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Chapter 1

Catalysis, metals and
cyclohexane: A glimpse.

As an introduction to this dissertation, we define catalysis,
present a short summary explaining the fundamental aspects of het-
erogeneous catalysis and the tools it makes use of, and how com-
puter science is useful to its development. We then delve into one
of the important topics of this work, Au catalysis. We explain in a
conscious manner how it went from being a simple coinage metal to
a highly active catalyst, and we outline the main factors that affect
Au’s chemical activity. It is followed by the second important field
touched by this dissertation, catalysis by metal oxides, where we
summarize their main features as active catalysts. Next the core of
this research is exposed, which is the oxidation of cyclohexane. We
explain why it is important to study it, the current industrial pro-
cess and an overview of the literature dealing with research efforts
to improve this process. Finally, the objectives of this research work
are outlined. Also, for the benefit of the reader, a brief summary
of the material covered in each of the chapters is presented.
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Chapter 1. Catalysis, metals and cyclohexane: A glimpse.

1.1 Motivation

There is no need to provide an Apologia pro vita sua for catalysis. It is one
major engine of the current world. In fact, it would be difficult to overestimate
or exaggerate the practical importance of catalysis. In 2011, the year in which
this research work began, catalysis was estimated to contribute to roughly
35% of the world Gross Domestic Product (63.05 billion Euros) in the form
of chemicals and high-energy fuels production [1, 2]. Four grand sectors of
world’s economy, namely petroleum, energy production, chemicals production
and food industry are critically dependent on the use of catalysts.

Crops fertilised by chemicals produced by the Haber-Bosch process, a cat-
alytic process which combines hydrogen and nitrogen into ammonia, nourish
approximately 40% of the world population. Had the Haber-Bosch process not
been developed, crop harvest would require nearly half of all ice-free continents
rather than less of 15% needed now in order to feed the world population [3].
One out of every six people on the planet drives an automobile, with most
equipped with catalytic technology aided to clean the engine exhaust, helping
to keep the environment healthier. Over half the world’s gasoline is currently
produced by a process developed in 1942 called Fluid Catalytic Cracking, which
is considered as one of the most important chemical achievements of the 20th
century. Nylon-6 and Nylon-6,6, a type of polymer fibers, are produced via
cyclohexane oxidation using several catalysts during the process. They are
among the most important polymers, justified by their excellent mechanical
properties, and they find a broad range of uses in the world [4].

It should be mentioned that catalysis does not only focus on production, but
also on making cleaner such production, by reducing energy and material costs
and thus leading to a greener chemistry [5]. Also related to environmental
concerns, the successful implementation of alternative energy technologies will
directly rely on developing new highly efficient catalytic materials.

Clearly, a large portion of our lifestyle has been, is and will be affected by
catalytic materials. Therefore, the motivation for its research and development
is obvious.
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1.2 The catalytic phenomenon

1.2 The catalytic phenomenon

Catalysis was recognised as a phenomenon by Davy as early as 1816, and was
properly defined by Berzelius in 1835. But it was not until early 20th century
when it obtained an empirical basis by the experiments of Mittasch. Catalysis
deals closely with kinetics, and for many decades during its early development
it was synonymous of kinetic analysis. It consists in the acceleration of chem-
ical reactions by an additional substance. This substance, the catalyst, is not
consumed during the reaction. catalysed reactions have a lower activation en-
ergy than the corresponding uncatalysed analogues, which results in a higher
reaction rate at the same temperature and for the same reactant concentra-
tions. The lowering of energy barriers and consequent increase in reaction rate
can be such, that many of today’s relevant chemical reactions are catalysed
and they would be impractical to perform via the uncatalysed fashion.

Catalysts can adopt a variety of chemical forms, ranging from simple protons
to complex biomacromolecules. They can be virtually any type of material:
organometallic complexes, oxides, sulfides, nitrides, carbides, acids, salts, etc.
Solid catalysts, which are the focus of this dissertation, come in several dif-
ferent forms, like small particles anchored on a support or mesoporous solids
like zeolites and clays. However, no matter how structurally different they are,
their role as catalysts is similar. They participate directly in the chemical pro-
cess by providing an alternative reaction pathway with lower energy barriers,
which translates into an increased rate of reaction. Catalysis is a complex phe-
nomenon, and several aspects should be taken into account for understanding
how a catalyst works. The following points provide a conceptual basis for a
given catalytic process:

• The catalyst offers an alternative reaction path which is energetically
more favorable.

• The overall activation energy of the catalysed reaction is smaller than the
uncatalysed equivalent, which translates into a faster reaction rate.

• Although the activation energy is smaller in a catalysed reaction, the
overall change of free Gibbs energy is the same irrespective of the pres-
ence of the catalyst, i.e., if a reaction is thermodynamically unfavorable
a catalyst will not change this. Catalysis changes kinetics, but not ther-
modynamics.

• The catalyst accelerates both the forward and the reverse reaction to
the same extent. If a given product is formed from the corresponding
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Chapter 1. Catalysis, metals and cyclohexane: A glimpse.

reactants, this will be accelerated as well as the decomposition reaction
of the product back to the reactants.

• If the chemisorption of at least one of the reactants to the catalyst is too
weak, this will hinder the catalytic reaction and hardly any conversion of
reactants to products will be given.

• Alternatively, if one reactant is too strongly chemisorbed to the catalyst,
the latter will be mostly covered by this species and these active sites
won’t be available anymore. This is referred to as poisoning by one of
the reactants.

• In the same way, if the product of the reaction is too strongly bound
to the catalyst surface, desorption of the product will not occur, and the
active site will become unavailable for subsequent catalytic cycles. In this
case the poisoning is due to the product.

Heterogeneous catalysis, in which reactants and the catalyst are in different
physical state, offers several advantages over homogeneous options: The ease
of seperation between products and the catalyst, together with the fact that
they are often more stable and degrade at much slower rate than homoge-
neous analogues. This justifies their role as more suitable choices to meet the
demands of a more sustainable chemistry.

It can be seen from picture 1.1 that at the atomic and molecular level, catalysis
arises from the bond rearrangement between species in the chemical reaction
and the catalytic material. This has an important consequence: developing
and optimizing catalysts lies upon an understanding not only of the chemical
reaction itself, but also of how the catalyst affects the chemical reaction at
every step along the reaction pathway.

1.3 The study of heterogeneous catalysis

Catalysis, which is a broad field of study closely related to several scientific dis-
ciplines, has become reasonably well understood on a conceptual level. Studies
of catalytic mechanisms became feasible when Langmuir-Hinshelwood kinetics
were available in the 1920s. In the late 1950s infrared spectroscopy appeared,
which was followed by a range of other techniques for catalyst characteri-
zation and investigation of surface species. This opened the opportunity to
relate catalytic properties with materials features. Surface science techniques
enabled scientists to resolve adsorption geometries and reactivity patterns in
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1.3 The study of heterogeneous catalysis

Figure 1.1: Comparison of reaction profiles of both catalysed and non-catalysed reactions
for the conversion of reactants to products.

well-defined structures, which culminated by the end of the 20th in STS as
a very powerful tool to resolve surface structure and adsorbed species with
atomic precision. Nowadays, techniques have become available to study cata-
lysts under working conditions, and the relation between catalytic activity for
a certain reaction and the structure and composition of surface is generally well
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Chapter 1. Catalysis, metals and cyclohexane: A glimpse.

understood, provided such surface is relatively simple and well defined. Addi-
tionally, computational chemistry has made its place in the chemist’s toolbox
for the study of catalytic processes. The ever increasing computational re-
sources now make it feasible to compute adsorbate geometries, bond strengths
and reaction rates.

However, the prospect of designing a catalyst from first principles behind a
desk is still far away, a number of reasons being responsible for that:

• Although it is possible to describe the catalytic reaction on a well-defined
single crystal under well-defined conditions, the scenario is far more com-
plex when the reaction occurs over small nanoparticles on a support, in
which many crystallographic facets, defects and additional interactions
may arise. There is a separation between ideal surface science and indus-
trial real conditions, not only by the so-called pressure gap, but also by
the materials gap.

• The framework used to describe catalytic kinetics, albeit very refined,
is still based on the Langmuir adsorption isotherm (1915) and the ki-
netic formalism of Hinshelwood (1927), which is based on ideal surfaces
with equivalent adsorption sites and non-interacting adsorbate species
randomly mixed. This is an over simplification, and only now its con-
sequences have become recognised by addresing the problem in terms
of ensembles with reactivities many orders of magnitude larger than the
planar surfaces.

As previously said, catalysis is closely interwoven with other fields of science.
The exposed in the above paragraphs shows how surface science, materials
science, computational modelling and chemical kinetics play a role in the un-
derstanding of catalysis, and its multi-disciplinary nature is also evident taking
into consideration the many length and time scales it encompasses. The for-
mer ranges from the subnanometre region at the atomic and molecular level
to the macroscopic domain of industrial reactors. At the smallest region, there
is the bonding of molecules to the surface of the catalyst to form a reactive
complex which is followed by separation of products from the catalyst. This
is catalysis seen from the molecular level, and where chemistry takes place.
Understanding catalysed reactions at this level requires both advanced experi-
mental techniques and theoretical tools, and this is the domain of spectroscopy,
computational chemistry, kinetics and mechanistic studies at the atomic level.
Above this level there is that of the small catalyst particles with dimensions
ranging from 1 to 100 nm, where the questions of interest are the size, shape,
structure and composition of the active particles, specifically of their surfaces,
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1.3 The study of heterogeneous catalysis

and how they relate to the catalytic performance. This level is the domain
of catalyst preparation, characterization, testing on the laboratory scale, and
mechanistic studies. It is also important the transport phenomena for which
diffusion of molecules to the catalytically active sites may determine the overall
reaction rate. Next level comprises that of the shaped catalysts. They may
be used in several forms, like extrudates, spheres or monoliths on length scales
going from millimeters to centimeters, and this level is to a large extent related
to materials science. Porosity, strength and attrition resistance are issues of
interest here, because the catalytic material should have a reasonable lifetime
inside industrial reactors. Since this level deals mainly with industry much
of the knowledge is covered by confidentiality and patents. The last level is
that of the macroscopic domain and reactors, which range from a few centime-
ters to several meters high reactors vessels. At this region catalysis, although
being the very heart of the reactor, is just one of the many other aspects
which are part of reactor engineering. Factors like mass and heat transport
of reactants and products through the catalyst bed are as important as the
intrinsic catalytic activity of the material. Additional concerns are the cata-
lyst’s mechanical stability, sensitivity to trace impurities in the reactant feed
and degradation of catalyst due to high temperatures, pressure or poisoning.

