but
can not explain the large difference in activities measured for the Au/Al2O3 catalyst in the two
studies. The low activity of the Au/Al2O3 catalyst was reproduced for several batches
synthesized independently, and also under conditions comparable to those being used in the
above mentioned study.
The results obtained over the different supported catalysts agree perfectly with the trends proposed by Schubert et al., who distinguished between ‘active’ and ‘inert’ support materials
depending on their reducibility, with the inert materials being not or hardly reducible.[37] They
came to the conclusion that the active supports participate in the catalytic process, most likely
by the adsorption and activation of oxygen at oxygen vacancies on the support material close
to the Au particles or at the interface between Au particles and support. On a molecular scale,
this would be attributed to the ability of the support to store and/or activate oxygen and
release it for the oxidation of CO, which is generally agreed to adsorb on the Au
nanoparticles.[34;43;67;162;163] Grunwaldt et al. compared the CO oxidation activity of Au
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catalysts supported on two different metal oxides (Au/TiO2 and Au/ZrO2),[46] using preformed, ‘size-controlled’ Au particles deposited on the different supports, similar to the
present work, and a similar study was reported by Arrii et al.,[69] investigating CO oxidation
on Au/TiO2, Au/ZrO2, and Au/Al2O3 catalysts. Comparable to the results of Schubert et al.,
these authors found the catalytic activity for CO oxidation to decrease with decreasing
reducibility of the support material (Au/TiO2 > Au/ZrO2 >> Au/Al2O3). Grunwaldt et al.
explained the differences in catalytic activity by different shapes of the Au nanoparticles
deposited on different supports, as evidenced by DRIFTS (CO adsorption) and TEM
measurements, while Arrii et al. suggested a synergetic or cooperative effect between the
TiO2 or ZrO2 support and the Au nanoparticles for the active Au/TiO2 and Au/ZrO2 catalysts,
with the support participating in the reaction.[69] On the other hand, in apparent disagreement
to this proposal and the results presented here, some groups also reported high activities for
Au catalysts supported on ‘inert’ metal oxides such as Au/Al2O3, showing activities close to
or even superior to Au/TiO2.[164;165] In the study by Wolf et al., however, the Au particle size
was lower for the catalysts supported on the inert metal oxide (Au/Al2O3) than for the
Au/TiO2 catalyst used for comparison. When comparing catalysts with the same Au particle
size on Au/Al2O3 and Au/TiO2, the Au/Al2O3 catalyst is significantly less active for CO
oxidation than the Au/TiO2 catalyst also in that study.[164] Nevertheless, in all of these studies
possible effects of the support on the catalytic activity have been somehow tentatively, since a
direct participation of the support under relevant reaction conditions was not investigated.
This will be topic of the following section, where we compare the differently supported
catalyst in terms of their ability to form active oxygen on the surface.

3.2.3 Pulse Experiments
Possible relationships between activity and reducibility of the different catalysts were tested
by pulse experiments in a TAP reactor (section 3.2.3.1), which allow us to quantify the
amount of the active oxygen (OSC) stored under reduced pressure conditions.[42;143;160]
Moreover, the catalytic activity for CO oxidation was tested also under the same conditions as
used in the OSC measurements (section 3.2.3.2).
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3.2.3.1 Oxygen storage capacity
The oxygen storage capacity of all four catalysts was measured at 120°C reaction temperature
in multi-pulse experiments, exposing the O250 pre-treated catalysts alternately to sequences
of 200 CO/Ar pulses and 100 O2/Ar pulses, starting with the CO/Ar pulses. It was ensured
that after these numbers of pulses there is no further uptake of CO or O2, i.e, further reduction
or oxidation of the corresponding catalysts was below the detection limit under these conditions. This reduction - oxidation cycle was repeated at least three times on each catalyst for
determining the amount of active oxygen which is reversibly stored on the catalyst surface,

i.e., which can be removed by reaction with CO during CO pulses and re-deposited by O2
pulses. The corresponding mass spectrometric signals recorded over the different catalysts
during these measurements are reproduced in Fig. 3.2-4, which shows pulses of the reactants
CO/Ar and O2/Ar, respectively, and of the CO2 signal obtained during the CO pulses.
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Fig. 3.2-4:

Pulse responses during the multi-pulse experiments at 120°C on the four differently
supported Au catalysts after calcination (10% O2/N2, 250°C, 2 h -O250) for determination of the oxygen storage capacity. Since the changes are biggest at the beginning of
each sequence, only the first 20 pulses each of CO/Ar pulses (out of 200) and of O2/Ar
pulses (out of 100) are shown.
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Since the uptake of CO and O2, which is indicated by the missing intensity in the pulse
response, is biggest at the beginning of each pulse sequence, only the first 20 pulses of CO/Ar
(out of 200 pulses) or O2/Ar (out of 100 pulses) are shown here. (It should be noted that in all
sequences the first pulse is somewhat lower in intensity than the subsequent ones. For
quantitative evaluation, this is corrected for by comparison with the internal Ar standard.) The
qualitative behavior for CO consumption and for oxygen consumption is similar for all
samples: at the beginning of each pulse sequence, there is almost 100% conversion of CO and
O2. Afterwards, the consumption of the respective reactants decreases with ongoing change of
the catalyst oxidation state, until there is no more uptake or conversion of reactant detected.
At this point, the catalyst has reached a state which we define as its fully re-oxidized or
reduced state, respectively. The consumption in CO and O2 at the beginning of each sequence
is clear evidence for the ability of the catalyst to store oxygen upon O2 exposure and to
remove it by reaction with CO. While being reactive towards CO, this oxygen species is
stable against desorption on these catalysts. It should be stressed that from these data alone we
can not conclude on the nature of the active oxygen species, in particular we can not decide
whether this is an atomic or molecular oxygen species.
For CO2, the results differ considerably, depending on the support used. In general, CO2 formation is detected only during CO pulses, but the shape and intensity of the CO2 signals varies considerably. For the Au/TiO2 catalyst, we obtained distinct and sharp pulse responses,
while for the Au/ZnO catalyst the signals are very broad. For the Au/Al2O3 catalyst, the CO2
signals are much less intense and close to the background signal, and for the Au/ZrO2 catalyst,
a quantitative evaluation was no more possible since the signal was essentially buried in the
noise of the background intensity. Since there is obviously consumption of CO during the
pulse sequence with the CO/Ar mixture, we expect also for this catalyst the formation of CO2,
due to the reaction of CO with surface oxygen. The absence of a CO2 signal is explained by a
rather strong effective interaction between CO or CO2 and the ZrO2 support, which leads to an
accumulation of carbon containing species on the surface or at least to a very prolonged pulse
response that can not be resolved any more. These data illustrate the differences in the effective interaction strength between CO2 and the different supports, which is lowest for Au/TiO2
and distinctly higher for the Au/ZnO and Au/ZrO2 catalysts (further discussion see section
3.2.3.3).
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The accumulated, absolute amounts of CO molecules converted or O2 molecules adsorbed
during the multi-pulse experiments over the different Au catalysts are plotted in Fig. 3.2-5.
For all catalysts, the overall uptake and conversion of CO was higher during the first sequence
of CO/Ar pulses, which was dosed on a freshly calcined catalyst, than in the following sequences. Hence, on all catalysts, thermal oxidation of the catalyst in a O2/N2 flow at 250°C
and atmospheric pressure results in a higher amount of active oxygen stored on the catalyst
surface than can be obtained upon re-oxidation by O2 pulses.
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Fig. 3.2-5:

Total amounts of CO (first sequence: ●; following sequences: ○) and O2 (∆) consumed
during the multi-pulse experiments on the four differently supported Au catalysts after
calcination (10% O2/N2, 250°C, 2 h - O250).

Similar observations were made by Kotobuki et al.[42] and by Tost et al.[143] during identical
measurements on Au/TiO2 catalysts based on porous and non-porous TiO2 after calcination at
400°C. The amounts of additionally consumed surface oxygen during the first sequence of
CO pulses, which reflects the additional amount of oxygen deposited during O250 pretreatment compared to deposition during re-oxidation by O2 pulsing at 120°C, differs for the
different catalysts. They are 1.2×1018, 1.1×1018 , and 3.2×1018 O atoms·gcat-1 for the Au/TiO2,

3.2 Support effects in the Au catalyzed CO oxidation

- 69 -

Au/ZrO2, and Au/ZnO catalysts, respectively, and at the limit for quantification (<0.2×1018
O atoms·gcat-1) for the Au/Al2O3 catalyst. After this first sequence, the accumulated amounts
of CO converted and O2 adsorbed during two following sequences equal each other, reflecting
reversible reduction and oxidation of the catalyst surface. This amount of oxygen, which is
reversibly stored on the catalyst and which can be reversibly removed / replenished by
sequences of CO pulses or O2 pulses, respectively, is defined as the oxygen storage capacity
(OSC). It is highest for Au/TiO2 (1.5×1018 O atoms·gcat-1) and almost zero for Au/Al2O3
(below 0.2×1018 O atoms·gcat-1). The values for Au/ZnO (0.9×1018 O atoms·gcat-1) and
Au/ZrO2 (1.2×1018 O atoms·gcat-1) are in between, with a slightly higher OSC for the latter
catalyst (see also Table 3.2-2). All samples were measured under identical conditions (pulse
size, catalyst bed packing etc.) to enable quantitative comparison.
Because of the similarity in Au loadings, Au particle sizes and reaction conditions, the differences in the OSC must be related to the different support materials and their ability to reversibly release and store active oxygen, either via adsorption / desorption of oxygen species or via
incorporation in and release from the surface lattice. Similar to previous findings,[160] the
active oxygen stored on the catalysts is only a very small fraction of the total amount of the
lattice surface oxygen present on the respective samples. It is about 0.3% for the Au/TiO2
catalysts under these conditions, in good agreement with recent findings for a P25 supported
Au/TiO2 catalyst (1%),[42] considering the different Au loadings of 1 wt.% and 3.4 wt.%.
Since the OSC is even lower for the other catalysts and at the same time their surface areas
are comparable (Au/ZnO) or even by a factor of about 4 higher (Au/ZrO2 and Au/Al2O3), the
relative amounts of active surface oxygen stored reversibly on the other catalyst surfaces are
even lower, with 0.2% for the Au/ZnO, 0.1% for the Au/ZrO2 and well below 0.1% for the
Au/Al2O3 catalyst, respectively. From these findings it is obvious that the overall surface area
of the oxide support, and hence the overall amount of surface oxygen is not decisive for the
oxygen storage capacity of the corresponding catalysts. Following a recent proposal by Kotobuki et al. for Au/TiO2 catalysts,[42] we suggest that on all of these catalysts oxygen storage
takes place at the perimeter sites of the interface between Au nanoparticles and support. The
previous proposal was based on the observation that for Au/TiO2 catalysts with different Au
particle sizes but constant Au loading and identical support material (P25), the OSC scaled
with the number of Au atoms at the perimeter of the interface between Au particles and TiO2
support.[42]
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It is important to realize that these amounts of oxygen stored on the different catalysts can not
be detected by any technique under continuous reaction conditions, since the continuous gas
flow in these measurements is too high and therefore the time required to deplete or refill the
active oxygen is much too short to resolve the additional initial CO or O2 consumption.[107]
For example, in the activity measurements at atmospheric pressure described in section 3.2,
the gas flow for CO or O2, respectively, is about 1.6×1019 molecules·min-1 (60 Nml·min-1,
1% CO or 1% O2, respectively). Hence, when using 50 mg of catalyst (normally between 0.5
and 60 mg catalyst were used), it would take between 0.3 s (Au/TiO2) and <0.025 s
(Au/Al2O3) CO exposure to remove the reversibly stored oxygen on these catalysts, while the
time resolution in the GC measurements is about 17 min (one sample taken every 17 minute).
For mass spectrometric detection, the time resolution would be significantly better, but also
there the time constants of the reactor and detection set-up would prevent the detection of the
active oxygen stored on the catalyst surface. Accordingly, an earlier attempt to detect and
quantify the OSC via transient IR measurements had failed.[107]
In our previous study, the local coverage of reversibly stored oxygen, at 80°C reaction temperature and after ex situ conditioning at 400°C, was calculated to be 89% relative to the
number of Au atoms at the perimeter of the interface between Au particle and TiO2 support,
assuming hemispherical Au nanoparticles and oxygen atoms as the stored species.[42] Here,
the local oxygen coverage in the oxidized Au/TiO2 catalyst is slightly higher (96%), but of
similar order of magnitude, independent of the different Au loading (3.4 wt.% in the previous
study, 1.0 wt.% in this study). Therefore, we assume that also for the Au/TiO2 catalyst used in
the present work, the active oxygen is located at the perimeter of the interface between Au
particles and oxide support. A similar mechanism is suggested also for the other catalysts.
Here the corresponding local active oxygen coverages are lower, obtaining 39% (Au/ZrO2),
48% (Au/ZnO), and below the detection limit (uncertainty about 10%) for the Au/Al2O3
catalyst.
These trends in OSC and in local oxygen coverage agree well with the results of the activity
measurements shown in Fig. 3.2-3 and, except for Au/ZrO2, with expectations based on the
reducibility of the oxides. Hence, for these different catalyst there is a clear correlation
between activity, OSC and, by and large, the reducibility of the support material of the
different Au catalysts, indicating that i) the deposition and reactive removal of the active
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oxygen detected in these measurements is a decisive step in the CO oxidation reaction on
these catalysts and that ii) the OSC of the different catalysts is related to the reducibility of the
support. It should be noted that for the pure TiO2 support we could not detect any active
oxygen storage under these experimental conditions, i.e., the OSC is clearly related to the
presence of the Au nanoparticles.
3.2.3.2 Activity measurements
The catalytic activity for CO oxidation under reduced pressure was measured by pulsing
O2/Ar and CO/Ar simultaneously over the calcined catalyst samples (CO:O2 = 1:1) at 120°C
reaction temperature. By comparing the consumption of CO and O2, reaction induced changes
of the oxidation state of the catalyst surface compared to the state after pre-treatment were
monitored.[42;160] Furthermore, the possible accumulation of carbon containing species on the
surface and their stability and dynamic behavior during the reaction were determined from
differences between the consumption of CO and the formation of CO2 (section 3.2.3.3).
Prior to the measurements, it was checked that under the conditions used in these experiments
the pulse shapes and hence the residence times of the educt gases in the catalyst bed are comparable for the different catalysts, despite of the distinct differences in physical properties
such as the surface area. This is important, since the conversion of CO and O2 depends
strongly on the partial pressure and on the time needed for a pulse to propagate completely
through the catalyst bed (‘contact time’).[143] Figure 3.2-6 shows the signals of the Ar component, normalized to the same height, during the activity measurements over the different
catalysts. Obviously, the residence times are comparable for all four catalysts.
A representative example of the pulse responses for CO, O2, Ar and CO2 is given in Fig. 3.27, which shows the respective mass spectrometric responses during 100 simultaneous pulses
of CO/Ar and O2/Ar over the Au/ZnO catalyst. It is obvious already from the raw data, that
the consumption of CO is initially rather high, but decreases rapidly, whereas that of O2 is
almost constant over the whole experiment. The formation of CO2 is also highest at the
beginning of the reaction and decreases afterwards, until reaching a steady-state situation.
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Fig. 3.2-6:

Pulse shapes of the height-normalized signals of Ar during simultaneous pulses CO/Ar
and O2/Ar for determination of the activity for CO oxidation over the differently
supported catalysts after calcination (O250).

The results of a quantitative evaluation of similar pulse sequences for all four catalysts are
presented in Fig. 3.2-8, showing the number of CO and O2 molecules consumed per pulse as
well as the number of CO2 molecules formed. The traces illustrate that for all catalysts, the
CO consumption is highest at the beginning and decreases with ongoing pulse number, until
reaching constant conversion after about 20 – 40 pulses. Also the characteristics of the O2
consumption are similar for all catalysts, starting at almost zero consumption (all O2
molecules admitted within one pulse exit the reactor) and increasing until reaching steadystate conditions, where stoichiometric consumption of oxygen and CO is achieved. The higher
CO consumption compared to the O2 consumption in the initial period of the reaction over all
four catalysts indicates a depletion of active oxygen, equivalent to a reduction of the catalysts
after the oxidative pre-treatment. Qualitatively similar observations were reported recently for
different Au/TiO2 catalysts[42;143] and for a Au/CeO2 catalyst.[160]
By adding up the differences between CO consumption and O2 consumption until steady-state
is reached with its stoichiometric consumption of CO and O2, we obtain the absolute amounts
of active oxygen removed from the surface during the reaction. These are 1.1×1018
O atoms·gcat-1 for the Au/TiO2 catalyst, 1.0×1018 O atoms·gcat-1 for Au/ZrO2, 4.0×1018
O atoms·gcat-1 for Au/ZnO, and below the detection limit for the Au/Al2O3 catalyst (see
Table 3.2-2). We should keep in mind that the single pulse sequences started on freshly
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calcined catalyst samples, which have higher amounts of active oxygen on the catalyst surface
than after exposure to CO and subsequent re-oxidation by O2 pulsing in the multi-pulse
experiments. The above numbers for active oxygen removal until reaching steady-state are
very close to the numbers obtained for the additional active oxygen stored after calcination as
compared to the state reached after re-oxidation by O2 pulsing. Therefore, the steady-state
situations during simultaneous CO and O2 pulses are very close to those obtained after O2
pulsing alone, and hence the oxidation states of the catalyst surfaces during the mixed pulses
are very close to those of the re-oxidized catalysts obtained upon O2 pulsing.
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Fig. 3.2-7:

CO, O2, CO2 and Ar signal recorded during a sequence of 100 simultaneous pulses
CO/Ar and O2/Ar dosed on the Au/ZnO catalyst pre-treated by calcination (O250).