Regarding the time scales present in heterogeneous catalysts, they follow ap-
proximately the length scales just exposed. Activation of molecules and break-
ing of chemical bonds are within the picoseconds regime. Completion of an
entire catalytic cycle from reactants to products may take from microseconds
to minutes in the case of complex reactions with many elementary steps. Above
this, on the mesoscopic level, transport phenomena carrying the reactants to
the active sites can take from seconds to minutes, and finally at the macro-
scopic level, molecules may present residence times which goes from second
up to effectively infinite times when reactants end up in unwanted byproducts
such as coke which stay permanently on the catalyst surface.

Not only length and time scales show such a complexity, but also the synthesis
of catalysts and their properties. Although the underlying chemistry is largely
known, there are not few recipes so complicated that it is not possible to write
a scheme of chemical reactions in detail. In fact, if laboratory tests show a
catalyst with remarkable activity in terms of turnover per active site for a
given reaction and good selectivity, that does not grant it will be successful for
an industrial application. The following requirements need to be met for the
latter:

• High activity per unit of volume in the catalytic reactor.
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• High selectivity towards the desired product at working conversion levels,
together with the lowest selectivity to byproducts that may cause waste
problems.

• Long lifetime with respect to deactivation.

• Possibility of reactivation, specially if deactivation occurs fast.

• Reproducible preparation procedure.

• Sufficient thermal stability against sintering and other structural changes
under operational conditions.

• High mechanical strength against crushing.

• Hight resistance to attrition.

A last important point to note is that catalysts are generally developed for
a particular process, meaning that they are designed and tested for a certain
reaction in a certain reactor under certain conditions. These are factors not
to be taken lightly when an industrial application is to be met.

Clearly, catalysis is very complex, but far from being a disadvantage, it allows
us to use the many variables it depends on to optimize and improve the huge
number of catalysed reactions which are critical in the current world. This
dissertation attempts to use this multi-disciplinarity by employing several tools
such as computational modelling, synthesis methodologies, spectroscopy and
surface science techniques in order not only to design and develop efficient
catalysts, but also to understand why these catalysts work.

1.4 First-principles calculations

Computational techniques and theoretical calculations, which are performed by
computer systems, are one of the greatest inventions in recent human history.
They have revolutioned not only science, but also both education and industry.
Ancient civilizations already made use of mechanical devices to assist in the
automation of a wealth of tasks, and throughout history the concept of com-
puting, together with the tools that makes it possible, have evolved from the
ideas of automatic calculation and stored program control to finally shape com-
puters as we understand them today. The convergence between computation
and chemistry gave rise to the so-called computational chemistry, built upon
the discoveries of quantum mechanics and first lead by the works of Heitler and
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1.4 First-principles calculations

London in 1927. With the development of efficient computer technology in the
1940s, the solutions of elaborate wave equations for atomic systems started to
be a feasible objective. In the early 1950s, semi-empirical orbital calculations
started to be carried out, and theoretical chemists became extensive users of
digital computers since then [6]. The continuous advances in technology have
allowed computer science to play an intensive role in essentially all subfields of
chemistry, and catalysis is no exception.

In heterogeneous catalysts there exists a local phenomenon which is associ-
ated with surface topology and electronic structure. Atoms of the catalyst
go through a rearrangement and their charge density is modified when bonds
are formed with adsorbed reactants. This influences the electronic orbitals,
but also the ones not involved to some extent. Besides, adsorbed molecules
experience changes and new bonds are formed while existing ones may be bro-
ken. Characterization of the sites where these phenomena occur implies on
one hand the study of geometrical aspects like their crystallographic position
on the surface and the exposed planes of the material. On the other hand, it
also requires the study of their nature, like the electronic structure, the atoms
that made them up, acid-base behaviour and electronegativity.

Fortunately, with the advent of parallel computing and the clustering of com-
puters, calculations based on the very principles of quantum mechanics (ab
initio) can be performed on atomically defined systems that mimic single and
more complex catalytic surfaces. Quantum theory can be used to investi-
gate the internal structure of atoms, which allows to study the energetics of
molecules and even computation of the energy of the elementary steps that
comprise a given reaction. Additionally, the stability of model systems and
adsorbates with respect temperatures and pressure can be investigated by ab
initio thermodynamics. The combination of them can gather all necessary
data of a reaction happening over a catalyst surface and it allows researchers
to draw connections between structure of catalysts and their reactivity. Trends
in reactivity patterns can be predicted reasonably well, and adsorption, dis-
sociation and formation of new bonds can be described with accuracy. Heats
of adsorption, adsorption geometries, vibrational frequencies, activation en-
ergies of elementary steps and spectra simulations are just a part of what
computational modelling can achieve in the field of catalysis. The influence of
computational tools is notable in heterogeneous catalysis, particularly because
catalysis is a set of interwoven chemical processes for which calculations can
help us to understand them at an atomic level. Besides, many experimental
data are available for direct comparison to validate theoretical predictions, al-
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though such a comparison is not always straightforward due to the wealth of
processes that comprises heterogeneous catalysis.

One of the main benefits of ab initio calculations is that they can be used to
investigate aspects of a given system which are difficult or even impossible to
measure experimentally, for example the study of each of the elementary steps
that make up a catalytic reaction, which would be utterly difficult from the
experimental point of view. However, it should be noted that calculations must
be employed methodically and continually compared to experimental findings.
In fact, the coupling of both theoretical and experimental approaches is what
facilitates a fundamental understanding between properties like the electronic
structure and chemical reactions.

Possibly, the major drawback to ab initio calculations is that the systems
modelled are closely motivated by experimental results, so misconceptions,
assumptions and errors in experiments may propragate to calculations. Some-
times the theoretical model is too simplistic to capture effectively all relevant
factors. In order to ensure this propagation does not occur or at least in a
minimised way, many different possibilities must be taken into account when
modelling and calculating systems of catalytic interest.

Definitely, theoretical studies have a strong impact in heterogeneous catalysis,
and this dissertation holds as one of the major parts of its body quantum
chemical studies on surfaces and metal nanoparticles which are of interest
for catalysis, with the aim of understanding at a deeper level their role at
catalyzing the reaction herein studied.

1.5 Catalysis by Au

One of the main focus of this dissertation is the use of Au catalysts to oxidize
cyclohexane, trying to understand the nature of this catalytic process from
first-principles. Interest has drawn to Au because of its strange and interesting
chemistry when operating under nano-scale regime. Indeed, bulk Au is mostly
inert. However, when nanometer-scale particles are anchored to an oxide they
exhibit notable catalytic activity even at temperatures that fall below the
common range for catalysis. A brief summary about Au exposing its major
features for this field is justified, and puts us in context to understand the
results and conclusions obtained in this study.

10



1.5 Catalysis by Au

1.5.1 Au prior to Haruta’s and Hutchings’ works

Although Au fascinated alchemists before the advent of modern chemistry,
little interest did its chemistry evoke due to its inertness. Despite going mostly
unnoticed, as early as in 1906 it was already observed that Au had some sort
of catalytic behaviour by oxidating hydrogen on a Au gauze [7]. It found
few applications in catalysis, basically as an alloy with other Pt-group metals
for hydrogenation or oxidation of alkanes and alkenes [8–10]. However, the
synthesis procedures for this catalytic species yielded large particles surpassing
50 nm, thus converging to the chemical inertness of bulk Au and not helping
to attract attention to its chemistry. Au was neither in the first places as a
catalyst candidate nor thought by anyone as the logical choice for accelerating
a given reaction.

1.5.2 Hutchings’ discovery on ethyne hydrochlorination and
Haruta’s on CO oxidation

It was believed that Au failed as a catalyst because of its small power of
chemisorption and that Pt-group metals were superior due to their stronger
chemisorption tendency.

The story changed markedly at the end of the 1980s, though. Two key discov-
eries triggered attention towards Au. First, Hutchings et al. realised in 1985
that its high standard electrode potential (+1.4V) would make Au species very
effective in catalyzing the hydrochlorination of ethyne [11], which was later on
proved [12]. Second, Haruta et al. found in 1987 that Au was a very active
catalyst for CO oxidation, even at temperatures below 273K [13, 14]. They
optimised a synthesis procedure which was able to produce Au particles with
nano-scale diameter (2-3 nm). Such particles were able to oxidize both CO
and H2 even at 200K, far from the typical temperatures found in catalysed
reactions.

Haruta and co-workers not only observed this, but they also noted how the
oxide support in which the particles were anchored influenced markedly their
catalytic performance. The extent of this “support effect” was unprecedented
and could not be fully explained by the spill-over effect [13–16].

This way both Haruta’s and Hutchings’ groups established the seed for a fer-
vent subfield of heterogeneous catalysis: Au was no more only visually appeal-
ing, but also chemically appealing.
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Chapter 1. Catalysis, metals and cyclohexane: A glimpse.

1.5.3 The surface chemistry of Au

The discoveries that Haruta and Hutching’s groups made recognised the signif-
icant difference in chemical activity of bulk-like Au and Au nanoparticles an-
chored on oxides. This lead to numerous experimental and theoretical studies
aimed to understand why Au starts to catalyse chemical reactions at nanome-
ter scale.

It is a complex question, which is reflected by the number of factors used in an
attemp to answer it particle size and shape [17], charge transfer between Au
and the oxide support [18, 19], , metal-to-insulator transition [20], presence of
low-coordinated Au [21], quantum size effects [22], Au lattice strain [23] and
the presence of the Au-oxide interface [24].

Many of the first studies were focused on the interaction between reactants and
well-defined single crystal surfaces. CO oxidation received intense investigation
in order to elucidate the origin of Au’s high catalytic activity at low temper-
ature. Surprisingly, studies showed that oxygen cannot populate Au surfaces
regardless how large the exposure to molecular oxygen is [25, 26]. In fact, tem-
peratures up to 800K were needed in order to dissociate O2 into atomic oxygen
species [27–29], which clearly indicates the inertness of Au extended surfaces.
However, this is not the case for small Au nanoparticles supported on metal
oxides, in which the low-temperature oxidation of CO shows energy barriers of
7 Kcal/mol at most, which indicates the reaction has low activation barriers
[16]. Even more intriguing, it was found that the desorption of atomic oxygen
from these surfaces was an activated process with barriers ranging from 19 to
31 Kcal/mol [27–29]. In order to shed light to the issue, Maddix et al. stud-
ied CO oxidation over an extended Au surface with pre-adsorbed oxygen [30],
and found that oxygen atoms on the surface were easily removed with a low
energy barrier of approximately 8 Kcal/mol, concluding that atomic oxygen
may be stable on Au surfaces, but because of the large thermodynamic driving
force for CO oxidation (⇠ 67 Kcal/mol) oxygen was easily reacted away. The
aforementioned are thus examples of how different the chemistry of Au can be
going from extended bulk-like Au to small nanoparticles.
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1.5 Catalysis by Au

1.5.4 Insight into the effects governing Au chemistry

One of the first variables that was logically taking into account for understand-
ing Au chemical activity was the geometric effect [21, 23, 31–33]. As the size
of Au particles decreases the surface to volume ratio increases, placing more
metal atoms at the surface of the particle with fewer neighbours surrounding
them. Such undercoordination leads to an enhanced chemical activity and thus
increased affinity to binding adsorbates [21, 31, 32]. This has been observed
experimentally in single crystal UHV studies where higher miller-index surfaces
presenting lower coordinated Au atoms are more reactive than low Miller-index
surfaces with more packed atoms [34–36]. The increase in reactivity with de-
creasing cordination is not in itself surprising. However the large differences
in the chemistry of Au as its coordination number is reduced is exceptional
and appears related to relativistic effects which do not arise in other cases [37].
Nevertheless, geometric effects may not be the only factor governing reactivity
of small Au nanoparticles, since studies showed no O2 adsorption on highly
stepped Au surfaces [38], and in fact, not even in atomic clusters adsorption
and dissociation was found to take place.

The next variable added to the equation were electronic effects. Following the
case of O2 adsorption, only when Au was negatively charged it was favorably
adsorbed [39, 40]. Further studies supported this fact [41], where they per-
formed quantum chemical calculations showing that only anionic Aun clusters
bound O2 out of Au+

n , Au0
n and Au�

n clusters, and additionally they also ob-
served that any case of O2 adsorption for Au0 or Au+ was lost quickly with
larger nanoparticles (n > 5).

Furthermore, the effect of particle size and atom coordination was elegantly
questioned by the works of Rousset and Veith et al. in which they synthesised
catalysts with Au particles of similar size supported on different oxides, and
found that different supports produced very different catalytic activity [42,
43]. Indeed particles of 2-3 nm in size supported on T iO2 and SiO2 exhibited
catalytic rates differing by at least an order of magnitude. This clearly indicates
how the particle and undercoordination are not the sole factors governing the
catalytic activity of Au particles, since particles equal in size can show very
different behaviour.

Similar to the aforementioned work of Rousset et al., other studies showed
how the support may play a role on the Au catalytic activity. Sanchez et al.
reported CO oxidation over MgO-supported Au nanoparticles at low temper-
atures (< 300K) [44], and further studies by Besenbacher et al. concluded that
oxide surface defects were most probably oxygen vacancies which acted as nu-
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Figure 1.2: Visual guide to the fundamental factors dictacting the catalytic activity of
supported Au catalysts.

cleation sites for Au nanoparticles [45]. In order to bring more understanding
on this issue UHV-STEM and UPS techniques were employed [19, 46], and the
latter revealed that in highly oxygen-vacant T iO2 electronic states directly be-
low the Fermi level existed, indicating activated electron density at the oxygen
vacancies. Additional quantum chemical calculations showed that Au sup-
ported on highly oxygen-vacant T iO2 was able to adsorb O2 and perform CO
oxidation with low activation barriers [44, 47–50].

All these data suggested a connection between anionic Au, the Au species on
the support and the catalitically active form of Au. However, data supporting
this hypothesis is in contradiction with results found for non-model systems, in
where several catalysts reporting high catalytic activity for CO oxidation ex-
hibited a strong presence of cationic Au [48]. Indeed, several studies correlated
oxidised Au with a high activity of supported-Au catalysts [48–54]
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Interestingly, the interaction between Au and off-stoichiometric surfaces was
better understood when a UHM-STM study showed that as with oxygen va-
cancies, extra oxygen atoms on the surface also served as nucleation sites for
Au nanoparticles and even performed better than oxygen vacancies at avoiding
sintering of Au [55–57].

Not only Au�+ and Au�� but also metallic Au shares attention. Part of the
literature support the fact that it is Au0 the one to be responsible for the
catalytic activity [50, 58–64], and studies show how non-model powdered cat-
alysts were reduced in order to decompose the cationic Au precursors (AuClx,
AuOx, Au(OH)x) leaving only Au0, and they observed activity for CO oxi-
dation. The mechanistic argument supporting this Au species follows that of
anionic Au, that is, a charge transfer from Au to O2 in order to activate the
O�O bond. This view is also interesting in the sense that it places cationic Au
as an intermediate in the reaction mechanism and indicates that there may be
a mechanism which is not directly associated with the initial presence of high
concentration of oxidised Au. Clearly, there is debate about the truly nature
of catalysis by Au.

Finally, the Au-support interface has also attracted attention. Behm et al.
found that the overall measured rate correlated well with the Au size perimeter
rather than with exposed surface area, indicating that such interface may be the
location of the active sites for CO oxidation [65]. Other authors also pointed
out the interface as one major factor dictating the Au’s catalytic activity [16,
43, 66–70]. Among these studies there is the work by Rousset et al. peviously
mentioned, in which they observed how the activity of supported-Au catalysts
differed greatly depending on the oxide support used [43]. It should be noted
that it may be almost imposible to distinguish clearly and unambiguously
between physical and catalytic effects that are dependent on particle size with
those conditioned by the support with which they are in contact, because at
least in the context of catalysis small Au particles are desired and their utility
depends on them being supported.

1.6 Catalysis by metal oxides

Oxides comprise a diverse class of compounds with properties covering almost
all aspects of materials science and physics. They can be superconductors on
one hand and insulators on the other. The bonding characteristics of some
oxides may be classified as covalent whereas others are highly ionic. They find
applications in many fields, ranging from paint pigments to sensors and catal-
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ysis [71]. For the latter, they are highly relevant as heterogeneous catalysts for
industry. They exhibit a range of different properties which makes them attrac-
tive for the conversion and selective oxidation of a wide range of compounds.
Metal oxides are technologically important materials used as functional com-
ponents in a large number of processes for converting hydrocarbons to other
chemicals [72, 73]. To this respect, selective oxidation, ammoxidation and se-
lective dehydrogenation probably constitute the most important catalytic uses
of metal oxides.

Process Catalyst
SO3 production V2O5/K2O
CO oxidation in emission control CeO2, La2O3

Styrene production Fe2O3

Formaldehyde production MoO2

Maleic anhydride production Mo2O3

Acrylonitrile production Bi2O3/MoO2

Water-gas shift CuO/ZnO/Al2O3

Hydrocarbon cracking SiO2/Al2O3

Table 1.1: Examples of industrial chemical processes in which metal oxides are catalysts.

They can be used as acid, base, redox and bifunctional catalysts to carry
out a wealth of different reactions, and the type of mechanism that govern
such reactions can be quite different. Industrially relevant processes like the
production of sulfuric acid from SO2 with mixed K/V oxides make use of the
redox properties of these oxides, whereas their acid-base character is exploited
in alkane isomerization and catalytic cracking. Also a wide variety of metal
oxides are also used to support and disperse the active metal phase in a number
of catalysts.

There are several structural characteristics that are needed to undestand the
catalytic phenomena of metal oxides, and both bulk and surface properties
of metal oxides play an important role. The distinct crystallographic phases
present in the material, the local environment of the nuclei in either crys-
talline phases or amorphous materials and the redox properties are among the
bulk properties. Surface properties include local environment of nuclei at the
surface, exposed crystallographic planes, surface defects, acid-base behaviour,
the number and nature of acid sites and the concentration of surface hydroxyl
groups. For instance, oxidation of alkanes over V -based catalysts is believed to
proceed via a Mars-van Krevelen mechanism [74, 75] where O atoms (bulk) are
the active oxygen species. However, in catalytic cracking, activity is directed
by the surface acidity of the material.
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1.6 Catalysis by metal oxides

Bulk structure of oxides is best described by assuming that they are made up of
cations and anions. The major structural feature is that cations are surrounded
by O ions and them by cations, the bulk structure being largely determined
by the stoichiometry. In almost all cases the O�2 ions are larger than the
metal cations, and are estabilised by the surrounding positive atoms. In the
case of transition metal oxides, it is not unusual that the metal cations occur
in more than one oxidation state, and such availability of different oxidation
states makes it possible to control the selectivity in some reactions. Oxide
surfaces with cations in lower oxidation states are usually more reactive than
those in higher oxidation state, because such ions can engage in more reactions
that involve changes in valence state. In fact, transition metal cations are able
to reach multiple oxidation states, which results in the ability of the oxide to
undergo oxidation and reduction and the presence of high densities of cationic
and anionic vacancies, which may play a role in catalytic reactions.

Catalysis closely deals with surface science, but unfortunately the basic knowl-
edge on metal oxide surface chemistry lacks behind those of metals, mainly be-
cause of the higher level of complexity in the experimental techniques involved
and the studied systems themselves. Although advances in characterization
techniques and their applications in the field of catalysis have improved the
understanding of the processes happening at the oxide materials, not much is
known yet about fundamental relationships between the catalytic function of
oxides and their compositions, crystallographic structures and electronic prop-
erties at the surface, this knowledge being important for the design of more
efficient catalysts. Trends regarding the catalytic activity of metals across the
periodic table can be explained by the electronic structure of their surface,
which is not as straightforward for metal oxides. Below is a list of properties
that are important in the surface chemistry of metal oxides and thus important
to catalysis.