In contrast to the characteristics of CO and O2 consumption, that for CO2 formation differs
distinctly between the different supported catalysts. Furthermore, there are more or less pro-
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nounced differences between CO consumption and CO2 formation, depending on the catalyst
(discussion see section 3.2.3.3).
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Fig. 3.2-8:

CO uptake (●), O2 uptake (Δ), and CO2 formation (◊) during admission of simultaneous
CO/Ar and O2/Ar pulses at 120°C to the differently supported Au catalysts after
calcination (O250). The dashed lines indicate the number of consumed CO/ produced
CO2 molecules for complete conversion of the CO pulses.

For all catalysts, stable reaction conditions with essentially stoichiometric CO and O2 consumption and equivalent CO2 formation were reached after 100 pulses. Based on the resulting
steady-state conversions, the activities of the different Au catalysts decrease in the order
Au/TiO2 > Au/ZrO2 > Au/ZnO > Au/Al2O3, with almost no CO conversion for the Au/Al2O3
catalyst. The relative conversions for CO per pulse are 53% for Au/TiO2, 28% for Au/ZrO2,
11% for Au/ZnO, and about 2% for Au/Al2O3, which is close to the detection limit (see also
Table 3.2-2). Since the Au content and also the mean Au particle size were almost the same
for the different catalysts, also these measurements indicate a pronounced support effect.
The order in activity of the different supported catalysts in these TAP reactor measurements is
similar to that determined in the plug-flow reactor measurements. A quantitative comparison
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of these two measurements, however, is not possible due to the very different reaction conditions: while we have real steady-state conditions in a continuous flow of gases at atmospheric
pressure in the plug-flow reactor measurements, which allow us to calculate reaction rates and
TOF numbers, we have a transient input of gases under vacuum conditions in the TAP reactor. Under those conditions, reaction rates are not easily accessible, and we can only calculate
the conversion per pulse. Furthermore, the numbers of educt molecules admitted to the catalysts per second and hence their partial pressures are very different in the two measurements.
Nevertheless, the fact that the order of the activities is the same in both experiments indicates
that at atmospheric pressure the support participates in a similar way in the reaction as in the
pulse experiments under low pressure conditions.
Already in 1989, Haruta et al. had proposed that the supporting oxides may play an important
role in the CO oxidation over supported Au catalysts, either via metal-support interactions or
via a bifunctional mechanism in which gold particle and support oxide activate different steps
of the CO oxidation.[11] A distinct effect of the supporting oxide was derived also by Schubert
et al., which led them to distinguish between ‘active’ and ‘inert’ supports and to tentatively
propose sites at the interface between Au nanoparticles and oxide substrate as active sites.[37]
In subsequent theoretical studies of the CO oxidation reaction on TiO2(110) supported Au
nanorods by Hu and coworkers[38] and by Hammer and coworkers[39], these authors found that
molecular O2 could be stable adsorbed at interface states, stabilized by interactions with an
under-coordinated Au atom and a Ti4+ cation, while on Au surfaces the adsorption energy was
negligible. Furthermore, this molecular O2 species was found to be highly activated and able
to react with CO adsorbed on the Au nanorod with a rather low reaction barrier of 0.1 – 0.2
eV.[38;39] Moving on to distinct Au10 bilayer clusters supported on rutile TiO2(110),
Remediakis et al. postulated two different pathways for the CO oxidation over supported Au
catalysts, a ‘gold-only mechanism’ and a ‘metal/oxide boundary mechanism’.[40;95] Their
calculations showed stable adsorption of O2 species both at the interface between the Au10
cluster and rutile TiO2(110) and also on the Au10 cluster, though with different stabilities.
Subsequent reaction with COad was found to be possible on both sites. In the ‘gold-only
mechanism’, reaction takes place only on the Au nanoparticles, at low-coordinated Au sites
such as corners or edges. This mechanism was proposed to be active on all Au catalysts,
independent of the support material. Nevertheless, the support can indirectly affect the
catalytic performance also in the ‘gold only mechanism’ via support induced modifications of
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the Au nanoparticles, e.g., via charge transfer or strain effects. In the ‘metal/oxide boundary
mechanism’, oxygen is adsorbed and activated at the interface between Au and the metal oxide support. Due to the charge transfer to the adsorbed O2 species, this results in negatively
charged O2 species. Such superoxide (and peroxide) species had already been proposed to
represent the active oxygen species for CO oxidation by Liu et al. for a Au/Fe2O3 catalyst.[43]
Furthermore, they were identified on different metal oxide supported Au catalysts by electron
spin resonance (ESR)[96] and Raman spectroscopy measurements.[44;85] The contribution of
this pathway depends strongly on the chemical nature of the support, which directly
participates in the catalytic reaction. Depending on the reaction conditions, on the preparation
and pre-treatment procedure and on the structural and chemical properties of the catalyst (Au
particle size, support particle size, chemical nature of the support), the one or the other
pathway was proposed to dominate.[40;95]
In a recent quantitative TAP study on the OSC and CO oxidation behavior over P25 supported
Au/TiO2 catalysts with different Au particle sizes but identical Au loading, we found the OSC
and also the activity for CO oxidation to scale approximately with the length of the perimeter
of the interface between Au nanoparticles and TiO2 support.[42] This finding provided clear
evidence that active oxygen can be adsorbed on sites along the perimeter of the Au-oxide
interface. Similar evidence came also from a study of the OSC and CO oxidation behavior on
Au/CeO2.[160] The nature of the active oxygen species, atomic or molecular oxygen, could not
be derived from those measurements. In view of the findings of the theoretical studies described above, which revealed that stable adsorbed molecular oxygen species can be formed
at perimeter sites it may be tempting to favor a reaction mechanism proceeding via a
molecularly

adsorbed

O2

species,

as

described

by

the

‘metal/oxide

boundary

mechanism’.[40;95] The atomic Oad species resulting from reaction between COad and O2,ad (CO
induced O2,ad dissociation) is highly reactive even on extended Au surfaces[166] and also on
TiO2(110) supported Au clusters[40;84;95;167-169] and will react rapidly with coadsorbed CO. On
the other hand, however, the observation that the active oxygen species is stable at least up to
temperatures of 120°C is hardly compatible with a molecularly adsorbed oxygen species and
with the adsorption energies calculated in theoretical studies.[95] According to calculations by
Laursen and Linic,[84] atomic oxygen species are most stable bound at the Au/TiO2 interface,
while other sites on the Au nanostructure (2-layer-thick Au nanorods on TiO2(110)) may be
available for CO adsorption. It should be noted, that atomically adsorbed oxygen on Au or Au
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model catalyst has been demonstrated previously to be highly reactive towards CO.[166-168] On
the other hand, the most important open question, the reaction pathway for O2 dissociation,
has not been addressed by Laursen and Linic, and is still unresolved. Because of the high
thermal stability of the active oxygen species, we also favor an atomic species located at the
Au/oxide interface as active species.
Considering the clear correlation between OSC and CO oxidation activity in the present
measurements, illustrated in Fig. 3.2-9, we propose that also for the other Au catalysts the
activation of oxygen takes place at the perimeter of the Au-oxide interface (‘metal/oxide
boundary mechanism’), at least in the dominating reaction pathway. Accordingly, the
differences in energy levels and barriers in this reaction pathway are responsible for the
differing activities of these catalysts. Only for the Au/Al2O3 catalyst with its very little OSC,
the contribution from the ‘gold-only mechanism’, which should be of similar order of
magnitude for all catalysts investigated, may be dominant.
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Fig. 3.2-9:

Absolute amounts of CO converted / CO2 produced in steady-state during simultaneous
pulses CO/Ar and O2/Ar on the differently supported Au catalysts plotted against the
oxygen storage capacity of the corresponding catalysts, both after pre-treatment by
calcination (O250).
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The correlation between OSC and activity on the one hand and reducibility of the support on
the other hand derived in the present study agrees with trends reported earlier.[37;163] In the
latter measurements, however, the similarity in Au particle size and composition (Au0) and
Au loading of the different catalysts was much less well controlled than in the present study.
The reducibility of the support may affect the catalyst and its performance in different ways.
Oxygen vacancy defects were speculated to improve O2 adsorption on the support or at the
support-oxide interface[170;171] or to change the charge state of the Au nanoparticles.[67] In
previous calculations, oxygen vacancies at the interface were found to significantly enhance
the interaction between oxide and Au nanoparticles, e.g., for Au-TiO2[172;173] or for AuMgO.[39;73;158] On the other hand, the effect on the adsorption energies and reaction barriers
was found to be rather small.[40;95] Alternatively, the stronger interaction of O2 with highly
charged cations such as Ti4+ was held responsible for the high activity of Au catalysts supported on reducible oxides such as TiO2 or V2O5.[38] Experimentally, Carretin et al. found that
upon doping the supporting TiO2 with iron, the concentration of oxygen vacancies, as
estimated from the band-gap transition of TiO2 in UV-VIS spectra, the number of adsorbed
superoxide and peroxide species after O2 exposure (Raman spectroscopy) and the catalytic
activity for CO oxidation increased.[44] In the present experiments, surface oxygen vacancies
may be generated during CO pulsing, though definite proof can not be given. During reaction,
after reaching steady-state conditions, however, the catalyst surface was determined to be in a
state close to the ‘fully oxidized state’, where the existence of significant amounts of oxygen
vacancies is unlikely.
In total, these experiments clearly support a CO oxidation reaction mechanism involving direct participation of the support (‘metal/oxide boundary mechanism’). Despite of the evidence
in previous theoretical work, where mainly stable adsorbed molecular O2 species were found
at interface perimeter sites, we tend to favor an atomic species adsorbed at the perimeter of
the Au-oxide interface as active oxygen species because of its high stability determined experimentally, being stable towards desorption at least up to 120°C. Final proof, however, is
still missing. The presence of significant amounts of oxygen vacancies during reaction, under
steady-state conditions, is unlikely, though it can not be fully ruled out.
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3.2.3.3 Accumulation of carbon containing surface species
It is well known from previous studies that carbon containing surface species are built up on
oxide supported catalysts during CO oxidation.[12;97;144;174]. Depending on the nature of the
support, these species may either be stable adsorbed surface species such as surface
carbonates, acting as reaction intermediates or spectator species, and/or re-adsorbed product
CO2. Using the TAP reactor, it is possible to exactly quantify the amount of these species,
although their nature can not be identified.
For the more active catalysts investigated, we found a clear difference between CO consumption and CO2 formation in the single pulse experiments in the initial phase of the reaction. The
discrepancy between CO consumption and CO2 formation, however, varies distinctly for the
different catalysts. While for most catalysts, the amount of gaseous CO2 product reaches its
highest value within the first two pulses and decreases with ongoing pulse number, it increases steadily during the entire experiment for the Au/ZrO2 catalyst. At the same time, the
consumption of CO decreases for all catalysts in the initial period of the reaction, until reaching a steady-state. The number of pulses required for reaching a stable situation with similar
values for CO consumption and CO2 formation differs for the different catalysts. While this is
essentially reached after only 2 pulses for the Au/TiO2 catalyst, it takes about 50 pulses for the
Au/ZnO catalyst and almost 100 pulses for the Au/ZrO2 catalyst. Due to the very low amount
of CO consumption and CO2 formation on the Au/Al2O3 catalyst, the time for reaching
steady-state could not be determined for this catalyst. These results clearly indicate that some
kind of carbon containing species is formed on the catalyst surface during the reaction, either
stable compounds such as surface carbonates, which are built up during reaction or by readsorption of the product CO2. Adding up the differences between CO consumption and CO2
formation, we calculated the number of carbon containing surface species formed during the
reaction to be equivalent to <2.0×1017, 7.7×1018, and 2.7×1018 CO2 molecules·gcat-1 for the
Au/TiO2, Au/ZrO2 and Au/ZnO catalyst, respectively (see Table 3.2-2). For the Au/Al2O3
catalyst, a quantitative evaluation was not possible due to the very low values for CO
consumption and CO2 formation. One should note that there is no correlation between the
additional amount of active oxygen present on the catalysts surface after O250 treatment, as
indicated by the difference in CO consumption and O2 consumption, and the formation of
adsorbed carbon containing species, as indicated by the difference in CO consumption and
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CO2 formation (for comparison of absolute numbers see table 3.2-2). Therefore, these two
effects are discussed separately.
The accumulation of carbon containing surface species was verified by TPD measurements,
performed directly (5 min) after the single-pulse CO oxidation sequences. To distinguish the
carbon containing species from those already present before the reaction, we used labeled
13

CO for the single-pulse measurements. The mass 45 TPD traces (13CO2) resulting from the

Au/TiO2, Au/ZnO and Au/ZrO2 catalysts (Au/Al2O3 was not measured because of the very
low CO2 formation) during these measurements are plotted in Fig. 3.2-10a.
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Fig. 3.2-10: Mass spectrometric signals for a) mass 45 (13CO2) and b) mass 44 (12CO2) recorded
during temperature programmed desorption (TPD) directly after reaction with
13
CO/O2/Ar pulses over the Au/TiO2, Au/ZrO2, and Au/ZnO catalysts at 120°C after
calcination (O250).
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First of all, although we could not quantify the results of these measurements on an absolute
scale, the data clearly reveal a decreasing amount of carbon containing species in the order
Au/ZrO2 > Au/ZnO > Au/TiO2, confirming the trend determined in the single pulse
experiments. Second, these spectra exhibit characteristic peaks at about 200 – 235°C and 330
– 360°C. Recently, Clark et al. proposed for CO oxidation at a Au/TiO2 catalyst that the
interaction of CO2 product molecules with the support may lead to the transient formation of
surface carbonates.[107] These species should decompose slowly to CO2 which then may readsorb again. Based on these results, we attribute the first peak to desorption of adsorbed
CO2, while the second one is tentatively assigned to the decomposition of surface carbonates.
The tendency for CO2 adsorption is low for Au/TiO2, despite of its high activity for CO2
formation, slightly higher for Au/ZnO and clearly most pronounced for Au/ZrO2, where this is
the dominant carbon containing surface species present on the surface during/after reaction.
On the other hand, for Au/ZnO, the second peak dominates and it is even higher than that on
Au/ZrO2, where also considerable amounts of these species were formed, while for Au/TiO2
also this peak has a very low intensity. Hence, on Au/ZnO and in particular on Au/ZrO2, CO2
is accumulated by re-adsorption in the catalyst (desorption ~235°C). In addition, more stable
surface compound species are formed (decomposition at 330 – 360°C), and here the amount
of these species is highest for Au/ZnO species, lower for Au/ZrO2 and much lower for
Au/TiO2.
In addition to these species, there are considerable amounts of other stable carbon containing
species on the surface, which were not removed by the pre-treatment procedure. This is evident from the TPD traces recorded on mass 44 (12CO2) during the same TPD measurements
over the three catalysts (Fig. 3.2-10b). Since the pre-treatment involved calcination at 250°C,
measurable desorption occurs only above that temperature. The data reveal distinct differences in the desorption characteristics between the different catalysts. Also here, the amount
of carbon containing surface species is much higher for the Au/ZnO and Au/ZrO2 catalysts
than for the Au/TiO2 catalyst, in line with the activities for forming such species described
above (Fig. 3.2-10a). Furthermore, we find a characteristic peak or shoulder at about 350 375°C, which may result from the same surface species as the high temperature peak in
Fig. 3.2-10a, plus a number of higher temperature peaks which are likely to be related to other
surface species.
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The stability and dynamic behavior of the carbon containing surface species on the three
catalysts during the reaction was explored by isotope switching experiments (for Au/Al2O3
this was not done because of the low activity for CO2 formation and hence for the build-up of
carbon containing deposits). We first admitted 50 pulses of a gas mixture of labeled 13CO, O2
and Ar to the freshly calcined catalysts, and then changed to 50 pulses of

12

CO, O2 and Ar.

The CO and O2 conversions and the formation of the two CO2 isotopomers (13CO2, 12CO2) are
shown in Fig. 3.2-11. On the Au/TiO2 catalyst, there is almost no build-up of carbon
containing surface species at the beginning (see also above), and the small amount of
reversibly stored carbon containing surface species present during reaction is exchanged
completely within the first 5 pulses after the switch (100% exchange). This is in good
agreement with expectations based on a weak interaction between CO2 and TiO2. The
situation is very different for the Au/ZrO2 and the Au/ZnO catalysts. On these catalysts, one
can detect isotope labeled

13

CO2 molecules even 50 pulses after the switch to

Correspondingly, the intensity of the new

12

12

CO.