• Presence of cations and anions in both stoichiometric ratios and well-
defined spatial relationships

• Possibility of covalent and ionic bonding between cations and anions

• Presence of an electric field normal to the surface due to the coulombic
nature of the ionic lattice

• Presence of charged adsorbed species

• Presence of surface acidity and basicity

• Presence of cationic and anionic vacancies
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Figure 1.3: Visual guide to the fundamental factors dictacting the catalytic activity of
metal oxides.

• Ability of cations to undergo redox processes

• Mobility of lattice oxygen atoms and its possibility to react with other
species

• Interaction of the oxide with photons and related photo-assisted chemical
processes.

Oxidation of alkanes is a major part of this dissertation. To this respect, selec-
tive oxidation reactions using metal oxides as catalysts are usually combination
of redox and acid-base reactions. The influence of acidic and basic surface sites
on the activity has been studied in polycrystalline samples, but not much is
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1.7 The oxidation of cyclohexane

know yet about the detailed nature of the active sites. Cations at the surface
behave as electron acceptors, and thus they present Lewis acidity, whereas O
ions behave as Brønsted bases since they are proton acceptors. Cations and
anions exposed on the surface form acidic and basic sites as well as acid-base
pair sites. Experimental and theoretical determination of metal oxide surfaces
is difficult because such surface structures are often complex and several differ-
ent surface terminations need to be taken into account. A proper elucidation
of catalytically active sites requires model systems with ordered and defined
surface structures as well as defects that deviate from ideal surfaces, since
they might play an important role in catalysis. For example, MgO {100} sur-
faces are densely packed and thus largely inactive, but defects and particularly
those associated with oxygen vacancies provide sites where reactants may bind
strongly. In the case of transition metal oxides, the ionicity of the lattice is
often less than that predicted by the formal oxidation states, and results in the
presence of charged adsorbate species, and the common heterolytic dissociative
adsorption of molecules.

Clearly, the chemistry of metal oxides is complex, and this is what makes them
interesting from the point of view of catalysis. Their structural and electronic
diversity justify their potential role as suitable catalysts for the chemical pro-
cesses studied in this dissertation.

1.7 The oxidation of cyclohexane

1.7.1 Importance of cyclohexane oxidation

In order to appreciate the importance of cyclohexane oxidation, its role in the
world should be understood. Cyclohexane is oxidised to ultimately yield nylon,
a family of important polymers. Nylon is one of the most widely used engi-
neering thermoplastics, since it offers an excellent combination of mechanical
performance and cost. They constitute a class of synthetic polymers gener-
ically known as polyamides, which were first produced in 1935 by Wallace
Carothers at DuPont’s research facility [76]. There are many nylon grades
available today, the most commons being Nylon-6 and Nylon-6,6.

Nylon-61 and Nylon-6,6 are semicrystalline polyamides which show high me-
chanical strength, great rigidity, and good stability under heat. Their prop-
erties justify the countless uses they found, be they gears, fittings or even in

1
Developed at IG Farben to reproduce the properties of Nylon-6,6 without violating the patent

on its production.
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automotive industry for under-the-hood parts [77]. It is sold worldwide under
numerous trade names, including Perlon, Nylatron, Ultramid and Durethan
among others. The fact that their production is measured in kilotons per year
together with the increasing demand showed in the market forecasts reflects
the importance of these polymers.

The process for producing nylon is depicted in figure 1.4. Cyclohexane is ox-
idised to yield cyclohexanol and cyclohexanone, which are further oxidised to
adipic acid. The latter can be either transformed to ✏-caprolactam to ulti-
mately result in Nylon-6 polymer or react with hexamethylendiamine to give
Nylon 6-6 polymer. Clearly, the oxidation of cyclohexane is a topic is of interest
[78, 79].

1.7.2 The current industrial process

At first sight, one could perceive some paradoxical nature in the oxidation of
cyclohexane. It is probably the least efficient of all major industrial chemical
processes, and yet its importance is reflected in the 2 ⇥ 106 tons per year
of cyclohexanol and cyclohexanone produced for conversion to Nylon-6 and
Nylon-6,6.

Cyclohexanol and cyclohexanone were first produced on an industrial scale by
the hydrogenation of phenol. This was followed in the 1940s with the current
inductrial process which comprises a liquid-phase oxidation of cyclohexane [80].

The oxidation of cyclohexane to cyclohexanol and cyclohexanone to ultimately
yield adipic acid is usually splitted into three phases in order to increase the
process yield, as shown in figure 1.5:

1. Partial oxidation of cyclohexane, producing mainly cyclohexyl hydroper-
oxide [81], together with cyclohexanol and cyclohexanone and traces of
carboxylic acids and esters. Such mixture of products together with cy-
clohexane is commonly referred to as technical cyclohexyl hydroperoxide
solution.

Typically, cyclohexane is air-oxidised in a series of agitated reactors at
140�-180�C and at 0.8-2 mPa, although a single tower oxidiser can be
used. After 40 min of total reaction time, only 4% conversion of cy-
clohexane is achieved. Even at this low conversion, the desired com-
pounds constitute only 80% of the product (cyclohexanone:cyclohexanol
ratio aproximately 1:2). The remaining 20% consists of byproducts.

20



1.7 The oxidation of cyclohexane

Figure 1.4: Current industrial routes to Nylon-6 and Nylon-6,6. Once cyclohexane is
oxidised into cyclohexanone, it can yield Nylon-6,6 by HNO3 treatment and subsequent
polycondensation with hexamethylenediamine (HDMA), or yield Nylon-6 by treatment with
NH2OH,H2SO4 and finally ring-opening polymerization.

There are two commercial alternatives exploited nowadays: the non-
catalytic autoxidation process and the catalysed one, which employs a
soluble Co catalyst.

Although the product distribution for both processes differ, both are
known to proceed through a complex radical-chain mechanism [80–83].
Since the main products, cyclohexanol, cyclohexanone and cyclohexyl
hydroperoxide are more susceptible to oxidation than cyclohexane itself
under these conditions, conversion must be kept at low levels to maintain
an acceptable selectivity.

2. Catalytic deperoxidation of technical solution obtained in step 1. Cy-
clohexyl hydroperoxide is decomposed into cyclohexanol and cyclohex-
anone. Two alternatives are currently used for this step: either reaction
with aqueous NaOH solution containing 2 ppm Co2+ naphtenate at low

21



Chapter 1. Catalysis, metals and cyclohexane: A glimpse.

temperature or decomposition catalysed by soluble Cr (IV) species in a
temperature range between 80�-150�C [84].

3. The cyclohexanol and cyclohexanone mixture obtained in the previous
steps is oxidised with nitric acid to adipic acid. The reaction proceeds at
60-80�C and atmospheric pressure in presence of vanadium or copper salts
as catalysts [85]. In this step nitrous oxide is produced as a stoichiometric
waste.

The oxidation process of cyclohexane is problematic, since the alcohol, ketone
and hydroperoxide products are intermediates in a sequence of reactions, and
their overoxidation results in a number of useless, or at least hardly recupera-
ble, byproducts. To minimize the overall yield of by-products, most companies
try to maintain a high percentage of the oxidised cyclohexane leaving the oxi-
diser tanks in the form of cyclohexyl hydroperoxide. This is the reason why the
first step is performed in an uncatalysed fashion or, at least, with a catalyst
that minimize decomposition of CHHP. This permits CHHP to be decomposed
into cyclohexanol and/or cyclohexanone under milder conditions and in higher
yields than if it had occurred in air oxidisers.

This dissertation deals with the first two phases. Since CHHP posseses two
oxygen atoms per molecule, deperoxidation results in using 50% of the oxygen
atomic balance, i.e., only one out of the two oxygen atoms end up forming
part of the desired products, the other is lost. If one could, in principle,
exploit the two atoms by oxidating cyclohexane with the remaining 50% of
oxygen, the deperoxidation process would be more efficient because in addition
to decomposing CHHP (which, after all, is not the desired product) more
cyclohexane would be oxyfunctionalised.

1.7.3 Drawbacks of the current industrial process

Despite its importance cannot be neglected, the actual process suffers from
both economic and environmental drawbacks:

1. Running at such low conversion levels means that >95 % of cyclohexane
must be recycled and separated from the products, which translates into
increasing energy and material costs associated with chemical separations.

2. Regarding the step 2 (deperoxidation of CHHP) the previous alternatives
present inconsistencies. If CHHP is to be decomposed with NaOH and
Co2+ naphtenate, then the alkali solution necessitates further treatment:
About 180 Kg of NaOH are needed per tonne of K/A Oil produced,
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1.7 The oxidation of cyclohexane

Figure 1.5: Scheme of a industrial cyclohexane oxidation unit. a) Air oxidisers; b) Water
wash decanter; c) Decantation; d) Caustic decomposition reactor; e) Caustic decantating; f)
Cyclohexane recovery column; g) Cyclohexanol/cyclohexanone recovery column.

forming 1100 Kg of exhausted alkaline solution which has to be treated
before disposal. On the other side, if one chooses to deperoxidize the
technical solution with soluble Cr (IV) species, the scenario is not more
appealing either: Cr is removed during calcination of the residues of the
global process, which leads to solids that are not environmentally friendly
due to the high toxicity of Cr species.

3. Using homogeneous catalysts brings disadvantages, namely the difficulty
to separate reactants and products from the catalyst itself (again addi-
tional material and energy costs involved) and their stability and thus
limited lifetime.
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1.7.4 The search for a more efficient process

Having exposed the current drawbacks of the process, they can serve as guide-
lines to improve its overall performance. In order to increase the efficiency of
cyclohexane oxidation, the aims can be stated into the following:

1. Increase of yield to desired products (i.e. greater conversion while main-
taining selectivity and vice versa), meaning that less cyclohexane would
have to be recycled. This would also result in enhanced atom economy,
which simply put means more matter being incorporated into useful prod-
ucts [86].

2. Use of non-toxic species as catalysts (e.g. not using Cr compounds) could
result into a greener process that could meet the demands of modern
chemistry in terms of sustainability [5].

3. Heterogeneous catalysts can overcome the weak points of their homoge-
neous analogues: ease of products-catalyst separation since they are in
different physical state, greater stability and smaller degradation. These
advantages can already improve efficiency by the fact that no further
separation steps would be needed, thus avoiding additional energy and
material costs.