CO2 isotopomer increases only slowly, and has

not yet reached its final value even after 50 pulses. Until the end of the sequence, only part of
the 13C carbon containing surface species accumulated during the preceding reaction sequence
was replaced by their 12C analogue (57% for Au/ZrO2, 29% for Au/ZnO). From the fact that
13

CO2 formation is not observed continuously, as one would expect from thermal desorption,

but only upon 12CO/O2 pulses, we can further conclude that the replacement of adsorbed 13C
species by

12

C species on the surface is essentially induced by CO2 rather than just due to

thermal desorption of CO2. The third possibility, CO or O2 induced decomposition, could be
excluded by additional pulse experiments using CO or O2 pulses only. The observation of a
slow exchange of the carbon containing species during reaction over the Au/ZrO2 and the
Au/ZnO catalysts is consistent with the thermal stability of these species detected in the TPD
measurements (desorption maxima at 200 – 235°C and at 330 – 360°C). Most likely, mainly
the species in the low temperature peak (re-adsorbed CO2) are exchanged. Considering the
relative amounts of exchanged species, however, the exchange must involve also the high
temperature species (stable surface carbonate species), at least for Au/ZnO, though
presumably on a slower time scale.
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Fig. 3.2-11: CO uptake (●), O2 uptake (Δ), and CO2 formation (◊: open symbols 13CO2, filled
symbols 12CO2) per pulse during isotope switching experiments at 120°C, exposing the
freshly calcined (O250) a) Au/TiO2, b) Au/ZrO2, and c) Au/ZnO catalysts first to 50
13
CO/O2/Ar pulses and afterwards to 50 12CO/O2/Ar pulses. (Instabilities in the O2
pulses were corrected for in the quantitative evaluation by comparison with the Ar
standard.)
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The presence of significant amounts of carbon containing species on the surface, also at the
beginning of the reaction, and the very different tendencies for further deposition of these
species during the reaction may be another factor affecting the (initial) activity of these Au
catalysts, in addition to their different inherent activities (activity of a catalyst free of carbon
containing deposits). As shown in previous reaction measurements, increasing coverages of
carbon containing surface species result in a lower activity of the corresponding
catalysts.[148;174-176] Although we expect only a small fraction of these surface species to be
located at the active interface perimeter sites, a higher coverage of these species on the
support goes along with a higher probability for blocking these interface sites. Therefore, the
relatively low coverage of carbon containing surface species on the Au/TiO2 catalyst may be
further reason for the high activity of this catalyst, and may at least partly be responsible for
its much higher activity compared to Au/ZrO2, despite the rather small difference in OSC
(factor of 1.2). Moreover, the weak interaction between CO2 and the TiO2 support can also
explain the extraordinary high activity of Au/TiO2 catalysts already at very low temperatures
(-70°C), which has been reported previously.[12] On other, more strongly interacting support
materials, adsorption of CO2 and accumulation of carbon containing surface species would
lead to a rapid blocking of surface sites and hence to deactivation. Finally, we want to note
that due to the very different reaction times the build-up of carbon containing surface species
sensed in the TAP reactor measurements can not be compared, at least not quantitatively, with
the deactivation detected in micro-reactor measurements (see Fig. 3.2-3 and Ref. [174]). On
time scales of hours and more, as used in such experiments, carbon containing surface species
are built up also on Au/TiO2 and lead to a significant deactivation of the catalyst, in particular
at lower temperatures (80°C).[174;176]

3.2.4 Conclusions
Applying quantitative Temporal Analysis of Products techniques, we could quantify the oxygen storage capacity (OSC) of four Au catalysts supported on different oxide materials but
similar Au loadings and Au particle sizes and relate this to the catalytic activity for CO oxidation reaction. This way we could demonstrate that both OSC and CO oxidation activity
depend sensitively and directly on the nature of the support. These measurements in combination with reaction rate and TPD measurements led to the following conclusions:
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From the pronounced effect of the support material on the OSC and the activity for CO
oxidation and the close correlation between OSC and CO oxidation activity, with the
same order in both cases (Au/TiO2 > Au/ZrO2 > Au/ZnO > Au/Al2O3), we propose a
similar reaction mechanism for these catalysts as derived recently for Au/TiO2,[42] with
the support participating directly in the CO oxidation reaction, by stabilizing and
activating adsorbed oxygen at the perimeter sites of the interface between Au
nanoparticle and support (‘metal/oxide boundary mechanism’). The data clearly
suggest that the reactivity is largely controlled by the OSC of the catalyst. Only for the
Au/Al2O3 catalyst with its very low OSC and CO oxidation activity, the reaction may
be dominated by a ‘gold-only mechanism’.

2)

From the pronounced effects of the support and the similar order of decreasing activity
obtained in stationary measurements oft the reaction rate in a plug-flow reactor, we
conclude that this reaction mechanism is not only dominant under the instationary
reaction conditions present in the TAP reactor, but also under stationary reaction
conditions at atmospheric pressure. Correspondingly, the active oxygen species
determined in the pulse experiments is also the active species during continuous
oxidation at atmospheric pressure.

3)

From the fact that the surface of all catalysts was essentially in the ‘fully oxidized’
state during steady-state CO oxidation as obtained upon re-oxidation by O2 pulsing,
we conclude that during reaction contributions from surface vacancies are small, at
least under present reaction conditions. More significant, the chemical nature of the
support may affect the reaction also via an enhanced formation and stabilization of
active oxygen species adsorbed at the interface perimeter sites, by interaction with
highly loaded cations such as Ti4+.[38]

4)

The distinct differences between the Au catalysts in the tendency for accumulation of
carbon containing surface species during CO oxidation, by re-adsorption of CO2
product molecules and by formation of stable adsorbed surface species such as surface
carbonates, are likely to represent another important factor for the CO oxidation
activity of oxide supported Au catalysts, in addition to the differences in the OSC.
Furthermore, the little interaction between CO2 and Au/TiO2 catalyst is held
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responsible for its high activity at low temperatures, where for other Au catalysts the
surface would rapidly be covered by adsorbed CO2 and surface carbonates etc..
5)

From the observation that the adsorbed carbon containing species can be reversibly reconverted into CO2 upon exposure to CO/O2 mixtures, which was detected in pulse experiments using isotope labeled

13

CO, we conclude that these species are not fully

stable at the reaction temperature, but can be desorbed / decomposed. Since thermal
desorption/decomposition of these species occurs only at significantly higher
temperatures, this is attributed to a CO2 assisted mechanism. Because of the rather
slow exchange process, we propose that they essentially represent spectator species,
which can be formed and decomposed reversibly during the reaction, rather than
reaction intermediates in the dominant reaction pathway.
In total, these experiments and results provide definite proof for a direct participation of the
support in the CO oxidation reaction over highly active Au/TiO2, Au/ZnO and AuZrO2 catalysts, via storage and activation of active oxygen. Based on previous results for Au/TiO2, this
occurs most likely at the perimeter of the Au-support interface (‘metal/oxide boundary
mechanism’). For Au/Al2O3, such participation of the interface can not be identified, and a
‘gold-only mechanism’, which at most represents a minority pathway on the other catalysts,
may be dominant. We suggest that, in addition to the CO oxidation reaction, these results and
findings are important also in a more general sense, for the mechanistic understanding of oxidation reactions over oxide supported Au catalysts in general, where the same active oxygen
species are expected to participate in the reaction.
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3.3 Active oxygen on a Au/TiO2 catalyst - Formation and stability
Most controversial in oxidation reactions are the activation of molecular oxygen, the active
site for this reaction step, and the nature of the catalytically active oxygen species present
under working conditions.[36;38;42;44;58;81;83;95] Stiehl et al. had shown that molecularly adsorbed
oxygen can be deposited on both Au(111) and Au nanoparticles (NPs) supported on
TiO2(110) at 77 K using a high energy oxygen plasma-jet molecular beam for oxygen
deposition,[177] and moreover, that this oxygen can directly react with CO from a subsequent
CO beam exposure under these conditions.[178] The molecular species desorbs, however, upon
heating to 170 K.[178] Carretin et al. could resolve bands of a η1-superoxide and peroxide
species on pure and Fe-doped Au/TiO2 catalysts upon interaction with O2 at 253 K in in situ
Raman measurements at atmospheric pressure, which disappeared when changing to CO/O2
reaction mixtures, implying that these species represent the active oxygen species.[44] Stable,
molecularly adsorbed oxygen species, mostly located at the perimeter of the interface between
a Au cluster and TiO2 support[38;39;83;95] or at low-coordination sites of the Au clusters,[63;95]
were identified also in a number of theoretical studies and proposed as active oxygen species,
and it was shown that these species can react with coadsorbed CO with rather low activation
energies via a coadsorption complex. In most cases, the dissociation of adsorbed O2,ad species
without interaction with coadsorbed CO was found to be highly activated.
Recently, Kotobuki et al. demonstrated in temporal analysis of products (TAP) reactor
measurements that active oxygen species, active for facile reaction with CO, can be deposited
at 80°C by exposure to thermal O2 pulses and that these species are stable against desorption
at that temperature.[42] Comparing the amount of active oxygen species that can be stored on
Au/TiO2 catalysts with identical Au loading, but differently sized Au NPs, they showed that
the oxygen storage capacity (OSC) and also the CO oxidation activity of these catalysts during continuous CO oxidation in a micro-reactor scale with the length of the perimeter of the
interface between TiO2 support and Au NPs. Accordingly, active oxygen species on sites
along the perimeter of the interface between Au NPs and TiO2 support were proposed as active species / active sites, both for reaction in the TAP reactor and during continuous reaction
at atmospheric pressure in a micro-reactor.[42] It is important to realize that this oxygen
species can hardly be identical with the molecularly adsorbed oxygen species identified in the
above experimental and theoretical studies, since the calculated adsorption energies would be
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too low to stabilize them at 80°C, and in the work by Stiehl et al., desorption of the molecular
O2 species was observed at 170 K.[177;178] In the meantime, stable active oxygen species and a
correlation between OSC and CO oxidation activity were reported also for other oxide
supported Au catalysts,[122] indicating that this species, which contrasts most proposals for the
CO oxidation mechanism, is a general feature for CO oxidation on oxide supported Au
catalysts.
Despite of the progress in mechanistic understanding, however, the nature of the active oxygen species, in particular whether it is a molecular or atomic species, could not be clarified in
these studies, leaving this central question unresolved.[80] Because of the very low amount of
these oxygen species of about 1% of the total amount of surface oxygen, spectroscopic
identification of this species is hardly possible, in particular when considering the large background signal. Furthermore, it is also open whether these oxygen species are adsorbed at the
perimeter, or whether they represent surface lattice oxygen adjacent to the Au NPs, which is
activated by the presence of the Au NPs.
The results reported in this chapter allow to clearly identify the nature of the active oxygen
species and provide strong evidence for their location on the catalyst surface. This is based on
multi-pulse measurements performed in a TAP reactor over a wide temperature range. Prior to
each experiment, the Au/TiO2 catalyst was pre-treated by in situ calcination in 10% O2/N2 at
400°C (O400) to prepare a well defined, fully oxidized catalyst. Afterwards, the micro-reactor
was evacuated, and exposed alternately to sequences of CO/Ar pulses and O2/Ar pulses (1:1,
1×1016 molecules per pulse each) to determine the amount of stable adsorbed oxygen that can
be reversibly deposited and reactively removed under these conditions (OSC).[42] This
procedure, which was performed at different temperatures between 80°C and 400°C, allows
us to determine even very low amounts of active oxygen stored on a catalysts surface very
precisely.
The main part of the results described in this chapter was published in the Angewandte

Chemie, International Edition 2011 50, 10241-10245: D. Widmann and R.J. Behm, "Active
oxygen on a Au/TiO2 catalyst - Formation, Stability, and CO Oxidation Activity",[179] except
for the results described in chapter 3.3.2.2, which are not yet published.
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3.3.1 Characterization Au/TiO2
After drying at 100°C in an inert atmosphere for 15 h and subsequent pre-treatment by in-situ
calcination at 400°C for 30 min (O400), the Au loading of the resulting Au/TiO2 catalyst was
2.6 wt.%, with a mean Au particle size of 3.0±0.7 nm, measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) and transmission electron microscopy
(TEM), respectively. Representative TEM images and the corresponding particle size
distributions of the Au/TiO2 catalyst directly after calcination (O400) and after subsequent
performance of multi-pulse experiments at 400°C (which is the highest temperature used in
this study) are shown in Fig. 3.3-1 and Fig. 3.3-2, respectively. A quantitative evaluation of
the particle size reveals that the particle size as well as the particle size distribution stays
mainly unchanged, being 3.0±0.8 nm after the multi-pulse experiments performed at 400°C.
Hence, the Au particles are stable under the present reaction conditions and up to
temperatures of 400°C no particle sintering occurs.

a)

b)

20 nm

Fig. 3.3-1:

20 nm

Representative TEM images of the Au/TiO2 catalyst a) on a freshly prepared sample
directly after calcination in 10% O2/N2 at 400°C for 30 min (O400) and b) after O400
and subsequent multi-pulse experiments performed at a reaction temperature of 400°C.
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Fig. 3.3-2:

Au particle size distributions of the Au/TiO2 catalyst a) on a freshly prepared sample
directly after calcination in 10% O2/N2 at 400°C for 30 min (O400) and b) after O400
and subsequent multi-pulse experiments performed at a reaction temperature of 400°C.

3.3.2 Pulse experiments
3.3.2.1 Detection and characterization of active oxygen
Raw data of the signals during the first two reduction – re-oxidation cycles, the initial reduction and subsequent re-oxidation of the Au/TiO2 catalyst after O400 pre-treatment (reaction
temperature 80°C) and the following cycle, are shown in Fig. 3.3-3. In agreement with previous findings,[42;122] CO2 is produced solely during the CO/Ar pulses over the oxidized catalyst,
and not during the subsequent O2/Ar pulses, indicating that CO is reversibly adsorbed under
these conditions and desorbs instantaneously after the CO pulse.
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Fig. 3.3-3:

Upper panel: Signals for CO and CO2 obtained during the first sequence CO/Ar pulses
(CO(1)) over the Au/TiO2 catalyst at 80°C directly after pre-treatment (O400) and
during the second sequence (CO(2)) at 80°C after oxidation by O2/Ar pulses. Lower
panel: O2 signal obtained during the first two sequences of O2/Ar pulses (O2(1), O2(2))
at 80°C over the Au/TiO2 catalyst after reduction by CO/Ar pulses.

The consumption of the educt gases, calculated from the missing mass spectrometric intensity
compared to that after saturation, is highest in the beginning of each sequence and decreases
with ongoing pulse number, until it reaches the zero level and the oxidation state of the
catalyst surface is not changed any more. Moreover, the amount of CO consumed equals the
amount of CO2 formed. Hence, there is no measurable accumulation of carbon containing
species on the catalysts surface under present reaction conditions. This is true for all

3.3 Active oxygen on a Au/titania catalyst – Formation and stability

- 92 -

temperatures investigated. Finally, the amount of CO consumed and CO2 produced is higher
during the first sequence of CO pulses, directly after the oxidative pre-treatment, compared to
the following CO/Ar pulse sequence after oxidation by O2/Ar pulses at 80°C. In contrast to
this, the amount of oxygen consumed is the same during both oxidation sequences and also in
following cycles. The higher consumption of CO during the first sequence was attributed to
an irreversible removal of active oxygen from the freshly calcined catalyst, while the amount
of reversibly removed and replenished surface oxygen is defined as the OSC.[42]
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Fig. 3.3-4:

Absolute amount of CO and O2 consumed during three cycles with alternating reduction
and oxidation of the Au/TiO2 catalyst by 200 CO/Ar pulses and by 100 O2/Ar pulses,
respectively, at a) 80°C, b) 160°C, c) 240°C, and d) 400°C starting with CO pulses after
oxidative pre-treatment (O400).

Quantitative results of the measurements at all temperatures investigated are presented in
Fig. 3.3-4, where the total amounts of CO and O2 consumed during the first three sequences
after O400 pre-treatment are plotted as a function of pulses. As mentioned above, the amount
of CO2 equals every time the amount of CO consumed and is therefore not plotted. These
plots demonstrate that irreversible consumption of oxygen, which can not be replenished by
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O2/Ar pulses, occurs at all temperatures during the first sequence of CO/Ar pulses directly
after O400. Afterwards, the consumption of CO and O2 is identical, hence the amount of oxygen deposited by O2 pulses equals the amount of oxygen reacted away during subsequent CO
pulses. These processes are therefore fully reversible under present reaction conditions. Only
at 400°C, the uptake of oxygen is slightly higher, which is topic of further investigations.
This, however, does not affect the conclusions in the present chapter. Most important, the
amount of oxygen reversibly deposited and reactively removed depends strongly on the
temperature and increases from 80°C to 400°C by a factor of 4.5. This is shown in Fig. 3.3-5,
and the corresponding values for the OSC, from 4.6×1018 O atoms·gcat-1 at 80°C to 17.8×1018
O atoms·gcat-1 at 400°C, are listed in Table 3.3-1.
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Fig. 3.3-5:

Oxygen storage capacity (OSC) of the Au/TiO2 catalyst at different temperatures
ranging from 80°C to 400°C. To ensure reproducibility of the data obtained, several
measurements on freshly calcined catalysts (O400) were performed at each temperature.