To this regard, research efforts have been made following the aforemen-
tioned aspects of heterogeneous catalysts, which will be briefly discussed
in the following section.

Oxide-based catalysts for oxidating cyclohexane

In the last two decades, many research efforts have been devoted towards
developing catalysts for the oxidation of cyclohexane, and more specifically
on searching for processes that operate under mild conditions and use O2 as
oxidant. Relevant examples are shown in table 1.2.

Several homogeneous catalysts have been studied for improving the reaction
yield [87], however the use of heterogeneous alternatives is desired due to the
aforementioned advantages. Such catalysts are either oxides or metal cations
incorporated on inorganic matrices like silica, zeolites and aluminophosphates.

The activity of these species is found to be dependent on whether the process
uses an additional solvent or it is carried out solvent-less with pure cyclohex-
ane. The use of solvent determines the polarity of the medium and enhances
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Catalyst Conversion(%) Time(h) Selectivity(%) Temp.(K) Ref.
Mn-AlPO 13 24 61.8 403 [88]
Co-AlPO 4.8 8 96.4 368 [89]
Co-AlPO 9.6 16 70 423 [90]
Fe-AlPO 7.5 24 93.6 403 [91]
Ce-AlPO 13.5 4 92 413 [92]

Cr-MCM41 10.2 6 95 393 [93]
Ag-MCM-41 10.7 3 83.4 428 [94]
Bi-MCM-41 12.5 4 94 423 [95]

Co-ZSM5 7.5 4 92.4 373 [96]
CeO2/V -HMS 17.80 4 68 413 [97]

Bi-SBA15 16.9 4 93 413 [98]
Co/zeolite Y [a] 13.7 8 78.5 343 [99]

Co3O4 2.8 6 84.4 393 [100]
Fe2O3/T iO2

[b] 21.3 15 90 343 [101]
T i-Zr-Co alloy 6.8 6 90.4 413 [102]

Co [c] 41 15 80 301 [103]

Table 1.2: Some oxide-based catalysts investigated for cyclohexane oxidation with O2.
Selectivity related towards desired oxygenated products. [a] Co phtalocyanine complexes
encapsulated on zeolite Y. [b] Fe2O3 particles supported on T iO2. [c] Co amorphous phase.
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the catalytic activity of redox mesoporous materials. Besides, many of these
catalysts make use of H2O2 or TBHP as co-catalyst in order to accelerate the
initiation step for the autoxidation process. However, solvent-free processes
implying only dioxygen, the catalyst and the substrate (cyclohexane) are de-
sirable due to environmental aspects.

Thomas et al. investigated the use of molecular sieves like aluminophosphates
(AlPO) as catalysts for the oxidation of alkanes with air [88, 89]. They
performed tests on AlPO’s which were metal-exchanged with Co and Mn
among other transition metals. Both Co and Mn-exchanged AlPO’s showed
high activity together with acceptable selectivity, but metal leaching occured.
Viswanathan et al. studied Fe-exchanged AlPO activity under high oxygen
pressures and observed both good conversion and selectivity [91]. By using
radical initiators and inhibitors, they concluded that the process was carried
out via radical-chain mechanism. Zhao et al. synthesised Ce-exchanged AlPO-
5 and observed a high activity with good selectivity together with very slight
leaching of Ce atoms [92].

Zeolites have been also investigated by several authors. which can be un-
derstood taking into account that materials with high Si-content like zeolites
have hydrophobic character, favoring cyclohexane adsorption. Besides, their
low affinity for the oxygenated products favors their way out of the pores which
avoids over-oxidation. In all cases the zeolites are either metal-exchanged or
they present metal complexes encapsulated.

MCM-41 is interesting because of its large pores, high surface area and thermal
stability, which are the reasons for testing this material for cyclohexane oxida-
tion. In particular, Cr-exchanged MCM-41 zeolites have been tested in many
selective oxidations [104, 105] since Cr atoms are attractive as active redox-
sites for catalytic oxidations, with high activity and reasonable selectivity, but
leaching of the metal is always an issue. Singh et al. synthesised Cr-containing
MCM-41 with methyl silane and when tested in this reaction the activity was
higher than 10% together with very high selectivity towards the desired prod-
ucts [93]. Ag also attracted interest, and Zhou et al. prepared Ag-exchanged
MCM-41 finding remarkable activity with a selectivity still higher than the
current homogeneous process [94]. Also Qi et al. synthesised Bi-exchanged
MCM-41 and found remarkable activity for cyclohexane oxidation [95].

Other types of molecular sieves have been also investigated for this reaction.
Xia et al. reported oxidation of cyclohexane by several metal-exchanged ZSM-
5 catalysts [96]. The most active molecular sieve was Co-ZSM-5, which was
found to be recyclable since only slight leaching occured if a proper catalyst
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pretreatment was performed. HMS zeolites were also investigated by Li et
al [97]. They prepared V -exchanged HMS molecular sieves containing CeO2

nanoparticles, which were very active but showed low selectivity towards cyclo-
hexanol and cyclohexanone. SBA-15 molecular sieves have attracted atention
for catalytic oxidations due to its characteristics and thermal stability, which
lead Wang et al. to investigate Bi-exchanged SBA-15 for this reaction, and
found a notably high activity with good selectivities [98]. Finally, it’s worth
mentioning the results by Ratnasami and Raja using ship-in-the-bottle cata-
lysts [99]. They prepared phthalocyanine complexes of Co encapsulated into
zeolite Y an observed high activities but lower selectivity compared to other
catalysts, and in fact the use of these materials is somewhat restricted because
of the relatively low complex loading and the high metal leaching.

Regarding oxide materials, Co oxide nanocrystals were studied by Xu et al.
and obtained good results, being necessary to produce nanocrystals rather than
the bulk oxide [100]. Promising results were obtained by Perkas et al. using
Fe oxide supported on T iO2, who observed that highly dispersed metal oxides
are efficient for cyclohexane oxidation compared to bulk powder oxides [101].

Apart from mesoporous materials and oxides, it is also worth mentioning that
even metallic alloys have also been tested for oxidating cyclohexane [102]. Qua-
sicrystals were applied to this reaction by Hao et al., who synthesised a series
of T i-Zr-Co alloys, and found a good conversion together with a very high se-
lectivity of 90.4% towards the desired products. Even metal amorphous phases
have been studied, like the work by Kesavan et al. where promising results
were obtained using amorphous Co [103]. Clearly, a wealth of materials have
been tested for oxidising cyclohexane, and this trend seems to continue in the
future.

Au-based catalysts for cyclohexane oxidation

Au-based catalysts deserve a separate mention. Triggered by the discovery of
Haruta et al. of low-temperature CO oxidation by Au nanocrystals [13], much
of the research attention has been focused on the use of supported-Au catalysts
for redox reactions, finding that it is a very active catalysts for many selective
oxidation reactions. This can be seen in table 1.3.

The use of Au catalysts for oxidation of cyclohexane was started by Suo et
al. who synthesised Au-containing molecular sieves ZSM-5 and MCM-41 [106,
107]. Both catalysts were able to oxidize cyclohexane with conversion > 15%
together with >90% selectivity.
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Catalyst Conversion(%) Time(h) Selectivity(%) Temp.(K) Ref.
Au/ZSM5 16 4 92 423 [106]

Au/MCM41 19 6 94 423 [107]
Au/SBA15 32 6 94 423 [108]
Au/SBA15 15 6 82.7 423 [109]
Au/Al2O3 12.6 3 84.7 423 [110]

Au/T i-SiO2
[a] 8.4 3 91.7 423 [111]

Au/Si-Al2O3
[b] 9.8 4 88.2 423 [112]

Au/HAP 14.9 4 99 423 [113]

Table 1.3: Au-based catalysts for cyclohexane oxidation with O2. Selectivity related to-
wards desired oxygenated products. [a] Au supported on T i-doped SiO2. [b] Au supported
on Si-doped Al2O3.

These results were followed by other research groups who tested additional Au
catalysts, like Zhu et al. and Li et al. who obtained remarkable results in both
activity and selectivity using Au nanoparticles on mesoporous silica SBA-15
[108, 109]. A different type of supports for Au nanoparticles was studied by Xu
et al. [110–112]. They studied the reaction using oxides as supports, testing
Au supported on alumina, Si-doped alumina and T i-doped silica, observing
good activity and selectivities close to 90% . Au on carbon catalysts were also
studied by Hutchings et al., but they were found to be only highly selective
at low conversions (1%), decreasing notably at higher conversions and also
requiring TBHP as initiator [114, 115].

Although a number of publications supported the role of Au for the efficient
oxidation of cyclohexane, a work by Weckhuysen and co-workers questioned
its catalytic role for this specific reaction [116]. They tested oxidation of cyclo-
hexane over different Au catalysts (Au/Al2O3, Au/T iO2 and Au/SBA� 15),
and contrary to what was found on the literature Au did not exhibit notable
catalytic performance, for which they observed selectivities <70% when con-
version was higher than 5%. In fact, the product distribution was that of the
radical-chain autoxidation process but with higher adipic acid and CO2 forma-
tion. Further experiments with radical scavengers fully inhibited the reaction,
supporting the hypothesis of a radical mechanism. Besides, this could also
explain the decreasing selectivity at higher conversions.

On the other hand, a later study was carried out by Tsukuda et al. using
Au-containing hydroxyapatite [113]. They prepared a series of HAP materials
containing Au clusters ranging from 10 to 39 atoms (<2 nm of Au particle size)
and observed for the latter activities similar to those obtained by Suo et al.
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with a remarkable 99 % selectivity to cyclohexanol and cyclohexanone. They
also concluded that an optimum range of n=40-80 for Aun clusters exists for the
aerobic oxidation of cyclohexane on these materials. Although such catalytic
performance required of TBHP as radical initiator, no conversion was observed
in the abscene of Au, indicating a catalytic role of Au.

Following these works, Hutchings et al. addressed in an elegant paper the
question of whether Au is a real catalyst for cyclohexane oxidation or a mere
radical promoter [117]. They performed several tests on Au/MgO using X-
band EPR spectroscopy combined with spin-trapping technique and also radi-
cal scavengers, with the objective of investigating the reaction mechanism and
the nature of short-lived radical species which otherwise could not be detected
by conventional methods. They observed that Au enhanced both conversion
and cyclohexanol formation by 50 % together with a decrease of CHHP from
57 % to 7 % compared to the catalyst-free process. When only autoxidation
is present, an increase in conversion derives into a decrease on selectivity to-
wards cyclohexanol, since the radical-chain mechanism leads preferentially to
cyclohexanone. The addition of radical initiators (TBHP or AIBN) increased
conversion while maintaining the selectivity towards the alcohol. Regarding
the effect of inhibitors, radical scavengers stopped the reaction, and as soon
as the scaveger species were consumed, the oxidation process began. Finally,
they concluded that the role of Au for cyclohexane oxidation is neither side
found on the literature but a midpoint, that is, Au is capable of accelerating
the reaction without the need of initiators and thus it is a catalyst in its formal
definition, but it does so by increasing the concentration of species which are
chain carriers in the radical pathway.

Catalysts for CHHP deperoxidation

Research efforts have also been made to develop more efficient and environ-
mentally friendly catalysts for the second step of the global process, i.e. for
decomposition of CHHP formed during the autoxidation phase. Ideally, such
deperoxidation process should yield cyclohexanol and cyclohexanone. Table
1.4 show summarised results. To this regard, several patents report metal ox-
ides of group IV (Zr, T i and Hf) and V (Nb) supported on a silica matrix that
were active for CHHP decomposition [118]. However, the low activities found
together with a lack of material characterization make them unsuitable for
industrial applications. In order to improve the performance of these species,
Lefebvre et al. supported alkoxy complexes of such metals into silica and found
an increased activity [119, 120]. The main interest of these systems was that
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Chapter 1. Catalysis, metals and cyclohexane: A glimpse.

Catalyst Conversion(%) Time(h) Selectivity(%) Temp.(K) Ref.
Co(OH)2 99 0.5 93 393 [122]

(⌘ SiO)3T i(OtBu) [a] 88 6 85 357 [119]
(⌘ SiO)Ta(OMe)4 [a] 71 9 93 357 [120]

(⌘ SiO)Ta(OC6H11)4 [a] 75 6 83 357 [120]
Co-AlPO5 16 5 86 343 [90]
Co-ZSM5 24 5 93 343 [90]
Cr-AlPO5 83 5 100 343 [90]

Cr-silicalite 98 5 100 343 [90]
Ca-zeolite Y 72 24 - 383 [123]
Ru(acac)3 [b] 99 6 117 353 [124]

Ru(TDCPP )(CO) [c] 89 48 148 298 [125]
OsO4 99 22 135 373 [126]

Mn(TPP )Cl [d] 97 48 107 298 [127]

Table 1.4: Catalysts for CHHP deperoxidation. Selectivity related towards cyclohexanol
and cyclohexanone. A selectivity value higher than 100% means that the solvent cyclohexane
is being oxidised to some extent. [a] SiO2-supported alkoxo-Ta complexes. [b] Ru acety-
lacetonate complex. [c] TDCPP: 5,10,15,20-tetrakis(2,6-dichlorophenyl) porphyrin dinaion.
[d] TPP: 5,10,15,20-tetraphenylporphyrin dinaion.

the lack of Ta leaching to the reaction medium leads to an easy recycling of
the catalyst. Apart from oxides and following the interest in Co hydroxides
for several applications [121], Chen et al. tested nanoflower-structured Co hy-
droxide, and found both good activity and selectivity towards cyclohexanol
and cyclohexanone, but neither indications of the catalyst stability nor the
true nature of a heterogeneous catalyst were made [122].

Zeolites and aluminophosphates with first-row transition metals (Co and Cr)
occluded have been also tested for deperoxidation, obtaining acceptable ac-
tivity and selectivity. Vanoppen et al. studied different types of mesoporous
materials exchanged with transition metals, like AlPO5, ZSM5 and silicalite
containing either Co and Cr [90, 123]. They found selectivities higher than 86%
with ranging conversions. Additionaly, they observed that zeolite Y exchanged
with alkaline metals, (specially Ca-containing ones) decomposed CHHP ac-
tively, but no data regarding the catalyst stability was reported.

As for Au catalysis, several patents showed Au supported on different metal
oxides [128, 129]. Unfortunately these catalysts as well as the aforementioned
molecular sieves suffer for deactivation due to leaching of the metal species.
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1.7 The oxidation of cyclohexane

Nevertheless, it is worth mentioning that Cr-containing catalysts investigated
by Wang et al. not only decomposed CHHP, but they were also able to ox-
idize cyclohexane producing additional cyclohexanol and cyclohexanone by
using the oxygen atoms supplied by the hydroperoxide. Several studies report
this deperoxidation-oxidation process by using homogeneous catalysts, namely
ruthenium, osmium and manganese complexes have been reported [124–127].

Being able to deperoxidize while at the same time oxidize cyclohexane supposes
that the atom efficiency, and more specifically the oxygen atom efficiency, is
increased, since oxygen from the hydroperoxide is used to form the desired
products (cyclohexanol and cyclohexanone), which ultimately means that more
dioxygen is being used efficiently for the oxo-functionalization of cyclohexane.
This important fact makes the process appealing from a point of view of a
greener chemistry [5], and the design of catalysts for this process is the main
objective of the present dissertation.
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Chapter 2

Objectives of this Research

In this brief chapter the objectives of this dissertation are out-
lined. We will explain the rationale behind the main objective of
this process, and we will establish the hypotheses for which we will
subsequently test the validity. This will be done via a multidisci-
plinary approach involving quantum mechanics, experimental cat-
alytic studies and in situ spectroscopy. The objectives exposed be-
low serve as a roadmap of this thesis as well.
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Chapter 2. Objectives of this research

We now expose briefly the rationale behind the prime objective of this research
work: The aerobic oxidation of cyclohexane is industrially important because
the products, cyclohexanone and cyclohexanol, are the source of Nylon-6 and
Nylon-6,6 polymers. One of the intermediates formed during the aerobic ox-
idation is cyclohexyl hydroperoxide, which must be further decomposed to
cyclohexanol and cyclohexanone. However, the current process suffers from
drawbacks like the use of homogeneous toxic species (Cr). In addition, being
a massive industrial reaction,the efficiency of this reaction must be maximised
to be as economically viable as possible. This lead us to the driving force of
this investigation:

To develop a heterogeneous catalyst of lower toxicity for the decomposition of
cyclohexyl hydroperoxide, which at the same time uses the O atoms of this
reactant to oxidise cyclohexane to cyclohexanol and cyclohexanone.

It means developing a catalyst that couples two processes: The decomposition
of cyclohexyl hydroperoxide and the oxidation of cyclohexane to cyclohexanol
and cyclohexanone. While just decomposition of cyclohexyl hydroperoxide
with a heterogeneous catalyst brings advantages over the current homogeneous
one such as the ease of products-catalyst separation, greater stability, smaller
degradation and lower toxicity, we wanted to take a step further and design
a catalyst that was also able to take advantage of both O atoms of the hy-
droperoxide and use them for oxidising cyclohexane, thus increasing the atom
efficiency of the process. This is depicted in figure 2.1.

Figure 2.1: Schematic process of the target reaction. Green: Desired process involving
both cyclohexyl hydroperoxide decomposition and oxidation of cyclohexane. Red: Undesired
process involving solely cyclohexyl hydroperoxide decomposition.
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By virtue of the scientific method we formulate the following hypothesis:

• Following the findings in the literature showing how sufficiently small
Au nanoparticles are active for oxidation of hydrocarbons, we state that
these nanoparticles may be able to activate the O-O bond of cyclohexyl
hydroperoxide and that they may also be able to use them to oxidise
cyclohexane.

We will deal with the this hypothesis in chapters 4 and 5. To test its validity,
the following objectives are established:

• Understand the process at the molecular level and the influence of spe-
cific variables. This will by done by performing a theoretical study of
the mechanism of cyclohexyl hydroperoxide decomposition coupled with
oxidation of cyclohexane catalysed by Au nanoparticles (Chapter 4). All
the relevant elementary steps of the process will be modelled in a series
of Au systems, taking several parameters into account:

– Particle size of Au

– Coordination number of Au atoms

– Role of additional species like water and O atoms

– Role of cationic Au centers

• Test experimentally in batch reactors the activity of supported Au nanopar-
ticles. We will use the theoretical findings to drive the synthesis of sup-
ported Au nanoparticles and test them (Chapter 5). This will take into
account the following:

– Effect of the support and its morphology

– Effect of Au loading and particle size

• Gain understanding of the role the support plays on the catalytic activity.
This will be done by a further theoretical study using Au nanoparticles
anchored on T iO2 (Chapter 5). This way we can compare the activity of
Au when studied isolated and when the support is included:

– Activity of T iO2 alone when used as support for Au nanoparticles

– Activity of supported Au nanoparticles when anchored to T iO2.
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In chapter 4 one of the supports used for anchoring the Au nanoparticles is
found active by itself for our target reaction. This motivates the second part
of this work, which accounts for chapters 5 and 6:

• CeO2 is found to be active by itself for the target reaction. This motivates
a further experimental study analogous to the one for Au nanoparticles.
(Chapter 6). Several aspects will be studied:

– Influence of the oxide surface morphology

– Influence of surface area/particle size

– Influence of dopants

• Understand the catalytic activity of CeO2 at the atomic level. For this
we will perform a theoretical study of the reaction mechanism in which
we will explore the energetic and mechanistic feasibility of a Mars-van-
Krevelen mechanism (Chapter 7). Prior to that, we will study the influ-
ence of some quantum-mechanical parameters in the proper description
of CeO2 theoretical models:

– Influence of the value of the Hubbard U term in the properties of
CeO2 nanoparticles.

– Study of cyclohexyl hydroperoxide decomposition coupled with cy-
clohexane oxidation via a Mars-van-Krevelen cycle.

• Test the theoretical proposal that the process follows a Mars-van-Krevelen
mechanism involving the O atoms of the catalyst surface. This will be
studied by in-situ Infrared spectroscopy (Chapter 7).

– Determination of species formed when cyclohexane interacts with
CeO2, testing if abstraction of O atoms from the surface of CeO2

occurs.