Despite of this increase, the amount of removable oxygen is rather small and even at 400°C it
is just 3.3%, relative to the entire surface oxygen content calculated from the overall surface
area of the TiO2 support (see also Table 3.3-1). Additionally, one should note that even at
400°C there is no measurable oxygen removal/deposition on the pure support (P25), and
hence, the Au NPs are mandatory for the removal and formation of active oxygen on the
catalyst surface, as already described for Au/CeO2[160] and Au/TiO2[42] at lower temperatures
(120°C and 80°C, respectively).
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Calculating the local active oxygen coverage at the interface between Au and the TiO2
support, we obtain values of 0.89 at 80°C, 1.95 at 160°C, 2.46 at 240°C, and 3.65 at 400°C
(relative to the total amount of O surface lattice atoms at the perimeter). The value obtained at
80°C agrees closely with previous findings in our laboratory.[42] The increase of the OSC with
higher temperature is interpreted by a thermally activated increasing mobility of oxygen /
oxygen vacancies at the perimeter of the Au NPs, which allows the reactive removal and
replenishment also of oxygen species not directly located at the perimeter sites.

Table 3.3-1:

Irreversible and reversible (OSC) loss of oxygen in the reduced state of the Au/TiO2
catalyst, after CO pulses at different temperatures, referred to the oxygen content of
the fully oxidized catalyst after oxidative pre-treatment (O400).

80°C

160°C

240°C

400°C

Irreversible loss of oxygen
(1018 O atoms·gcat-1)

6.7

8.4

7.8

8.9

Reversible loss of oxygen /
Oxygen storage capacity (OSC)
(1018 O atoms·gcat-1)

4.6

10.0

12.6

18.7

Oxygen storage capacity (OSC) (a)
(O atoms/perimeter site Au–TiO2)

0.89

1.95

2.46

3.65

Oxygen storage capacity (OSC) (b)
(O atoms/ surface oxygen)

0.008

0.018

0.023

0.033

(a) assuming half spherical particles
(b) assuming 1·1015 O atoms·cm-2
Fig. 3.3-6 shows the accumulated oxygen loss / oxygen re-deposition during the reduction and
oxidation sequences, starting with a fully oxidized surface after oxidative pre-treatment
(O400). The amount of oxygen removed from the catalysts surface in the first reduction sequence increases with higher temperature, indicating that the removal of oxygen is an activated process. Subsequent re-oxidation of the reduced catalysts with O2 pulses raises the oxygen content again. Interestingly, the total amount of active oxygen present on the catalyst surface after the first reduction – re-oxidation cycle depends very little on the reduction - reoxidation temperature, which will be discussed below. Compared to the initial state after
O400 treatment, the active oxygen coverage at this point is somewhat lower, with the difference reflecting the irreversible oxygen removal. In the second and subsequent cycles, this
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general behavior of reduction to a temperature dependent, but for that temperature constant
active oxygen coverage, and re-oxidation to a common, temperature independent value is
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Fig. 3.3-6:

Loss of oxygen referred to the oxygen content after oxidative pre-treatment (O400) after
reduction by CO/Ar pulses (CO(1)), after re-oxidation by O2/Ar pulses (O2(1)), and
after second sequences of CO (CO(2)) and O2 (O2(2)) pulses at different temperatures
ranging from 80°C to 400°C.

The pulse deposited oxygen species is highly stable even at temperatures as high as 400°C:
pulsing CO not directly (with a time delay of 5 s) after the O2 pulses at 400°C, but with a time
delay of one hour between the last O2 and the first CO pulse, we find exactly the same amount
of CO consumed and CO2 formed as during CO and O2 pulse sequences without an additional
time delay between O2 and CO pulses at 400°C. Hence, under these conditions there is no
measurable desorption of the active oxygen species within one hour.

3.3.2.2 Non-catalytic oxygen removal / CO2 formation
As described above, there is at all temperatures investigated irreversible consumption of
oxygen from the catalyst surface during the first sequence of CO/Ar pulses, directly after
O400, which can not be replenished by O2/Ar pulses. This finding is in agreement with
previously published TAP measurements from our group on the CO oxidation over various
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Au/TiO2 catalysts, where this irreversible loss of oxygen was observed in the initial state of
the CO oxidation reaction during simultaneous CO and O2 pulses.[42;122;143] Moreover, it can
also be compared to results from Soares et al., who reported a non-catalytic oxygen removal /
CO2 production upon exposure to CO for Au/TiO2 catalysts[180] as well as for Au2O3 and
Au(OH)3.[181] Obviously, as already shown in Fig. 3.3-6, this goes along with an higher
oxygen content after calcination compared to the catalyst oxidation state after O2/Ar pulses
and, hence, with a irreversible removal of oxygen during the first sequence of CO/Ar pulses.
Due to the fact that this oxygen species is removed irreversible by CO and, hence, that it is
not regenerated during following O2 pulses under present reaction conditions, it is in the
following denoted as non-catalytically removed oxygen (in the following denoted as Oirr),
resulting in non-catalytic CO2 formation upon interaction with CO. Nevertheless, one should
note, that this classification is only valid under present reaction conditions. Under different
reaction conditions, e.g. at atmospheric pressure, this species may also be regenerated by O2
after its removal by CO.[182] The absolute amount of this irreversibly removed oxygen species
present on the Au/TiO2 catalyst investigated in this study can be calculated from the
difference in CO consumption during the first sequence of CO pulsing and the following ones,
for which it is constant, independent of the cycle number, and, hence, reversible. It is between
6.7×1018 (80°C) and 8.9×1018 (400°C) O atoms·gcat-1 and, hence, mainly independent of
temperature (see also Table 3.3-1). In order to explain this difference between the oxygen
content after oxidative pre-treatment and after re-oxidation by O2 pulses, and to unravel its
origin, we first studied the thermal stability of the Oirr species by means of TPD
measurements. To check, if this species can also be removed thermally, we started the TPD
directly after calcination and subsequent cooling of the catalyst to 80°C, without exposing the
catalyst to any reactive gas. The resulting signal for the oxygen evolution during the heating
period from 80°C to 600°C is presented in Fig. 3.3-7a. Obviously there is evolution of
molecular oxygen in a temperature range from 400°C to 550°C (note that atomic oxygen in
the gas phase was not detected). This molecular oxygen species may arise either from
desorption of molecularly adsorbed oxygen or from associative desorption of atomic oxygen
species. The latter was also detected for Au single crystal surfaces by Sault et al.: After
adsorption of atomic oxygen on a Au(110) surface, deposited by hot filament techniques, they
detected

recombinative

oxygen

desorption

at

about

320°C

during

their

TPD

measurements.[183] Additionally, Bondzie et al. could detect the desorption of molecular O2
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from gold particles supported on TiO2 (110) at temperatures between 270°C and 470°C,
depending on the Au island thickness, also after adsorption of atomic oxygen species by
applying hot filament techniques.[184]
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Fig. 3.3-7:

Signals for a) oxygen and b) water during TPD measurements from 80°C to 600°C
directly after O400 (straight line) and after O400 and subsequent multi-pulse
experiments including reduction by CO pulses and re-oxidation by O2 pulses at 80°C
(dashed line).

For comparison, in Fig. 3.3-7a also the oxygen signal during a TPD measurement performed
after measuring the OSC is shown, where the catalyst was alternately exposed to sequences of
CO/Ar and O2/Ar pulses at 80°C without heating before. Although oxygen was pulsed
directly prior to the TPD measurement, there is obviously no oxygen desorption at all during
the following TPD measurement. This is clear proof that the oxygen species detected in the
TPD measurement directly after O400 is indeed reactively removed by CO/Ar pulses during
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the multi-pulse experiments. Moreover, it is evidence that this oxygen species is formed only
during O400 and not during the re-oxidation of the Au/TiO2 catalyst by O2/Ar pulses at 80°C.
The reason for this discrepancy is most probably the higher amount of O2 to which the
catalyst is exposed during pre-treatment at atmospheric pressure. This is discussed in more
detail below.
After heating the freshly calcined catalyst to 600°C, and hence after thermal removal of the
irreversible deposited oxygen species, we cooled the catalyst down to 80°C and measured the
oxygen storage capacity of the Au/TiO2 catalyst at 80°C. The resulting oxygen and CO
consumption during the first three sequences are plotted in Fig. 3.3-8, again starting with a
sequence of CO/Ar pulses, followed by re-oxidation of the catalyst with O2/Ar pulses.
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Fig. 3.3-8:

Absolute amount of CO and O2 consumed during three cycles including alternating
reduction and re-oxidation of the Au/TiO2 catalyst by 200 CO/Ar pulses and by 100
O2/Ar pulses, respectively, at 80°C after O400 and subsequent heating of the catalyst up
to 600°C during the TPD measurement illustrated in Fig. 3.3-7.

Compared to the results obtained in multi-pulse experiments directly after O400 (Fig. 3.3-4)
there are several distinct differences: i) The amount of CO consumed during the first sequence
CO/Ar pulses and, hence, the amount of CO2 produced, is not higher, as detected in the
measurements directly after O400, but lower than in the following sequences. ii) The amount
of oxygen consumed within each sequence is not the same every time, but distinctly higher
during the first sequence, where it is even higher than the previous CO consumption. iii) The
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overall oxygen storage capacity at 80°C after the TPD measurement is almost a factor of four
lower compared to the OSC at 80°C directly after O400 (1.2×1018 O atoms·gcat-1 compared to
4.6×1018 O atoms·gcat-1). From the results published by Kotobuki et al., it is known that the
OSC is linearly decreasing with decreasing Au-TiO2 interface perimeter length, and hence,
with increasing Au particle size.[42]. Accordingly, one may suggest, that also here the
treatment of the Au/TiO2 catalyst at higher temperatures (600°C) during the previous TPD
measurement resulted in bigger Au particles, resulting in a lower OSC at 80°C. Although the
Au particle size after these measurements was not determined so far (by TEM measurements),
Au particle sintering to an extent which would explain the decrease in OSC by a factor of four
is unlikely, since the Au/TiO2 catalyst was kept at 600°C for less than 1 minute during the
TPD measurement. Hence, particle sintering can not be excluded, but is suggested to be only
to a minor extent origin of the observed decrease in OSC.
On the other hand, recently obtained results in our institute showed clearly a distinct influence
of the amount of adsorbed water and/or OHad species present on the surface of a Au/TiO2
catalyst on the OSC, with an increasing OSC with increasing amount of adsorbed water /
OHad species.[182] Thus, the desorption of water during the previous TPD measurement, which
lowers the water content on the catalysts surface during subsequent multi-pulse experiments,
is proposed to be responsible for the above described findings i) of an increased oxygen
uptake during the first sequence of O2/Ar pulses and ii) the lower OSC at 80°C after the TPD
measurement. For this reason the signals obtained for water during the above described TPD
measurements are shown in Fig. 3.3-7b, which demonstrate clearly that there is a significant
amount of water desorbing from the Au/TiO2 catalyst. This may originate either directly from
adsorbed water or from the associative desorption of hydroxyl groups. Although the catalyst
samples have been dried in situ prior to the pre-treatment procedure and calcination itself took
place at 400°C, there is obviously still water and/or OH groups present on the catalyst surface.
So far the origin of these surface species is not yet resolved, and this is topic of ongoing
studies in our laboratory. Nevertheless, the higher oxygen uptake during the first sequence of
O2/Ar pulses, which is even higher than the previous CO consumption, can be explained by
water desorption: We propose that, as a result of the water desorption, oxygen vacancies
remain on the catalyst surface after the TPD measurement, which are subsequently
replenished by oxygen from the gas phase during the first sequence of O2/Ar pulses in the
following multi-pulse experiment. Here one should note that this process does not necessarily
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result in the formation of active oxygen (at the perimeter of the Au-TiO2 interface), since
water may desorb from the entire TiO2 surface and not just from sites which are active for the
CO oxidation. Moreover, there is general consensus that the water concentration on the
catalysts surface is strongly affecting the catalytic performance of supported Au catalysts for
the CO oxidation, although the exact role is not yet resolved.[58;145;176;185-189] For example,
Costello et al. proposed that the beneficial role of water on the catalytic activity for CO
oxidation over Au/Al2O3 catalysts involves a mechanism which directly includes OH as the
active (oxygen) species for CO oxidation.[58] For Au/TiO2 catalysts, Daté et al. could show the
beneficial effect of small water concentrations on the catalytic performance (up to 200 ppm),
while for higher amounts of water it reduces the CO oxidation activity.[185] The improved
catalytic activity was attributed to two different effects: first by the improvisation of oxygen
adsorption and activation in the presence of water and second by an acceleration of the
decomposition of reaction inhibiting surface carbonates.[64;185] The inhibiting effect for higher
water concentrations in the gas stream was assigned to blocking of active sites by adsorbed
water. Similar conclusions were drawn by Denkwitz et al., who could show the influence of
different water contents on the catalysts surfaces (due to changes in the pre-treatment
procedure) on the catalytic activity for CO oxidation of non-porous and mesoporous Au/TiO2
catalysts.[145;176] Also for Au/TiO2 model catalysts, Gao and Goodman[188] as well as Diemant
et al.[187] could demonstrate the beneficial effect of water on the catalytic activity for CO
oxidation. Gao and Goodman speculated that the promotional effect of water may be due to
O2 adsorption and molecular oxygen activation rather than due to carbonate decomposition,
although direct evidence was not possible.[188] The decreased total amount of active oxygen
present on Au/TiO2 (lower OSC) detected after the TPD measurement and, hence, measured
on a Au/TiO2 catalyst with decreased surface water content, strongly supports this proposal
that adsorbed water / OHad species facilitate oxygen adsorption and activation. Although it
can not be concluded which individual step is promoted by the presence of water, the
formation of surface vacancies, which act as centers for O2 adsorption and activation, or the
activation of O2 itself, this finding is clear indication of a water assisted formation of active
oxygen species on the Au/TiO2 catalyst surface.
Regarding the nature of the irreversible deposited oxygen species during O400, the most
important result is the lower CO consumption in the first sequence of CO/Ar pulses after
heating the catalyst to 600°C compared to the following ones. This clearly indicates, that there
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is no longer an irreversible removal of oxygen from the catalysts surface and, therefore, that
there is no longer a non-catalytic CO2 formation. Hence, one can directly conclude that the
irreversibly stored oxygen consumed after O400 only is indeed the origin of the signal
detected during TPD measurements performed directly after pre-treatment (O400). Note that
during a TPD measurement up to 600°C with the pure support, which was pre-treated in the
same way as the catalyst sample (O400), no desorption of oxygen is detected over the whole
range of temperature (not shown). Accordingly, the presence of Au nanoparticles on the
catalyst surface is mandatory also for the formation of the Oirr species during calcination.
From the desorption temperature (above 400°C), and hence from the high thermal stability of
this species, we can further propose that it is also an atomic species, according to the
discussion above regarding the Oact species. Its formation may be explained most easily by the
formation of adsorbed oxygen on Au or a thin layer of oxidic gold during the pre-treatment
process. The presence of small amounts stable adsorbed oxygen on Au or oxidic gold species
after annealing of highly dispersed, oxide supported Au catalysts in oxygen atmosphere at
high temperatures was also shown by Fu et al.[190] and Venkov et al..[191] Fu et al. presented
SIMS spectra of supported Au/Al2O3 and Au/TiO2 catalysts after calcination at 350°C, which
directly indicated the existence of oxidized gold (chemisorbed oxygen on gold nanoparticles
or partial oxidized Au), although in XPS measurements only metallic Au was detected. This
discrepancy was explained by the very low amount of the chemisorbed oxygen on Au / partial
oxidized Au and the higher detection sensitivity of TOF-SIMS.[190] Venkov et al. detected in
DRIFTS measurements during the CO adsorption on Au/Al2O3 after different pre-treatment
and re-oxidation conditions frequencies for the carbonyl band at about 2170 cm-1 and
2140 cm-1 which they assigned to CO adsorbed on positively charged gold (Au+-CO).[191]
Moreover, the high catalytic activity of oxidic gold[181] or atomic oxygen adsorbed on either
extended gold surfaces[166] or on TiO2 supported Au nanoclusters[167;168;184] for the CO
oxidation reaction could be proven by several groups. Soares et al. detected non-catalytic CO2
formation directly over Au2O3 and over Au(OH)3 upon exposure to CO,[181] while Bondzie et
al.[184] and Kim et al.[167] showed the high activity of pre-adsorbed oxygen adatoms on
supported Au/TiO2 model catalysts towards CO oxidation (to produce CO2) already at
temperatures as low as 77 K.
Although the above presented results allow us to propose the nature of the irreversible
removed oxygen species present on the catalyst surface, it is still not clear why the Oirr species
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is formed only during calcination, in a continuous flow of O2/N2 at 400°C, and not by O2/Ar
pulses, even at 400°C. As already stated above, the most dominant difference between these
two treatments is the amount of oxygen to which the catalyst is exposed. While we expose
about 5×1017 molecules O2 to the catalyst during the multi-pulse experiments (100 pulses
O2/Ar, each containing about 5×1015 O2 molecules) this amount is 1.8×1021 molecules O2
during O400 (30 min in 20 Nml·min-1 10% O2/N2) and, hence, more than a factor of 3000
higher. Assuming that even at 400°C the formation of oxygen adsorbed on Au and/or oxidic
Au species is rather slow, it is expected that large amounts of oxygen in the gas phase are
necessary in order to form considerable amounts of these species, which can be detected in
subsequent TAP reactor measurements. To check if the reason for the observed differences in
oxygen content after O400 and after O2/Ar pulses is indeed only the difference in the number
of oxygen molecules exposed to the catalyst, we extended the number of oxygen pulses for
replenishment of active oxygen at 400°C. After measuring the OSC at 80°C first, we
performed 6000 pulses O2/Ar with a time delay of 1 second between single pulses at 400°C
and afterwards measured again the OSC at 80°C. This way, the catalyst was exposed to about
3×1020 molecules oxygen during the pulse sequence at 400°C. Accordingly, the total amount
of oxygen offered was this time just a factor of five less compared to the O400 treatment. The
resulting uptake of CO and oxygen during the first three reduction/re-oxidation cycles at 80°C
after this oxidation step are shown in Fig. 3.3-9. Since this catalyst was exposed to elevated
temperature a second time (additionally to the calcination procedure), during the extended
O2/Ar pulsing at 400°C, the overall oxygen storage capacity at 80°C is again lower compared
to the value obtained directly after O400, as described above (here 2.1×1018 O atoms·gcat-1
compared to 4.6×1018 O atoms·gcat-1 directly after O400).
But, most important, there is again a higher amount of CO consumed during the first sequence
of CO/Ar pulses, which goes along with an irreversible consumption of surface oxygen and
non-catalytic CO2 formation. This clearly shows that the Oirr species, which is origin of the
non-catalytic CO2 formation (see above), is formed with a relatively low probability
compared to the replenishment of active oxygen, for which it takes well below 100 pulses in
order to saturate the catalyst surface.
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Fig. 3.3-9:

Absolute amount of CO and O2 consumed during three cycles with alternating reduction
and re-oxidation of the Au/TiO2 catalyst by 200 CO/Ar pulses and by 100 O2/Ar pulses,
respectively, at 80°C after 6000 O2/Ar pulses performed at 400°C (time delay 1 sec)
subsequent to an OSC measurement at 80°C.

This is in accordance to results published by Sault et al. on a Au single crystal[183] and Wang
et al. on a nano-porous Au catalysts.[192] While Sault et al. stated that there is no dissociative
adsorption of molecular oxygen at temperatures between 300-500 K and pressures up to
1400 Torr on Au (110),[183] Wang et al. could show that the formation of adsorbed oxygen on
nano-porous gold (NPG), with Au ligaments in the range of a few nanometers, is possible at
30°C, but occurs with a very low probability and, to a significant extent, only during
prolonged exposure of the NPG samples to O2 under atmospheric pressure.[192] Hence, the
observed differences in the oxygen content after oxidation of the Au/TiO2 catalyst at 400°C in
a flow of O2/N2 at atmospheric pressure and by only 100 O2/Ar pulses (as shown in Fig. 3.33) originate indeed from the differences in the total amount of oxygen to which the catalyst is
exposed.
From the results presented above, it can be concluded, that the Oirr species represents either
oxygen adsorbed on Au nanoparticles or a Au oxide species, which is therefore clearly
different in nature from the reversible Oact species. Moreover, it is formed only during
prolonged exposure to O2 at higher temperatures and, even at 400°C, not by the low amount
of O2/Ar pulses used in ‘normal’ multi-pulse experiments. Hence, once it is removed during

3.3 Active oxygen on a Au/titania catalyst – Formation and stability

- 104 -

the first sequence of CO/Ar pulses or during the initial period of the CO oxidation reaction, it
is not longer present on the Au/TiO2 catalyst surface under present reaction conditions.

3.3.3 Conclusions
Based on the above data, we derive the following conclusions on the nature of the active oxygen species for CO oxidation on Au/TiO2 catalysts (see below):
1.

The high stability of the active oxygen species (up to at least 400°C) is incompatible
with molecularly adsorbed oxygen. Therefore, we propose that the active oxygen
species is an atomic species (Oact), which is formed by adsorption, activation and
dissociation of molecular oxygen on the previously formed active perimeter sites on
the catalyst surface.

2.

The fact that thermal activation increases the amount of Oact depletion during
reduction, but not the absolute level of Oact present on the surface after re-oxidation by
O2 pulses is interpreted in terms of active oxygen removal from surface lattice sites at
the perimeter of the Au NPs; the resulting vacancies can subsequently be replenished
upon O2 pulse deposition. At 80°C, only sites directly adjacent to the perimeter of the
Au NPs can be accessed, while at higher temperatures also sites slightly further away
can be depleted and replenished, indicative of activated migration of surface oxygen /
oxygen vacancies to the interface sites. This step is responsible for the increase of the
(reversible) OSC with increasing temperature measured in these experiments.

3.

Deposition of reversible Oact is fast and not or very little activated, pointing to facile
dissociation of molecularly adsorbed O2 precursors to Oact species on the active sites.
This is in contrast to the irreversible active oxygen species, which is formed during
prolonged exposure at elevated temperature (O400) and whose formation is slow and
activated, and which is likely to be different in nature from the ‘reversible Oact‘ species
identified here, e.g., as a gold surface oxide.[56;193] Under reaction conditions, only the
reversible Oact is present on the surface.

4.

Based on previous TAP measurements,[42;122] the active oxygen species detected in the
pulse measurements is identical with the active oxygen species in reaction experiments
under atmospheric pressure.
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The formation / decomposition of stable carbon containing surface species such as
surface carbonates is negligible under present reaction conditions compared to active
oxygen storage / depletion.

6.

Au NPs have two roles in the CO oxidation reaction: First, they accumulate adsorbed
CO and second they activate surface lattice oxygen at the Au-TiO2 perimeter sites. In
the absence of Au NPs, surface oxygen is not reactive under ‘normal’ reaction
conditions.

These observations result in a reaction mechanism for CO oxidation on Au/TiO2 catalysts at
T≥80°C, which is illustrated schematically in Fig. 3.3-10. It involves i) CO adsorption on Au
NPs, ii) reaction with activated surface lattice oxygen species at the perimeter of the Au-TiO2
interface (interface sites), and iii) replenishment of these sites by dissociative adsorption of O2
at them. At higher temperatures (>80°C), migration of surface lattice oxygen and surface
oxygen vacancies gives access also to neighboring O surface lattice sites. During reaction
under ‘normal’ reaction conditions, only the perimeter sites are involved.
This mechanism, which is close to a Mars-van Krevelen mechanism, but involves surface
lattice oxygen at or close to perimeter sites only (‘Au-assisted Mars-van Krevelen
mechanism’), is in contrast to most previous mechanistic predictions[38;39;44;58;63;75;83;95;194] in
that it involves a highly stable active oxygen species and facile dissociation of the molecular
O2,ad, without assistance by coadsorbed COad via a COad⋅O2,ad complex. At lower temperatures, however, a transition to an alternative reaction pathway proceeding via a more weakly
bound, molecularly adsorbed O2,ad species may occur, but for reaction at ‘normal’ conditions,
the above reaction pathway is dominant. It would be interesting to test this reaction pathway
in calculations, where to the best of our knowledge it has not been included so far.
A mechanism involving formation and decomposition of surface carbonates can be ruled out
as dominant reaction channel under present, strictly dry reaction conditions. This may be
different in the presence of adsorbed water or larger amounts of OH groups, which were
found to affect the reaction kinetics and possibly also the reaction mechanism.[195] This
question is topic of ongoing studies in our laboratory.
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>T

Fig. 3.3-10: Schematic description of the pathway for CO oxidation on Au/TiO2 catalysts at
T≥80°C, involving i) CO adsorption on Au NPs, ii) reaction with activated surface
lattice oxygen species at the perimeter of the Au-TiO2 interface (interface sites) and iii)
replenishment of these sites by dissociative adsorption of O2 at the perimeter sites. At
higher temperatures (>80°C), migration of surface lattice oxygen and surface oxygen
vacancies gives access also to neighboring surface lattice oxygen. During reaction under
‘normal’ reaction conditions, only the perimeter sites are involved.

In summary, we have shown that the active oxygen species for CO oxidation is a highly stable
atomic oxygen species, whose formation is facile and little activated, in contrast to previous
proposals of a weakly bound molecular oxygen adspecies and CO induced dissociation of that
species via formation of a COad⋅O2,ad complex. Most likely, these represent surface lattice
oxygen at the perimeter of Au NPs, leading to a Au-assisted Mars-van Krevelen reaction
mechanism. Although demonstrated here explicitly only for Au/TiO2, a similar reaction
mechanism is expected also for other oxide supported Au catalysts, at least for those on
reducible oxides, considering the close correlation between OSC and reactivity on various Au
catalysts derived recently.[122] In that sense, the present work represents an important step
towards the mechanistic understanding of the CO oxidation reaction on oxide supported Au
catalysts in general.

3.4 Reactivity and coverage of active oxygen on Au/titania during CO oxidation

- 107 -

3.4 Reactivity and coverage of active oxygen on Au/TiO2 during CO
oxidation
Employing temporal analysis of products (TAP) reactor techniques, which allow us to detect
even extremely small amounts of oxygen consumption / active oxygen formation,[42;160] it
could be shown that for reaction at ≥80°C in a dry atmosphere, CO oxidation on Au/TiO2
involves a highly stable oxygen species, which is stable against desorption up to 400°C.[196]
This finding and the facts that i) at a reaction temperature of 80°C the amount of active
oxygen is approximately identical to and scales with the lattice oxygen at the perimeter of the
interface between Au nanoparticles (NPs) and TiO2 support,[42] and that ii) the total amount of
removable oxygen increases with temperature above 80°C, while upon oxygen re-deposition
(by O2 pulsing) always the same level of active oxygen is reached, independent of the
deposition temperature, led us to conclude that at 80°C and above surface lattice oxygen at the
perimeter of the Au nanoparticles represents the active surface oxygen species. Its reactive
removal and replenishment is assisted or even facilitated by modification of the energetics of
these sites and the barriers for these reaction processes due to interaction with the Au
nanoparticles.[196] This mechanism, where only a small fraction of the available surface
oxygen is reactive for CO oxidation, was described as a ‘Au-assisted Mars-van Krevelen
mechanism’. It differs distinctly from the previous proposals of a reaction between
molecularly adsorbed O2,ad species and COad put forward in a number of theoretical studies.[38]
If this mechanistic interpretation is correct, the activity for CO oxidation should depend
sensitively on the amount of active oxygen present on the catalyst surface under working
conditions, and this in turn should be determined by the relative O2 content of the reaction
atmosphere.[80]
These questions are topic of the present chapter, where results of a comprehensive study on
the quantitative correlation between relative O2 content in the reaction gas mixture, the
amount of active oxygen present on the surface and the CO oxidation activity of Au/TiO2
catalysts under steady-state conditions in different CO/O2 mixtures are presented. In a first
step, the catalytic activity was determined by sequences of simultaneous CO/Ar and O2/Ar
pulses with different CO:O2 ratios and hence different O contents in the reaction atmosphere,
until stable reaction conditions were reached. The resulting relation between CO oxidation
activity and O2 partial pressure will be compared with that obtained in kinetic measurements
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at atmospheric pressure. In a second step, the amount of active oxygen present on the catalyst
surface under steady-state conditions was determined for each CO:O ratio by subsequent titration, by multi-pulse sequences of CO/Ar and O2/Ar pulses, respectively. This procedure
allows to directly determine the correlation between composition of the reaction gas
atmosphere, the amount of active oxygen present during the catalytic reaction, and the CO
oxidation activity under steady-state reaction conditions. Though the numbers will vary, the
findings of this study are expected to be valid for CO oxidation over Au catalysts supported
on reducible oxides in general,[37;122] and possibly also for other oxidation reactions on these
catalysts.[126] Hence, these results are expected to contribute significantly to a detailed
mechanistic understanding of this reaction, and of oxidation reactions on oxide supported Au
catalysts in general.
The results described in this chapter are not yet published, but written up in a manuscript,
which has been submitted for publication just recently.
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3.4.1 Characterization Au/TiO2
The Au/TiO2 catalyst used in this study was identical to the one described in chapter 3.3.1,
with a Au loading of 2.6 wt.% and a mean Au particles size of 3.0±0.7 nm after pre-treatment
by calcination (O400).

3.4.2 Reaction induced changes of the oxidation state
We first followed the CO oxidation activity over the Au/TiO2 catalyst in the TAP reactor
during sequences of simultaneous pulses of CO/Ar and O2 /Ar, with different O contents in
the reaction gas atmosphere, starting every time with a catalyst that had been fully surface
reduced by 100 pulses of CO/Ar. The mass spectrometric response to a sequence of 100
simultaneous CO/Ar and O2/Ar pulses dosed on the surface reduced Au/TiO2 catalyst is
shown in Fig. 3.4-1a. During this experiment, the oxygen content in the reaction atmosphere
was 34% (equivalent to a CO:O2 ratio of 4:1). Hence, due to the excess of CO with respect to
stoichiometric reaction conditions, the catalyst was exposed to a net reductive gas mixture.
The pulse heights indicate that the conversion for CO and O2 as well as the formation of CO2
are not constant in the initial period of the reaction (during the first 40-50 pulses), but change
significantly. Only later, after the first 50 pulses, the intensities of the CO, O2 and CO2 signals
reach constant values. In Fig. 3.4-1b, the numbers of converted CO and O2 molecules are
shown. For better comparison, we also plotted the consumption of atomic oxygen. In
agreement with previous reports, there is no significant difference between CO consumption
and CO2 formation under present reaction conditions and, hence, no measurable build-up of
carbon containing surface species such as surface carbonates during CO oxidation in this
initial phase.[122;196]
The changes during the initial period reflect an oxidation of the Au/TiO2 catalyst surface,
indicated by the higher uptake of (atomic) oxygen compared to the uptake of CO. Once
steady-state reaction conditions are reached, there is stoichiometric consumption of the
reactants CO and oxygen and a corresponding amount of CO2 is produced (1.6×1015
molecules CO/CO2 and 0.8×1015 molecules O2, respectively). It is important to note that the
reaction induced oxidation of the catalyst during the initial period occurs despite the sub-
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stoichiometric oxygen content, at a reductive composition of the reaction gas, indicating that
the affinity of the surface reduced catalyst to oxygen is higher than that of COad.
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Fig. 3.4-1:

a) Sequence of simultaneous pulses CO/Ar and O2/Ar dosed on the Au/TiO2 catalyst at
80°C after surface reduction of the catalyst by a sequence of 200 CO/Ar pulses at 80°C.
The oxygen content in the reaction atmosphere is 34% (CO:O2 = 4:1). b) CO uptake (○)
and oxygen uptake (▲) during these pulses. For better comparison between CO and
oxygen consumption, the consumption of atomic oxygen is also plotted (Δ).
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The changes in surface oxidation state go along with a significant increase of the catalytic
activity, as given by the CO conversion, during this initial reaction period (at constant
composition of the reaction atmosphere). The activity is very low in the beginning of the
reaction, when the catalyst is fully reduced and there is no active oxygen present on the
catalysts surface, and increases only upon subsequent oxidation of the catalyst surface. At the
same time, the consumption of oxygen is rather high in the beginning and decreases with
ongoing pulse number. Hence, initially the main part of the incoming oxygen is used for reoxidation of the fully reduced Au/TiO2 catalyst surface rather than for the oxidation of CO,
leaving little oxygen for the latter reaction. This also explains the low CO oxidation activity at
this stage. Moreover, this experiment clearly demonstrates that the surface oxidation state
adapts very quickly to the steady-state value characteristic for this composition of the reaction
gas atmosphere.
The characteristics for CO and O2 consumption as well as for CO2 formation are distinctly
different when starting with a fully oxidized catalyst surface produced by a sequence of O2/Ar
pulses. Upon subsequent change to simultaneous CO/Ar and O2/Ar pulses, there is almost
100% CO uptake and conversion during the first pulses, which decreases with ongoing
reaction (see Fig. 3.4-2). In contrast, the oxygen uptake is initially rather low and then
increases. Hence, the CO uptake in this phase exceeds the oxygen consumption. The CO2
formation again equals the CO consumption, indicating that also in this case the build-up of
carbon containing surface species is below the detection limit. Moreover, there was obviously
oxygen consumed which did not originate from the incoming gas phase oxygen. Therefore,
active oxygen available on the catalyst surface must have been removed during the CO
oxidation reaction. This results in an initial, reaction induced reduction of the catalyst surface
when starting with a fully oxidized catalyst surface. After stable catalyst conditions are
reached, the conversion of CO and O2 is stoichiometric and on a similar level as on the
initially fully reduced catalyst (1.6×1015 molecules CO/CO2 and 0.8×1015 molecules O2).
Hence, the activity of the catalysts in steady-state is independent from the starting point, and
it does not matter whether one starts from a fully reduced or fully oxidized catalyst surface.
It should be noted that on the pure TiO2 support there is no removal/replenishment of oxygen
upon exposure to CO or O2, respectively, and also no activity for the CO oxidation reaction
under these conditions up to temperatures of at least 400°C.[196] The presence of the Au
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nanoparticles is mandatory for the formation of oxygen vacancies on the TiO2
support.[42;122;196] Most easily, this may be explained by a weakening of the Ti-O-bond
induced by the Au NPs deposited on TiO2.
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Fig. 3.4-2:

a) Sequence of simultaneous pulses CO/Ar and O2/Ar dosed on the Au/TiO2 catalyst at
80°C after surface oxidation of the catalyst by a sequence of 100 O2/Ar pulses at 80°C.
The oxygen content in the reaction atmosphere is 34% (CO:O2 = 4:1). b) CO uptake (○)
and oxygen uptake (▲) during these pulses. For better comparison between CO and
oxygen consumption, the consumption of atomic oxygen is also plotted (Δ).
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From the results presented above we can draw the following conclusions: i) CO
uptake/conversion is correlated with the active oxygen content on the catalyst surface,
showing higher conversion for higher surface oxidation states and reverse, both during
temporal variation of the Oact surface content and under steady-state conditions, and ii) the
oxidation state of the catalyst surface undergoes rapid reaction induced changes (it adapts to
the gas composition) in the initial phase of the reaction, reaching a surface state in between
fully reduced and fully oxidized under steady-state reaction conditions. Moreover, iii) the CO
oxidation activity during reaction by simultaneous CO/Ar and O2/Ar pulses, after reaching a
steady-state situation, is independent of the initial oxidation state of the catalyst surface.
While the CO conversion decreases in the initial phase of the reaction when starting with a
fully oxidized catalyst (going along with a reduction of the catalyst surface), it increases for a
fully reduced initial catalyst surface (going along with an oxidation of the catalyst surface).
Activity measurements performed in reaction atmospheres with different compositions, with
20% to 80% oxygen content, show similar trends, independent of whether the reaction
atmosphere is oxidative or reductive. In all cases, the catalyst surface is oxidized in the initial
phase when starting with a fully surface reduced catalyst, while it is reduced when starting
with a fully surface oxidized catalyst. Hence, for all gas compositions investigated, i) the
active oxygen content of the catalyst surface is in between fully oxidized and fully reduced
during continuous CO oxidation, and ii) the CO conversion under steady-state conditions is
independent of the initial oxidation state of the catalyst surface.
The correlation between the CO oxidation activity, as given by the CO and O2 conversion,
and the oxygen content in the reaction atmosphere is illustrated in Fig. 3.4-3. The absolute
amounts of CO (●) and O2 (▲) consumed (Fig. 3.4-3a) as well as the relative conversion,
relative to the amount of CO and O2 offered per pulse (Fig. 3.4-3b), after reaching steadystate situations, are plotted for each gas phase composition investigated. There is an almost
linear relationship between CO conversion and oxygen content in the gas phase: The higher
the oxygen content in the reaction atmosphere, indicated by a higher amount of oxygen for
each O2/Ar pulse, the higher is also the CO conversion (see also Table 3.4-1). The relative
and absolute conversions of CO show the same trend since the total amount of CO was
approximately constant for all measurements. The situation is different for O2 conversion, as
the oxygen content was varied. Despite the increasing total amount of CO and oxygen
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consumed and CO2 formed with increasing O2 content (there is always stoichiometric
consumption of CO and oxygen in steady-state), this leads to a decreasing relative conversion
for O2 with higher oxygen content.
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Fig. 3.4-3:

Absolute (a) and relative (b) conversions for CO (●) and O2 (▲) during simultaneous
CO/Ar and O2/Ar pulses with different amounts of O2 in the reaction atmosphere dosed
on the Au/TiO2 catalyst at 80°C.
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Table 3.4-1: Oxygen storage capacity (OSC), surface oxygen content and catalytic activity for CO
oxidation for various gas phase compositions during reaction at 80°C on a Au/TiO2
catalyst.
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In a power-law description for the CO oxidation activity, the increasing CO2 formation with
increasing O2 partial pressure results in a positive reaction order for O2 ( α (O2 ) ).
rCO2 = kpCO

αCO

pO2

αO2

(3.4-1)

In order to determine the reaction order of O2 for the CO oxidation under reduced pressure in
the TAP reactor, we plotted the absolute amount of CO consumed / CO2 produced (shown in
Fig. 3.4-3) versus the absolute amount of O2 submitted per pulse during simultaneous pulses
CO/Ar and O2/Ar in a double-logarithmic plot, which is shown in Fig. 3.4-4. Obviously, a
linear relation between these two quantities is obtained, with the slope representing the
reaction order for O2 ( α (O2 ) = 0.48 ± 0.06 ) in the pressure range investigated.
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Fig. 3.4-4:

Double logarithmic plot of the absolute amount of CO consumed during simultaneous
CO/Ar and O2/Ar pulses admitted to the Au/TiO2 catalyst at 80°C against the absolute
amount of (atomic) oxygen in the reaction gas atmosphere.

To verify whether there is a comparable dependency of the overall reaction rate of the CO
oxidation on the O2 partial pressure also for reaction under realistic conditions, at atmospheric
pressure, we additionally measured the catalytic activity for CO oxidation and its dependence
on the O2 partial pressure over the same Au/TiO2 catalyst after calcination (O400) in a
conventional plug-flow reactor at atmospheric pressure (1% CO, 0.1-3% O2, balance N2;
reaction temperature 80°C). Fig. 3.4-5a shows the reaction rate during continuous CO
oxidation for 1000 min (1% CO, 1% O2), revealing the typical characteristics for this reaction
over Au/TiO2 catalysts:[174] In the beginning of the reaction the rate for CO oxidation is
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highest (7.2×10-3 mol·gcat·s-1), afterwards it decreases with time until reaching steady-state
reaction conditions and an almost constant reaction rate (2.9×10-3 mol·gcat·s-1).
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Fig. 3.4-5:

a) Reaction rate during CO oxidation on the Au/TiO2 catalyst at 80°C after calcination
at 400°C (O400) in 1% CO, 1% O2, balance N2 at atmospheric pressure. b) Double
logarithmic plot of the reaction rate during the CO oxidation at 80°C with constant
partial pressure of CO (1 kPa CO) against the partial pressure of oxygen (0.1 kPa –
3 kPa O2).

Hence, the catalyst deactivates by 60% during 1000 min time on stream, and shows a steadystate reaction rate which is 40% of the initial value. The deactivation is commonly explained
by the formation and accumulation of carbonates on the catalyst surface during reaction under
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these conditions. These species increasingly cover the catalyst surface and act as catalyst
poison, by blocking active sites for the CO oxidation reaction.[174;197;198] Subsequently, the O2
content was stepwise varied in a range from 0.1% to 3%, while the CO content was kept
constant at 1%. The reaction rate was followed for every gas phase composition until stable
catalyst conditions were reached (> 3 h per gas composition). The CO oxidation rates
obtained at different O2 partial pressures were plotted against the O2 partial pressure, as
shown in Fig. 3.4-5b, in order to determine the reaction order for O2. This yields a linear
relation between logarithmic reaction rate and logarithmic O2 partial pressure, with a slope
equivalent to a O2 reaction order of α (O2 ) = 0.47 ± 0.03 . This agrees well with the value of

α (O2 ) = 0.32 obtained in an earlier study on a similar Au/TiO2 catalyst for reaction under
closely related conditions (1% CO, 0.2 - 3.3% O2, balance N2, reaction temperature 80°C).[174]
The close agreement between the reaction orders obtained during reaction in the TAP reactor
( α (O2 ) = 0.48 ± 0.06 ) and during reaction at atmospheric pressure ( α (O2 ) = 0.47 ± 0.03 )
provides further support for a similar reaction mechanisms and the same active oxygen
species under both reaction conditions. This agrees perfectly with previous findings, where
we demonstrated a clear correlation between OSC and the CO oxidation activity for Au
catalysts with varying Au particle size,[42] and similarly also for Au catalysts supported by
different oxides.[122] Based on these findings it is concluded that the active oxygen species are
identical in these cases.

3.4.3 Titration experiments
In a next step, we quantified the exact amount of active oxygen present on the catalyst surface
during reaction, under steady-state conditions, by subsequent TAP multi-pulse measurements,
admitting a sequence of CO pulses after reaction by simultaneous CO/Ar and O2/Ar pulses,
similar to the procedures illustrated in Figs. 3.4-1 and 3.4-2. This procedure is more precise
than deriving it from the accumulated differences between CO and O consumption during the
preceding simultaneous pulse measurements for every pulse until steady-state conditions are
reached. The measured intensities for CO2 formation during the titration of active oxygen by
200 CO/Ar pulses, after surface oxidation of the catalyst by O2/Ar pulses (100% O) as well as
after reaction with CO/O2 pulses with different O contents (here: 66% and 20%), are shown in
Fig. 3.4-6a.
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Fig. 3.4-6:

a) CO2 signals during titration of active oxygen present on the Au/TiO2 catalyst surface
by CO/Ar pulses after O2/Ar pulses (100% O) and after reaction with different gas
phase compositions (66% O and 20% O). b) Absolute amount of CO consumed / CO2
produced during titration of active oxygen from the Au/TiO2 surface after oxidation by
O2 pulses (○, 100% O) and after reaction by simultaneous pulses CO/Ar and O2/Ar with
different CO:O ratios in the reaction atmosphere (●), from top to bottom after reaction
with 80%, 66%, 50% and 20% atomic oxygen in the reaction gas mixture.

In the beginning of each sequence, the amount of CO2 formed (and hence CO consumed) is
highest, afterwards it decreases with increasing pulse number due to the decreasing amount of
active oxygen species present on the catalyst surface during the sequence. Already the raw
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data illustrate that the total amount of active oxygen differs considerably for the pulse
sequences following reaction with different oxygen contents in the reaction gas atmosphere,
in the preceding simultaneous pulse reaction experiments. The total amounts of CO uptake /
CO2 formation with increasing pulse number during these multi-pulse experiments are shown
in Fig. 3.4-6b for all reaction gas compositions. The CO uptake during reduction of the fully
surface oxidized Au/TiO2 catalyst, prepared by dosing with O2/Ar pulses and, hence, 100% O
content in the gas phase, is identical to the overall oxygen storage capacity (OSC) of the
Au/TiO2 catalyst at 80°C. The resulting value for the OSC of 4.4×1018 O atoms·gcat-1 (see
Table 3.4-1) is very close to previously published results obtained by quantitative TAP reactor
measurements at 80°C on similar Au/TiO2 catalysts,[143] showing the high accuracy of this
method.[42;196] Performing similar measurements after reaction with different O contents in the
reaction gas atmosphere, the total amounts of CO consumed / CO2 formed are each time
lower than on the fully surface oxidized catalyst (O2/Ar pulses) (see Fig. 3.4-6b). To check for
possible changes of the catalyst surface i) with time or ii) when changing from one gas
composition to another, especially if there are any changes in the absolute number of active
sites, the OSC was measured before and after every simultaneous pulse measurement for all
reaction gas compositions (see Table 3.4-1). From these results it is clear, that the CO
oxidation reaction does not induce any irreversible changes of the catalyst. Hence, these
measurements demonstrate that the reaction induced change of the surface oxidation state
during the reaction, which was described above for one specific reaction gas composition
(34% oxygen content), is a general phenomenon, occurring essentially for all reaction gas
compositions. In all cases, the surface obtained under steady-state reaction conditions
contains less active surface oxygen than present in the fully oxidized state. The amount of
active surface oxygen present during the reaction decreases with decreasing oxygen content in
the gas phase.
These findings were cross checked by a closely related set of experiments, where we oxidized
the catalyst after the reaction measurements by admission of O2/Ar pulses instead of reducing
it with CO/Ar pulses, equivalent to the titration of oxygen vacancies. The results of such
multi-pulse experiments (see Table 3.4-1) demonstrate clearly that the oxygen uptake after
reaction increases with decreasing oxygen content in the gas phase during CO oxidation.
Moreover, as expected for a fully reversible surface process, the sum of the amount of
(atomic) oxygen consumed during re-oxidation and the amount of CO consumed during
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titration with CO (as described before) equals the OSC for all reaction atmospheres
investigated (see Table 3.4-1).
From these data we can calculate the oxidation state of the Au/TiO2 catalyst surface during
the catalytic reaction in different reaction atmospheres, which will henceforth be expressed by
its relative active oxygen coverage ( θ (Oact ) ). A relative Oact coverage of 100% corresponds
to a fully oxidized catalyst surface, as obtained upon exposure to O2/Ar pulses, while 0%
equals a completely reduced catalyst surface obtained upon exposure to CO/Ar pulses.

θ (Oact ) = N (Oact ) / N 0 (Oact )

(3.4-2)

θ (Oact )

= relative Oact coverage

N (Oact )

= absolute amount of active oxygen

[mol]

N 0 (Oact )

= absolute amount of active sites for oxygen activation

[mol]

[---]

Here the absolute amount of active sites for oxygen activation ( N 0 (Oact ) ) equals the OSC of
the Au/TiO2 catalyst under present reaction conditions. Moreover, one should keep in mind
that at a reaction temperature of 80°C the fully reduced support surface ( θ (Oact ) = 0)
corresponds to a catalyst surface where less than 1% of the total available surface oxygen is
removed, equivalent to an elemental composition of the titania surface of TiO1.98 in the fully
reduced state.

3.4.4 Correlation between oxidation state and catalytic activity
The dependency of the surface oxidation state under steady-state conditions on the oxygen
content of the reaction gas is displayed in Fig. 3.4-7. It increases approximately linearly with
the oxygen content in the CO/O2 reaction atmosphere at oxygen contents between 20 and
100% (referred to atomic oxygen content). Considering that at zero oxygen content the
coverage of active surface oxygen must be zero, the increase must be steeper at lower oxygen
contents, resulting in a non-linear relation over the entire parameter range. More precisely, for
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each gas phase composition the relative Oact coverage on the catalysts surface is slightly
higher than expected for a linear correlation between Oact coverage and oxygen content in the
gas phase. In accordance with previously published results,[196] this is further evidence that the
removal of surface lattice oxygen by CO (surface reduction) is slower than the formation of
active oxygen by O2 (re-oxidation), which is facile and little activated.
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80
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Fig. 3.4-7:

Relative Oact coverage of the Au/TiO2 catalyst under steady-state reaction conditions
relative to its fully surface oxidized state (100%, after oxidation by O2/Ar pulses only)
or fully surface reduced state (0%, after reduction by CO/Ar pulses only) as a function
of the relative oxygen content in the reaction atmosphere during simultaneous CO/Ar
and O2/Ar pulses.

Knowing the total amount of active oxygen species present on the catalyst surface during
reaction in different atmospheres (steady-state conditions), we can finally correlate the
catalytic activity with the oxidation state of the catalyst surface. This relation is plotted in
Fig. 3.4-8, using the CO conversion during the simultaneous pulse measurements and the
relative Oact coverage as measure of the catalytic activity and the surface oxidation state,
respectively. The plot reveals a clear trend of an increasing activity with increasing active
surface oxygen content. Within the limits of the precision of the measurements, the activity
increases about linearly with increasing active oxygen content of the catalyst surface in the
range probed by our measurements, between 40% and 80% of the maximum active oxygen
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coverage. At lower active oxygen coverages, there must be a change in slope if we assume
that the line passes through the origin.
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Fig. 3.4-8:

Relative CO conversion during simultaneous CO/Ar and O2/Ar pulses at 80°C plotted
against the relative Oact coverage on the Au/TiO2 surface during reaction under steadystate conditions.

The findings presented so far can be summarized as follows:
1.

During simultaneous CO/Ar and O2/Ar pulses, the activity for CO oxidation, as
indicated by the amount of CO2 formation or the (absolute) conversion of CO
molecules or O2 molecules, increases approximately linearly with oxygen content in
the gas phase.

2.

In a power law description of the reaction rate, this results in a reaction order for O2 of

α (O2 ) = 0.48 ± 0.06 . A rather similar value of α (O2 ) = 0.47 ± 0.03 is obtained in
kinetic measurements in a micro-reactor, by varying the oxygen content while keeping
the CO content fixed.
3.

Using instead the relative conversion of the CO and O2 pulses as measure of the CO
oxidation activity, the CO conversion increases approximately linearly with oxygen
content in the gas phase, while the conversion of O2 pulses decreases linearly.