– Determination of species formed when a hydroperoxide interacts with
CeO2, testing if the O atoms of the hydroperoxide can heal the
formed O vacancies left upon cyclohexane oxidation.

As it can be seen each chapter of this dissertation deals with a specific facet
of the problem. One important aspect of this work is its multidisciplinary ap-
proach. We will attempt to understand the process from the point of view of
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experimental chemistry, computational chemistry and spectroscopy. Materials
science will be also covered via synthesis of catalysts. By correlating the find-
inds of the theoretical studies with those obtained in the laboratory we will
gain understanding of the process both at the micro and macroscopic scales.
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Chapter 3

Research Methodology

In this chapter the methods and techniques used throughout the
dissertation are presented. The conceptual framework and theoret-
ical background of the different techniques used are described in the
following chapter, and the more specific details are described in each
corresponding chapter. Due to its multidisciplinary approach, the
first section of the chapter is devoted to computational chemistry
while the second one to experimental chemistry. All the theoreti-
cal studies of this work are based in quantum chemistry methods,
where the well-known Schrödinger equation is solved in the frame
of some approaches. The density functional theory has been used,
where the Schrödinger equation is solved using the electron density
of the system. This method has proven to be effective and efficient
for modelling catalytically-relevant systems, like nanoparticles and
surfaces. On the other hand, the experimental work of this the-
sis comprises several aspects: First heterogeneous catalysts based
in supported Au nanoparticles have been synthesised. Also, nano-
structured metal oxides have been prepared. All these catalysts have
been tested on discontinuous batch reactors to account for their cat-
alytic activity, using gas chromatography and iodiometric titrations
for analysis and quantification. Finally they have also been char-
acterised via different techniques, mostly spectroscopic ones.
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Chapter 3. Research Methodology

3.1 Theoretical Chemistry

All theoretical calculations of this work are based in methods of quantum
chemistry. There, the Schrödinger equation Schrödinger Equation is solved in
the frame of some approaches. The density functional theory is the conceptual
framework used in this dissertation, in which the equation is solved using the
electron density. Its usefulness relies on the reasonable results it yields with a
lower demand of computational resources compared to other approaches. This
makes DFT a sensible choice for modelling of materials.

3.1.1 The Schrödinger Equation

The Schrödinger equation is the cornerstone of quantum mechanics. It equals
Newton’s laws of motion in classical mechanics. For a system composed of N
electrons and M nuclei, it has the form:

bH n({�!ri }
n�!
Rµ

o

) = En n({�!ri }
n�!
Rµ

o

) (3.1)

where bH is the time-independent Hamiltonian,  n is the wavefunction of the
system associated to the energy level En and {�!ri } and

n�!
Rµ

o

are the cor-
responding set of spatial coordinates of the electrons and nuclei. Neglecting
relativistic effects, equation 3.1 accounts for all properties of the system. Thus,
solution to the Schrödinger equation leads us in principle to all relevant infor-
mation. Unfortunately, we are dealing with a set of interacting particles, which
is not possible to be solved analitically and therefore numerical methods and
approximations must be used.

One of the most fundamental simplification is the so-called Born-Oppenheimer
approximation , which is based in the difference in mass between nuclei and
electrons [130]. The former are much more massive than the latter, hence
their motion scales are different and can be separated and treated indepen-
dently. Electrons follow instantaneously to nuclei movements, meaning that
their wavefunctions adapt very quickly with respect the time-scale of nuclei.
This way nuclei can be considered frozen and so the degrees of freedom are
decreased to a great extent. Even though it is an important simplification
of the problem, there still remains the interaction between electrons, a term
difficul to evaluate and for which further approximations are needed. These
approximations attempt to give an accurate picture of the electron-electron
interaction [131, 132].
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3.1.2 Density Functional Theory

In order to extract the relevant information from the Schrödinger equation two
different ways exist: either trying to solve it directly by using approximations
(wavefunction methods) or trying to solve equations related to it but with a
lesser amount of freedom degrees. The latter can employ the electron density
(3 variables) as input opposed to the particles coordinates (3N variables). This
is the foundation of the density functional theory: By feeding only the electron
density rather than the position of all particles to an equation related to the
system, extract the energy and subsequent relevant properties of the system
[133, 134]. The proof that we can extract the energy and further properties of
the system from the electron density itself is given by the first Hohenberg-Kohn
theorem [135]:

Any observable magnitude of a stationary non-degenerate groundstate can be
calculated exactly from its electron density.

Furthermore, the second Hohenberg-Kohn theorem gives us additional details
about how we can achieve that:

The electronic density of a stationary non-degenerate groundstate can be calcu-
lated exactly determining the density that minimizes the energy of the ground-
state.

This allows us to build up an equation where the energy is a functional of the
electron density:

E [⇢] = T [⇢] + V [⇢] +WCL [⇢] +WNCL [⇢] (3.2)

where T is the kinetic energy, V is the nucleus-electron potential, WCL is the
coulomb electron potential, WNCL is the non-coulomb electron potential and
⇢ is the electron density. The energy must be minimised and the expression
found is then:

FHK [⇢] = T [⇢] +WCL [⇢] +WNCL [⇢] (3.3)
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�E [⇢]

�⇢ [�!r ] = Vext(
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The Kohn-Sham Equations

Equation 3.4 allows us to minimise the energy and to find the electronic den-
sity of the system. However it is at this point that the main problem of DFT
appears: The exact form of the terms in equation 3.3 is unknown. To this
respect, an expression for the kinetic energy term T was given by Kohn and
Sham [136]. The kinetic energy is relatively easy to compute from the wave-
function. Therefore they proposed to use a reference system of N electrons
that interact with an external potential Vext. Such potential is special in that
the electrons in it create a density equal to that of the real system. Each
electron interacts only with the nuclei and not with the remaining electrons.
In this situation the minimisation of energy becomes:

�E [⇢]

�⇢(�!r ) =
Ts [⇢]

�⇢(�!r ) +
Z

⇢(�!⇢2)
r12

d�!r2 + Vext(
�!r ) + �EXC

�⇢(�!r ) (3.5)

The problem is that the kinetic energy of the reference system TS [⇢] and the
real one T [⇢] are not the same. The difference of kinetic energies and the
energy of the coulomb repulsion are merged into one term named the exchange-
correlation energy EXC . This term accounts for all aspects that are not easily
calculated with simple approximations like the exchange energy, the kinetic
energy difference and the correction due to self-interaction. Therefore, in the
ficticious system we can set up a set of interrelated equations, the Kohn-Sham
equations, with the following form:

bhKS i = " i
bhKS = �1

2
52 +Veff (

�!r ) (3.6)

These equations, which have a strong resemblance with the Hartree-Fock equa-
tions of the wavefunction methods, are interrelated in the sense that each one
depends on the others, and thus they must be solved in a self-consistent fash-
ion. It should be noted that these wavefunctions (orbitals) and their energies
lack a physical meaning in the strict sense, since they arise from the calcu-
lation of an external potential where the particles does not interact. Finally,
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it is also worth mentioning that whereas in the DFT approach the electron
density employed is the exact one but uses an approximate construct for the
Hamiltonian, in wavefunction methods like Hartree-Fock the Hamiltonian used
is exact and is the wavefunction the one to be approximated.

Exchange-correlation Potential

The exchange-correlation potential, accounting for all difficult terms in equa-
tion 3.5, is the difficult part and the problem then comes down to how to
handle it. Several approaches exist to deal with this potential: the local den-
sity approximation, the generalised gradient approximation, hybrid functionals
and the use of the exact exchange energy.

Local Density Approximation

This was the first and simplest attempt to evaluate the energy that comes from
the exchange-correlation potential. Here, the exchange energy is evaluated for
a uniform electron gas, giving the following expression [132, 135]:
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⇢(�!r ) 4
3d�!r (3.7)

The most common functional using this approach is the one developed by Vosko
and colleagues [137]. Although the results yielded by this type of functionals
are often satisfactory, they lack a proper treatment of the exchange-correlation
hole. They tend to work well for systems like metals where the density remains
almost constant, but fails to predict binding energies because of overestima-
tion. For open-shell calculations there exists the so-called local spin density
approximation in which the spin densities are splitted and treated separately.

Generalised Gradient Approximation

While in the local approximation the exchange-correlation phenomena are
made to depend on the electronic density at that point (local), a further im-
provement is to make them dependable on nearby regions via density gradients:
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VXC =
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Several implementations of this approach exist, all of them performing better
than the local approximation in terms of geometry, frequencies and charge
densities. The binding energies are better predicted as well. These functionals
often contain experimental parameters to adjust the energy of specific atoms,
so strictly speaking not all of them are ab-initio. Well-known examples of
GGA functionals are the Perdew-Wang 86, the Lee-Yang-Parr, Perdew-Burke-
Enzerhof and the Perdew-Wang 91 among others [138–141]. Specifically the
latter tends to give good results for the description of chemical bonding, and
it is the one used to perform the theoretical calculations of this dissertation.
Note that it is pure ab-initio, and no experimental data has been used to build
this functional.

Hybrid Functionals

GGA still fails to deliver proper results for some chemical properties. For
example, it underestimates the band gap between the valence and conduction
bands in semiconductors. One option is to mix both GGA with wavefunction
methods, the latter tending to overestimate the band gap. Therefore their mix
can cancel off deviation and yield appropriate results. The exchange part of
the XC potential is given by the exact exchange of the wavefunction Hartree-
Fock methods, whereas the correlation part is dealt by DFT. However, the
Hartree-Fock exchange does not account for dynamic correlation of electrons
and thus an additional terms must be included to handle it. A wealth of
functionals exist depending on the amount that each part contributes to the
whole. Examples are Becke, three-parameter, Lee-Yang-Parr (B3LYP) and its
analogous using PW91 (B3P91) [142, 143]. Althought these functionals work
out well for molecules, they underperform at solid state calculations where
periodic conditions are used.