4.

During simultaneous CO/Ar and O2/Ar pulses, the amount of active surface oxygen on
the surface under steady-state conditions increases approximately linearly with oxygen
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content in the CO/O2 reaction atmosphere at oxygen contents between 20 and 100%
(referred to atomic oxygen content). At lower oxygen contents, the increase is steeper,
resulting in a non-linear relation over the entire parameter range.
5.

The CO oxidation activity as measured by the CO conversion increases approximately
linearly with the surface coverage of active oxygen at contents between 40% and 80%.
At lower contents, the increase is less steep, resulting in a non-linear correlation over
the entire range.

In the Au-assisted Mars-van Krevelen mechanism we had proposed earlier, the CO2 formation
rate would be expected to increase linearly with active oxygen coverage and with CO
coverage on the Au nanoparticles under steady-state conditions, according to

dN CO2
dt
dN CO2
dt

= k1 × N (Oact ) × N (COad )

(3.4-3)

= k1 × θ (Oact ) × N 0 (Oact ) × N (COad )

(3.4-4)

N CO2

= absolute amount of CO2 formed

k1

= rate constant for reaction of COad and Oact

N (COad )

= absolute amount of CO adsorbed on Au NPs

[mol]
[mol-1·s-1]
[mol]

Here k1 denotes the rate constant for reaction of COad and active surface oxygen, and N(Oact)
and N(COad) are the absolute amounts of the respective species present at the perimeter sites
and on the Au NPs, respectively. Moreover, the total amount of active oxygen species equals
the product of its relative coverage ( θ (Oact ) ) and the absolute amount of active sites present
on the catalyst surface under present reaction conditions (N0(Oact)) (see equation 3.4-2). This
simple model fully agrees with the present findings of a linear dependence of the CO2
formation on the active oxygen coverage under steady-state conditions. (It should be noted
that when using the CO conversion as measure of the CO2 formation activity we neglect the
temporal changes in the coverages of the reacting species during the pulses. However, since
the conversion is stoichiometric, this should not affect these conclusions.) The linear
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correlation should hold true in the limits of not too high COad and O2,ad coverage during the
pulses, i.e., in the absence of site blocking, which is given on the Au catalysts considering the
weak adsorption of these species.
The non-linear relation between the coverage of active surface oxygen species and the oxygen
content in the reaction gas mixture, with a higher coverage of active surface oxygen species
than expected from a linear relation, can be qualitatively understood when considering that
this depends on the balance between formation of active oxygen from a molecularly adsorbed
oxygen precursor (3.4-5, 3.4-6) and its reaction (3.4-7, 3.4-8), according to following
equations:

VOact + O2, ad

k2
⎯⎯→

Oact + Oad

(3.4-5)

VOact + Oad

k3
⎯⎯→

Oact

(3.4-6)

Oact + COad

k4
⎯⎯→

VOact + CO 2

(3.4-7)

Oad + COad

k5
⎯⎯→

CO2

(3.4-8)

Here VO,act denotes the active oxygen vacancies, and Oad is an adsorbed atomic oxygen
intermediate. The significantly faster re-oxidation of the fully reduced surface (by O2 pulsing)
compared to the reduction of the fully oxidized surface (by CO pulsing) indicates that the
formation of VO,act via surface lattice oxygen removal by CO must be slower than the facile
and little activated formation of Oact (k2, k3 > k4).[196] This situation, where the reaction rate is
limited by Oact off-reaction, exactly leads to a higher steady-state Oact coverage than expected
for a linear relation between active surface oxygen coverage and the oxygen content in the
reaction gas atmosphere.
The participation of oxygen vacancies in the reaction mechanism of the CO oxidation on Au
catalysts supported on reducible metal oxides, e.g. Fe2O3 and TiO2, has already been proposed
before by other groups.[37;43;67] In those studies, however, vacancies were supposed to act as
active sites for adsorption and activation of molecular oxygen, resulting in molecularly
adsorbed species such as superoxides or peroxides that represent the active oxygen species,
but not in atomic oxygen species which can re-oxidize the catalysts surface. At lower
temperatures (room temperature and below) such superoxide and peroxide species could even
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be detected directly on various Au catalysts by ESR and Raman spectroscopy.[44;86;96;199;200]
Nevertheless, those species have not been observed experimentally at higher temperatures
typical for the CO oxidation reaction. On the other hand, it has been demonstrated that the
active oxygen species stored on the Au/TiO2 catalysts surface is highly stable up to 400°C,
strongly supporting a reaction model where atomic surface oxygen (surface lattice oxygen)
species act as active oxygen species.[196] The main difference between the Au-assisted Mars–
van Krevelen mechanism proposed here and the previous proposals involving oxygen
vacancies is that in the latter case the vacancies acted as stabilizers for molecular oxygen
species, while in the present mechanism they take directly part in the CO oxidation reaction,
by providing reactive atomic oxygen species.
This does not rule out the possibility that for Au catalysts supported on non-reducible
supports, for which such participation of the interface is not possible, e.g. Au/Al2O3, a
different mechanism may dominate, which at most represents a minority pathway on the
Au/TiO2 catalysts.[122] Equally, for reaction at lower temperatures, reaction pathways
involving a molecular oxygen species as active oxygen species may contribute increasingly
and even dominate also the reaction on Au/TiO2. Finally, we suggest that lattice oxygen,
representing the active oxygen species for CO oxidation, may also participate in other
oxidation reactions over oxide supported Au catalysts. Hence, these results and findings are
important also in a more general sense, for the mechanistic understanding of supported Au
catalyst in general.
It is interesting to note that in the most simple case, the reaction constant k1 is independent of
the concentration of oxygen vacancies at the perimeter sites. In that case, the CO2 formation
rate and hence the CO conversion is highest for the fully oxidized surface, as it was observed
for the Au/TiO2 catalyst. In contrast, for Au/CeO2, the CO conversion was found to increase
initially when starting from a fully oxidized catalyst surface (after calcination (O400)),[160]
indicating that for this catalyst, k1 does depend on the oxidation state of the catalyst surface.
Hence, the Au/TiO2 catalyst appears to be simpler than the Au/CeO2 catalyst in the sense that
there is no obvious ‘most active surface’, but only a variation in Oact coverage.
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3.4.5 Conclusions
In summary, applying quantitative Temporal Analysis of Products (TAP) techniques, we
could demonstrate for the CO oxidation over a Au/TiO2 catalyst that i) the oxygen content in
the reaction atmosphere and the oxidation state of the catalyst surface during CO oxidation
are strictly correlated and that ii) the activity for CO oxidation is linearly correlated with the
amount of active oxygen present for constant CO pressure and temperature. The catalyst
surface quickly adapts to the steady-state composition determined by the composition of the
reaction gas atmosphere, in the initial phase of the reaction. The results are fully compatible
with and corroborate the Au-assisted Mars-van Krevelen mechanism proposed recently for
CO oxidation over Au/TiO2 catalysts (see chapter 3.3), involving stable, atomic lattice oxygen
at the perimeter of the Au – TiO2 interface as active oxygen species.
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4.1 Summary
Applying a combination of i) quantitative Temporal Analysis of Products (TAP) measurements, which allow a precise determination of the amount of active oxygen present on the
catalyst surface, and, hence, enable also the precise determination of the overall oxygen
storage capacity (OSC) and ii) conventional measurements of the catalytic activity for the CO
oxidation under atmospheric pressure, mechanistic details, on a molecular scale, as well as the
physical origin of the high activity for the CO oxidation reaction over oxide supported Au
catalysts could be resolved. Special attention was given to the most controversially discussed
problem in oxidation reactions over oxide supported Au catalysts, the activation of molecular
oxygen and the nature of the resulting active oxygen species present under working
conditions. More specifically, the following issues were addressed:
i)

Does the oxide support directly participate in the CO oxidation reaction and what is
the exact nature of the (dominating) support effect?

ii)

What is the nature of the active oxygen species for the CO oxidation present on the
catalyst surface and, moreover, can this explain possible support effects?

iii)

What mechanistic models give a correct description of the CO oxidation reaction over
differently supported Au catalysts and what is the exact role of the Au nanoparticles?

iv)

What is the oxidation state (coverage of active oxygen species) of supported Au
catalysts under working conditions?

v)

Is there an influence of the oxidation state on the CO oxidation activity, i.e., does the
activity depend directly on the active oxygen coverage of the Au catalyst?

i) A comparative study of Au catalysts supported on different oxide materials, but with
similar Au loadings and Au particle sizes (Au/TiO2, Au/ZnO, Au/ZrO2 and Au/Al2O3), clearly
demonstrated that both the OSC and the CO oxidation activity depend sensitively and directly
on the nature of the support. Hence, these results provide definite proof for a distinct support
effect and, for highly active Au catalysts supported on reducible oxides, a direct participation
of the support in the reaction. From the close correlation between OSC and reactivity on these
Au catalysts, it was proposed that Au catalysts supported on reducible oxides are able to
stabilize and activate adsorbed oxygen at perimeter sites at the interface between Au
nanoparticle and support. Despite the described progress in mechanistic understanding,
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however, the nature of the active oxygen species could not be unraveled in this TAP reactor
study, leaving this central question unresolved. From the results summarized so far, it can not
be decided whether the active oxygen species represent molecular oxygen adsorbed at
perimeter sites (presumably on surface oxygen vacancies) or whether they represent surface
lattice oxygen adjacent to the Au nanoparticles, which is activated by the presence of the Au
nanoparticles. Moreover, such an activation of adsorbed oxygen at perimeter sites is not
possible for Au catalysts supported on non-reducible oxides, as shown explicitly for a
Au/Al2O3 catalyst, with its very low OSC and rather low CO oxidation activity. Therefore, in
the latter case, oxygen adsorption and activation presumably take place directly on the Au
nanoparticles, resulting in an active oxygen species which is clearly different in nature than
the one present on Au catalysts based on reducible support materials.
ii) For Au/TiO2 catalysts, the nature of the active oxygen species could be unraveled by
additional TAP reactor multi-pulse measurements, which were performed at different
temperatures between 80°C and 400°C. The results clearly demonstrated that the active
oxygen species present on Au/TiO2 catalysts is a highly stable, atomic oxygen species, which
is formed by the adsorption, activation and dissociation of molecular oxygen on previously
formed active perimeter sites on the catalyst surface. Due to the fact that thermal activation
increases the amount of active oxygen removal during reduction, but not the absolute level of
active oxygen present on the surface after oxidation by O2, it was concluded that the active
oxygen species represents TiO2 surface lattice oxygen located at the perimeter of the Au-TiO2
interface. During reaction under normal reaction conditions (reaction temperature 80°C), only
these perimeter sites are involved, while at higher temperatures, migration of surface lattice
oxygen and surface oxygen vacancies gives access also to neighboring O surface lattice sites.
Considering the close correlation between OSC and reactivity of various Au catalysts
supported on different metal oxides, as described above, surface lattice oxygen is proposed to
represent the active oxygen species also on other Au catalysts supported on reducible oxides
(Au/ZnO and Au/ZrO2). In that sense, the different activities of differently supported catalysts
are originating from differences in energy levels and barriers during the reaction of COad with
surface lattice oxygen from the support.
iii) These observations result in a reaction mechanism for CO oxidation on Au catalysts
supported on reducible supports at T≥80°C, which involves i) CO adsorption on Au
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nanoparticles, ii) reaction with activated surface lattice oxygen species at the perimeter of the
Au-oxide interface (perimeter sites), and iii) replenishment of these sites by dissociative
adsorption of O2 at them. This mechanism, which is close to a Mars-van Krevelen
mechanism, but involves surface lattice oxygen at or close to perimeter sites only (‘Auassisted Mars-van Krevelen mechanism’), is in contrast to most previous mechanistic
predictions in that it involves a highly stable active oxygen species and dissociation of the
molecular O2,ad, without assistance by coadsorbed COad via a COad⋅⋅O2,ad complex. More
precisely, the deposition of reversible Oact is fast and not or very little activated, pointing to
facile dissociation of molecularly adsorbed O2 precursors to Oact species on the active sites
(surface oxygen vacancies), while the removal of active oxygen from surface lattice sites and,
hence, the oxygen vacancy formation by CO is thermally activated. Moreover, since there is
no measurable removal of surface lattice oxygen by CO on the pure support even at
temperatures as high as 400°C, as shown for TiO2, Au nanoparticles are mandatory for the
removal and formation of active oxygen species on the catalyst surface. Accordingly, the Au
nanoparticles have two roles in the CO oxidation reaction over Au catalysts supported on
reducible support materials: First, they accumulate adsorbed CO and second, they activate
surface lattice oxygen at the Au-oxide perimeter sites. This may be explained by a weakening
of the Me-O-bond induced by the Au nanoparticles deposited on the oxide support.
For Au catalysts supported on non-reducible oxides, however, contributions from such a ‘Auassisted Mars-van Krevelen mechanism’ are not possible (see above). Hence, the reaction
may be dominated by a ‘gold-only mechanism’ on these catalysts, with O2 adsorption and
activation taking place directly on the Au nanoparticles. On the other, highly active catalysts
this represents at most a minority pathway under normal reaction conditions, which should be
of similar order of magnitude for all catalysts investigated.
iv) Moreover, the surface of the metal oxide support of all Au catalysts described above was
essentially fully oxidized during steady-state CO oxidation in excess of oxygen with respect
to stoichiometric reaction conditions, indicating that during reaction contributions from
surface vacancies are small, at least under present reaction conditions. This is, however, in
clear contrast to a freshly calcined Au/CeO2 catalyst, which was shown to become
significantly more active for the CO oxidation reaction upon removal of surface lattice
oxygen and, hence, oxygen vacancy formation. While it is only little active after calcination,

4.1 Summary

- 133 -

the CO conversion was found to increase in the initial period of the reaction when starting
from a fully oxidized catalyst surface. Upon removal of about 7% of the surface oxygen
content the CO oxidation activity of the Au/CeO2 catalyst is highest, while over-reduction
leads to initially lower activities again. This was the first experimental verification of a CO
oxidation rate enhancement by oxygen surface vacancies on a realistic oxide supported Au
catalyst. Although there is obviously also a distinct support effect for ceria supported Au
catalysts, indicated by the role of surface oxygen vacancies for activating the CO oxidation, it
is different to the one described above for Au catalysts supported on other reducible support
materials. Most easily, this difference may be explained by a difference in the nature of the
active oxygen species present on the catalyst surface during the CO oxidation reaction.
v) By measuring the influence of the composition of the reaction atmosphere (CO:O2 ratio) on
the amount of active oxygen and, hence, on the oxidation state of a Au/TiO2 catalyst surface
during CO oxidation, it was clearly demonstrated that the oxygen content in the reaction
atmosphere and the oxidation state of the Au/TiO2 catalyst surface during CO oxidation are
strictly correlated. In the initial phase of the reaction, the surface oxidation state quickly
adapts to the steady-state value characteristic for the composition of the reaction gas
atmosphere. Afterwards, under steady-state reaction conditions, the oxidation state of the
catalyst surface is independent of the starting point, and it does not matter whether one starts
from a fully reduced or fully oxidized catalyst surface. Moreover, the activity for CO
oxidation is linearly correlated with the amount of active oxygen present on the catalyst
surface in the range investigated and for constant CO pressure and temperature. This finding
of a linear dependence of the CO2 formation rate and, hence, of the CO oxidation activity on
the active oxygen content under steady-state conditions is further proof for the above
proposed Au-assisted Mars-van Krevelen mechanism and fully agrees with expectations
based thereon. The fact that also for other Au catalysts based on reducible support materials
(Au/ZnO and Au/ZrO2) the CO2 formation rate is highest for the fully oxidized catalysts, on
the freshly calcined samples, is further evidence for a similar reaction mechanism for the CO
oxidation over these catalysts and a similar dependence of the CO oxidation activity on the
active oxygen coverage. Hence, these catalysts (Au/TiO2, Au/ZnO and Au/ZrO2) appear to be
simpler than the Au/CeO2 catalyst in the sense that there is no obvious ‘most active surface’,
but only a variation in Oact coverage.
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Finally, it should be mentioned, that these conclusions on mechanistic details, gained by TAP
reactor studies, are proposed to be valid also under realistic reaction conditions, at
atmospheric pressure. Reaction orders for O2 during the CO oxidation over a Au/TiO2 catalyst
have been obtained both, during reaction in the TAP reactor and during reaction in a plugflow reactor at atmospheric pressure. The close agreement between the values obtained
provides strong support for a similar reaction mechanism and, hence, for the same active
oxygen species under both reaction conditions. That the active oxygen species under both
reaction conditions is indeed identical also for other supported Au catalysts than Au/TiO2 is
confirmed by the fact that for differently supported Au catalysts the activity measurements for
the CO oxidation reaction performed under ambient conditions showed a similar trend of the
activity as the activity measurements performed in the TAP reactor.
In summary, the results and findings presented in this work represent an important step
towards the mechanistic understanding of the CO oxidation reaction over oxide supported Au
catalysts. Additionally, they are expected to be important also in a more general sense, for the
mechanistic understanding of oxidation reactions over oxide supported Au catalysts in
general, where most probably the same active oxygen species participate in the reaction.
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4.2 German summary (Zusammenfassung)
Während der vorliegenden Arbeit konnten sowohl mechanistische Einzelheiten als auch die
physikalische Ursache für die hohe Aktivität Metalloxid-geträgerter Au-Katalysatoren für die
CO Oxidation geklärt werden. Diese Schlussfolgerungen basieren auf einer Kombination von
i) quantitativen Temporal Analysis of Products (TAP)-Reaktormessungen, die eine sehr
genaue Bestimmung der Menge an aktivem Sauerstoff auf der Katalysatoroberfläche
erlauben, und somit auch eine genaue Bestimmung der Sauerstoffspeicherkapazität (“oxygen
storage capacity”, OSC), und ii) konventionellen Messungen der katalytischen Aktivität für
die CO Oxidation unter realistischen Bedingungen (Atmosphärendruck). Besonders wurde
dabei die derzeit am meisten diskutierte Frage zu Oxidationsreaktionen über Metalloxidgeträgerten Goldkatalysatoren untersucht, die Aktivierung von molekularem Sauerstoff und
die Natur der daraus resultierenden katalytisch aktiven Sauerstoffspezies während der CO
Oxidation. Konkret wurden in dieser Arbeit die folgenden Fragen angegangen:
i)

Nimmt der Metalloxid-Träger direkt an der CO Oxidation teil und welcher Natur ist
der (dominierende) Trägereffekt?

ii)

Welcher Art ist die während der Reaktion auf der Katalysatoroberfläche gebildete
aktive Sauerstoffspezies für die CO Oxidation, und wie können dadurch mögliche
Trägereffekte erklärt werden?

iii)

Welche mechanistischen Modelle beschreiben am besten die CO Oxidation über
verschiedenen, geträgerten Goldkatalysatoren? Welche Rolle genau spielen dabei die
Au-Nanopartikel?

iv)

In welchem Oxidationszustand (Bedeckung mit aktivem Sauerstoff) befinden sich die
Oberflächen der geträgerten Au-Katalysatoren während der Reaktion?

v)

Besteht eine direkte Abhängigkeit der Aktivität für die CO Oxidation vom Oxidationszustand des Au-Katalysators, also von der Bedeckung mit aktivem Sauerstoff?

i) In einer vergleichenden Studie von vier unterschiedlich geträgerten Au-Katalysatoren mit
ähnlicher Goldbeladung und Au Partikelgröße (Au/TiO2, Au/ZnO, Au/ZrO2 und Al2O3)
konnte eindeutig gezeigt werden, dass sowohl die OSC als auch die Aktivität für die CO
Oxidation entscheidend und direkt von der Natur des Trägermaterials abhängen. Somit
konnten eindeutig Trägereffekte auf die katalytische Aktivität und, für auf reduzierbaren
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Metalloxiden geträgerte Au-Katalysatoren, eine direkte Teilnahme des Trägers in der
Reaktion nachgewiesen werden. Aus dem engen Zusammenhang zwischen der Sauerstoffspeicherkapazität (OSC) und der Aktivität für die CO Oxidation für die verschiedenen AuKatalysatoren wurde darauf geschlossen, dass die hoch aktiven, auf reduzierbaren
Metalloxiden geträgerten Au-Katalysatoren (Au/TiO2, Au/ZnO und Au/ZrO2) in der Lage
sind, Sauerstoff am Perimeter der Grenzfläche zwischen den Au-Nanopartikeln und dem
Träger zu stabilisieren und zu aktivieren. Trotz der beschriebenen Fortschritte zum
mechanistischen Verständnis der CO Oxidation konnte in dieser TAP-Reaktorstudie die Natur
der aktiven Sauerstoffspezies jedoch nicht geklärt werden. Von den bis hierher
zusammengefassten Ergebnissen kann nach wie vor nicht entschieden werden, ob es sich
dabei um molekularen Sauerstoff handelt, der am Perimeter der Grenzfläche Au-Träger
adsobiert ist (vermutlich auf Sauerstofffehlstellen) oder ob es sich dabei um Oberflächengittersauerstoff handelt, der an die Au-Nanopartikel angrenzt und aufgrund ihrer Gegenwart
aktiviert ist. Zudem ist eine solche Stabilisierung und Aktivierung von Sauerstoff auf
Perimeterplätzen für auf nicht-reduzierbaren Metalloxiden geträgerte Au-Katalysatoren nicht
möglich. Dies wurde während der vorliegenden Arbeit für einen Au/Al2O3 Katalysator
gezeigt, der eine sehr geringe Sauerstoffspeicherkapazität und eine eher geringe Aktivität für
die CO Oxidation aufweist. Hier findet die Adsorption und Aktivierung von Sauerstoff
vermutlich direkt auf den Au-Nanopartikeln statt, was schließlich zu einer aktiven
Sauerstoffspezies führt, die deutlich verschieden ist zu der auf reduzierbaren Materialien
geträgerten Au-Katalysatoren.
ii) Für Au/TiO2 Katalysatoren konnte diese Frage nach der Natur der aktiven
Sauerstoffspezies durch zusätzliche Multipuls-Experimente im TAP Reaktor, in einem
Temperaturbereich von 80°C bis 400°C, gelöst werden. Die dabei erhaltenen Ergebnisse
zeigen eindeutig, dass die unter Reaktionsbedingungen vorhandene aktive Sauerstoffspezies
auf Au/TiO2 eine thermisch sehr stabile, atomare Spezies ist. Diese wird durch die
Adsorption, Aktivierung und Dissoziation von molekularem Sauerstoff auf zuvor gebildeten,
aktiven Randplätzen auf der Katalysatoroberfläche gebildet. Da eine thermische Aktivierung
die Menge an entferntem aktivem Sauerstoff während der Reduktion erhöht, nicht aber die
absolute Menge an aktivem Sauerstoff, die nach einer Re-Oxidation durch O2-Pulse auf der
Katalysatoroberfläche vorhanden ist, wurde darauf geschlossen, dass es sich dabei um
Oberflächengittersauerstoff des TiO2 am Rand der Au-Nanopartikel handelt. Unter normalen
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Reaktionsbedingungen (Reaktionstemperatur 80°C) wird dabei nur auf Plätze direkt am Rand
der Au-Nanopartikel zugegriffen, während bei höheren Temperaturen auch Gittersauerstoff
von benachbarten Plätzen abreagiert und wieder aufgefüllt werden kann.
Aufgrund des oben aufgeführten, engen Zusammenhangs zwischen der Sauerstoffspeicherkapazität und der Aktivität für die CO Oxidation für verschiedenartig geträgerte AuKatalysatoren wird erwartet, dass auch für andere auf reduzierbaren Metalloxiden geträgerte
Au-Katalysatoren (Au/ZnO und Au/ZrO2) Oberflächengittersauerstoff die aktive Spezies
während der CO Oxidation darstellt, auch wenn dies ausdrücklich nur für Au/TiO2
nachgewiesen wurde. Unterschiedliche Aktivitäten dieser Katalysatoren für die CO Oxidation
resultieren dabei aus den unterschiedlichen Energiebarrieren für die Reaktion von auf Gold
adsorbiertem COad mit Oberflächengittersauerstoff des jeweiligen Trägers.
iii) Diese Erkenntnisse führen zu einem Reaktionsmechanismus für die CO-Oxidation über
auf reduzierbaren Metalloxiden geträgerten Au-Katalysatoren bei T≥80°C, der i) die
Adsorption von CO auf den Au-Nanopartikeln, ii) die Reaktion von CO mit aktiviertem
Oberflächengittersauerstoff am Rand der Grenzfläche zwischen Au-Nanopartikeln und Träger
(Perimeterplätze) und iii) das Wiederauffüllen dieser Plätze durch dissoziative Adsorption
von O2 umfasst. Dieser Mechanismus, der einem Mars-van Krevelen Mechanismus sehr
ähnlich ist, allerdings nur Gittersauerstoff an Randplätzen oder dazu benachbarten Plätzen
involviert (“Au-unterstützter Mars-van Krevelen Mechanismus”), widerspricht den meisten
früheren mechanistischen Voraussagen insofern, als darin eine sehr stabile aktive
Sauerstoffspezies an der Reaktion beteiligt ist und die Dissoziation von molekularem O2,ad
ohne Unterstützung von koadsorbiertem COad (über einen COad·O2,ad-Koadsorptionskomplex)
stattfindet. Die reversible Beladung mit Oakt ist vielmehr schnell und nicht oder nur in sehr
geringem Umfang aktiviert, ein Hinweis auf eine leichte Dissoziation einer molekular
adsorbierten O2-Vorstufe zu Oakt an den aktiven Plätzen (Sauerstofffehlstellen). Im
Unterschied dazu ist die Entfernung von aktivem Oberflächensauerstoff durch CO, also die
Bildung von Sauerstofffehlstellen, ein aktivierter Prozess. Dass auf dem reinen Träger selbst
bei 400°C keine messbare Beladung/Entfernung von Sauerstoff stattfindet, wie für TiO2
gezeigt wurde, ist ein eindeutiger Hinweis, dass die Au-Nanopartikel zwingend notwendig
sind für die Entfernung und Bildung von aktivem Sauerstoff auf der Katalysatoroberfläche.
Demzufolge haben die Au-Nanopartikel zwei Funktionen während der CO-Oxidation: Zum
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einen reichern sie adsorbiertes CO an der Oberfläche an, und zum anderen aktivieren sie
Oberflächengittersauerstoff an Randplätzen entlang der Grenzfläche Au-Träger. Dies kann am
einfachsten über eine Schwächung der Me-O Bindung erklärt werden, die durch die
Abscheidung der Au-Nanopartikel auf dem Metalloxid verursacht wird.
Für auf nicht-reduzierbaren Metalloxiden geträgerte Au-Katalysatoren ist ein Beitrag eines
solchen „Au-unterstützten Mars-van Krevelen Mechanismus” zur katalytischen Aktivität für
die CO Oxidation allerdings nicht möglich (siehe oben). Es wird daher davon ausgegangen,
dass die CO Oxidation über diesen Katalysatoren hauptsächlich über einen „Nur-Gold“
Mechanismus abläuft, während dem die Adsorption und Aktivierung von Sauerstoff direkt auf
den Au-Nanopartikeln stattfindet. Für die anderen, hoch aktiven Katalysatoren spielt dieser
Reaktionsweg jedoch höchstens eine untergeordnete Rolle, dessen Beitrag zur gesamten
Aktivität vermutlich für alle Katalysatoren gleich ist.
iv) Weiter konnte gezeigt werden, dass für die oben aufgeführten Katalysatoren die Oberfläche der Metalloxid-Träger während der CO Oxidation im wesentlichen voll oxidiert ist
unter den gegebenen Reaktionsbedingungen (Überschuss an Sauerstoff bezogen auf stöchiometrische Reaktionsbedingungen). Daraus kann geschlossen werden, dass Beiträge von
Sauerstofffehlstellen auf die katalytische Aktivität unter diesen Bedingungen eher gering sind.
Dies ist jedoch deutlich verschieden für einen frisch kalzinierten Au/CeO2 Katalysator, der
durch die Entfernung von Oberflächensauerstoff, und somit durch die Bildung von Sauerstofffehlstellen, deutlich aktiver wird für CO Oxidation. Startet man mit einer voll oxidierten
Oberfläche, ist der Au/CeO2 Katalysator zunächst nur wenig aktiv. Anschließend nimmt der
CO Umsatz im Verlauf der Reaktion jedoch zu, bei gleichzeitiger Reduktion der Oberfläche,
und erst nach der Entfernung von etwa 7% des insgesamt verfügbaren Oberflächensauerstoffs
erreicht der Au/CeO2 Katalysator die höchste Aktivität für die CO Oxidation, während eine
weitere Reduktion in wieder geringeren Aktivitäten resultiert. Dies war der erste
experimentelle Nachweis einer Erhöhung der Rate für die CO Oxidation durch die Bildung
von Sauerstofffehlstellen an der Oberfläche eines realen, oxidgeträgerten Au-Katalysators.
Folglich existiert auch für CeO2 geträgerte Au-Katalysatoren ein entscheidender Einfluss des
Trägers auf die katalytische Aktivität, dieser ist jedoch deutlich verschieden von dem oben
beschriebenen Einfluss für auf anderen reduzierbaren Metalloxiden geträgerte AuKatalysatoren (Au/TiO2, Au/ZnO und Au/ZrO2). Eine naheliegende Erklärung für die
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unterschiedlichen Einflüsse des Trägers in diesen beiden Fällen wäre eine unterschiedliche
Natur

der

aktiven

Sauerstoffspezies,

die

während

der

CO

Oxidation

auf

der

Katalysatoroberfläche vorhanden ist.
v) Messungen zum Einfluss der Reaktionsatmosphäre auf die Menge an aktivem Sauerstoff,
und somit den Oxidationszustand eines Au/TiO2 Katalysators während der CO Oxidation,
haben eindeutig gezeigt, dass der Oxidationszustand des Au/TiO2 Katalysators mit dem
Sauerstoffgehalt in der Gasphase korreliert. Jeweils zu Beginn der Reaktion passt sich der
Oxidationszustand der Oberfläche schnell dem Wert an, der unter steady-state Bedingungen
für die gegebene Gasphasenzusammensetzung charakteristisch ist. Anschließend, im
dynamischen Gleichgewicht, ist der Oxidationszustand der Katalysatoroberfläche unabhängig
vom Ausgangspunkt, und es ist irrelevant, ob der Katalysator zu Beginn der Reaktion voll
oxidiert oder voll reduziert war. Weiter wurde bestimmt, dass die Aktivität für die CO
Oxidation im untersuchten Bereich linear mit der Bedeckung an aktivem Sauerstoff korreliert.
Dieser lineare Zusammenhang zwischen der CO2 Bildungsrate und dem Sauerstoffgehalt der
Oberfläche bestätigt den bereits vorgeschlagenen „Au-unterstützten Mars-van KrevelenMechanismus“ insofern, dass er genau den daraus resultierenden Erwartungen entspricht.
Auch für die beiden anderen auf reduzierbaren Metalloxiden geträgerten Au-Katalysatoren
(Au/ZnO und Au/ZrO2) ist die CO2 Bildungsrate, und somit der CO Umsatz, für die voll
oxidierten Katalysatoren, direkt nach der oxidativen Vorbehandlung, am höchsten. Dies ist
ein weiterer Hinweis darauf, dass die CO Oxidation auf diesen Katalysatoren über einen
ähnlichen Mechanismus abläuft und es wird eine ähnliche Abhängigkeit der Aktivität für die
CO Oxidation vom Oxidationszustand erwartet. Folglich ist die Situation für diese
Katalysatoren (Au/TiO2, Au/ZnO und Au/ZrO2) vermeintlich einfacher als für Au/CeO2, da
hier die Abhängigkeit der Aktivität vom Oxidationszustand der Katalysatoren nur eine Variation in der Belegung mit Oakt ist, und diese keine “am höchsten aktive Oberfläche” aufweisen.
Abschließend soll erwähnt werden, dass die hier aus TAP-Reaktorstudien erhaltenen
Erkenntnisse über mechanistische Einzelheiten der CO Oxidation auch unter realistischen
Reaktionsbedingungen, unter Atmosphärendruck, gültig sind. Die Reaktionsordnungen
bezüglich O2 für die CO Oxidation wurden sowohl während der Reaktion im TAP Reaktor als
auch während der Reaktion in einem Propfenfluss-Reaktor unter Atmosphärendruck
gemessen und miteinander verglichen. Die gute Übereinstimmung der dabei erhaltenen Werte
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ist ein starker Hinweis darauf, dass die Reaktion unter beiden Reaktionsbedingungen über den
gleichen Mechanismus abläuft, und dass dieselbe aktive Sauerstoffspezies an der Reaktion
teilnimmt. Zudem weisen Aktivitätsmessungen für die CO Oxidation bei Atmosphärendruck
über unterschiedlich geträgerten Au-Katalysatoren (Au/TiO2, Au/ZnO, Au/ZrO2 und Al2O3)
die gleiche Tendenz auf wie Aktivitätsmessungen im TAP-Reaktor. Dies ist ein Indiz dafür,
dass die aktive Sauerstoffspezies unter beiden Reaktionsbedingungen auch für andere
geträgerte Au-Katalysatoren als Au/TiO2 identisch ist.
Zusammenfassend stellen die in dieser Arbeit vorgestellten Ergebnisse und Befunde einen
wichtigen Schritt hin zum mechanistischen Verständnis der CO Oxidation über geträgerten
Goldkatalysatoren dar. Darüber hinaus wird erwartet, dass sie auch für das mechanistische
Verständnis

von

Oxidationsreaktionen

über

oxidgeträgerten

Au-Katalysatoren

im

Allgemeinen von Bedeutung sind, während denen höchstwahrscheinlich die gleiche aktive
Sauerstoffspezies an der Reaktion teilnimmt.
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