Finally, a last type of approach exists which accounts for the exact exchange
energy. By using molecular orbitals it is possible to derive the exact expres-
sions of the exchange energy and correct self-interaction problems, remaining
unknown just the electronic correlation. However, it falls out of scope of this
dissertation and will not be discussed.
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The Hubbard Approximation

There are systems with strongly-correlated electrons, for which DFT, tend-
ing to overestimate electron delocalization, may not be sufficiently reliable.
These systems can present quasy-degenerate ionic configurations, and the lack
of cancellation of the self-interaction error typical of DFT tends to this over-
delocalization. A simple and pragmatic approach to solve the problem is the
so-called Hubbard approximation [144, 145]. This modification is needed to
correct the d-d and d-f meand field contribution is these systems. It consists in
the addition of a term, the Hubbard U, which acts as a potential that depends
on orbital occupancy and modifies the coulomb repulsion of d and f electrons.
This way, the delocalised solutions are destabilised and calculations converge
to the correct configuration. But the inclusion of a Hubbard U term in the
DFT Hamiltonian makes it explicitly orbital dependent, which results in mul-
tiple self-consistent solutions corresponding to different orbital occupations. A
major drawback of this approach is its non-universality, i.e. the strong depen-
dence of geometrical and electronic properties on the value of U. Therefore, for
each system subject to study a sensible choice of the U value must be used.

Drawbacks of Density Functional Theory

There is no doubt of the usefulness of DFT. It yields accurate results at an
acceptable computational cost, as it has been widely proved in the literature.
However, much as any scientific methodology, it presents some drawbacks that
we must be aware of.

Current DFT functionals fail to describe properly weak interactions arising
from dispersion forces like Van Der Waals interaction. Besides, functionals
lacking cancellation of self-interaction error lead to loosely-bound electrons and
over-delocalization, as already mentioned when we talked about the Hubbard
approximation.

Furthermore, DFT is inherently a groundstate theory. Properties dependent
on excited states have to be calculated using time-dependent DFT methods,
and the accuracy of calculated energies stays at around 0.5 eV for valence
states. Charge transfer phenomena is also unsuitable for DFT because XC
functionals are basically local and depend solely on the electron density.
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Finally, while wavefunction methods like Hartree-Fock describe spin multiplic-
ity by the exchange integral on the occupied orbital, DFT makes it via the
exchange-correlation functional, which leads to a poor description of the rela-
tive energy of states. This is where hybrid methods come in handy by using a
parametrised amount of the exact exchange energy.

3.1.3 Computational Chemistry with VASP

The Vienna Ab-initio Simulation Package is a software package developed by
Kresse and coworkers which employs DFT and accounts for periodic systems
by using planewaves. It is highly efficient for materials simulation [146–149].
It is suitable for the calculation of adsorption energies, equilibrium geometries
of stationary points (both minima and saddle points), charge distributions,
density of states and their projections, vibrational frequencies and dipole mo-
ments. In addition to the PW91 GGA functional it also implements LDA ones
and other GGA’s like PBE, RPBE and LMH.

Finally, VASP uses the pseudopotential approach to deal with a smaller number
of electrons. Specifically, Projector-augmented wavefunctions and Ultra-soft
pseudopotentials are implemented [150, 151]. In this dissertation the VASP
code will be used to carry out the theoretical calculations present in chapters
4, 5 and 7.

Periodic calculations: Planewaves and the Blöch theorem

A proper way to model bulk solids and surfaces is by creating a unit cell which
then is repeated in one, two or three dimensions. This produces a periodic
structure with translational symmetry. This means that a translation operator�!
T exists for the system and must commute with the Hamiltonian of the system:

h

bH, bT
i

= 0 (3.9)

The Blöch theorem usefully uses the translational symmetry to reduce the in-
finite number of one-electron wavefunctions to those of the electrons contained
in the unit cell [152, 153]. The theorem allows us to express wavefunctions as
product of a periodic part and a wave-like part. The periodic part presents the
same periodic properties as the periodic structure. This way Blöch functions
can be build up and chosen as eigenfunctions of the Hamiltonian since the the-
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orem guarantees that these functions will account for the symmetry, leading
to crystalline orbitals to solve the Schrödinger equation.

These crystalline orbitals can be expanded using a linear combination of basis
set functions, which specifically in VASP is carried out by planewaves. Since
every given periodic function can be expressed in a basis of planewaves, Blöch
eigenfunctions can be expanded using a linear combination of these planewaves:
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The sum runs over all vectors in the space of
�!
k (the momentum or recipro-

cal space), in which one vector correspond to a point in that so-called first
Brillouin zone of that space. One important aspect of the sum is that expan-
sion coefficients for high-enough energetic planewaves tend to zero out, which
means that we can set a cutoff value for the number of coefficients allowed in
the expansion, making it finite and yet producing a reliable representation of
the eigenfunctions.

The Reciprocal Space

Periodic structures are best dealt with when using one additional mathematical
construct, the already mentioned reciprocal space. This space, which accounts
for the wavevectors of the planewaves that fit into the symmetry of the periodic
structure, can be build up from the vectors of the corresponding Bravais lattice:

bi = 2⇡
aj ⇥ ak

ai(aj ⇥ ak)
8i,j,k ✏ {1, 2, 3} (3.11)

Where ai are the primitive vectors of the Bravais lattice in direct space and bi
the analogous ones in reciprocal space. The primitive cell in reciprocal space is
called the first Brillouin zone or the Wigner-Seitz cell. Taking advantage of the
symmetry elements of this Brilllouin zone we can study just a discrete set of
wavevectors (points in reciprocal space) even though

�!
k is infinite. Finally, it is

worth noting that reciprocal space and its vector are important for diffraction
theory, although that is out of the scope of this brief overview.
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Miller indices

Vectors in reciprocal space have one important property: they are perpendic-
ular to planes of the lattice in direct space. For each reciprocal vector, there
exists a set of parallel planes which are all normal to such vector. It is then
natural to pick a reciprocal lattice vector to represent a lattice plane. For that
we can define three indices {h,k,l} which correspond to the shortest recipro-
cal vector normal to a given plane: these are the Miller indices. The indices
{h,k,l} simply indicate a normal to the planes in the basis of the primitive
reciprocal lattice vectors. Because the coordinates are integers, this normal is
itself always a reciprocal lattice vector. The requirement of lowest terms means
that it is the shortest reciprocal lattice vector in the given direction. Through-
out this dissertation we will see several times this notation when dealing with
crystallographic facets of nanoparticles and surfaces.

Pseudopotentials

The wavefunction of electrons at regions close to the nucleus has a high kinetic
energy and thus presents a high number of nodes at that region. Even using a
cutoff value for the planewaves, the number of planewaves needed for an accu-
rate description of that region is prohibitively high to be used in any practical
calculation. An additional approximation has to be made: pseudopotentials.
From the fact that the electrons of inner shells (core electrons) are not involved
in chemical bonding there is no practical need to handle them directly as with
those of outer shells (valence electrons). Therefore, we can consider a model
in which core electrons are calculated in a reference configuration and make
them remain this way for further calculations. Then, the wavefunctions of the
valence electrons are substituted by pseudo-wavefunctions which reproduce the
energy levels obtained by the all-electron reference calculation. These pseudo-
wavefunctions differ from the real ones because they lack the computationally-
demanding nodes in the inner regions. This approach supposes a substantial
decrease on the number of required planewaves for describing the electrons.

Several types of pseudopotentials exist, depending on how they were con-
structed. Specifically in this dissertation projector-augmented pseudopoten-
tials have been used. The reason for this is that they have been proved to give
quality results in solid state chemistry, albeit being more computationally de-
manding than other pseudopotentials. The essence of PAW pseudopotentials
lies in the fact that appart from the valence electrons, they also attempt to re-
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produce the nodal structure of the upper core states during the self-consistency
cycle used for solving the Kohn-Sham equations:

| >= |e > �
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N,i

|e�N,i > cN,i +
X

N,i

|�N,i > cN,i (3.12)

This makes the quality of the results to improve, specially for the first-row
elements.

3.1.4 Electronic Minimisation

Many of the algorithms implemented in VASP use an iterative matrix diagonal-
isation scheme, which are based on the conjugate gradient scheme [154], block
Davidson scheme [155], or a residual minimisation scheme via direct inversion
in the iterative subspace (RMM-DIIS) [147, 156].

A Broyden/Pulay mixing scheme is used for the mixing of the carge density.
Input charge density and wavefunctions are treated as independent quanti-
ties. Within each self-consistency loop the charge density is used to set up
the Hamiltonian, and then the wavefunctions are optimised in an iterative
fashion in order to get closer to the exact wavefunctions of such Hamiltonian.
From the optimised wavefunctions a new charge density is calculated, which is
subsequently mixed with the old input-charge density.

The conjugate gradient and the residual minimisation scheme do not recalcu-
late the exact Kohn-Sham eigenfunctions but an arbitrary linear combination
of the bands’ lowest eigenfunctions. Therefore diagonalisation of the Hamilto-
nian in the subspace spanned by the trial-wavefunctions is necessary, and also
to transform accordingly the wavefunctions. This means performing a unitary
transformation of the wavefunctions, so that the Hamiltonian is diagonal in
the subspace spanned by the transformed wavefuctions. This step, expressed
mathematically in the following equations, is called subspace diagonalisation:

D

�j| bH|�i

E

= Hij (3.13)

HijUij = ✏kUik (3.14)

�j  Ujk�k (3.15)
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3.1.5 Ionic Relaxation

Two numerical methods have been used to minimise the energy with respect
the space coordinates of the ions:

• A quasi-Newton (variable-metric) algorithm for relaxation of the ions
into their instantaneous groundstate. The forces and the stress tensor
are used to determine the search directions for finding the equilibrium
position. This algorithm is fast and efficient in regions close to local
minima, but it is failure-prone when the initial coordinates are a bad
guess. This algorithm requires an accurate calculation of forces in order
not to diverge, since it builds up an approximation of the Hessian matrix.
For this task the aforementioned RMM-DIIS is used, which implicitly
calculates an estimation of the inverse Hessian matrix using data from
previous iterations. Upon startup the Hessian matrix is diagonal, and
information from old steps is removed from the iterative history if required
so potential linear dependencies are avoided. The number of vectors in
the iterative history, i.e. the rank of the Hessian matrix, is kept equal or
lower than the degrees of freedom, which naïvely is 3N � 1, where N is
the number of ions, although symmetry consideration can diminish this
number.

• A conjugate-gradient algorithm used to relax the ions into their instante-
neous grounstate. In the first step they are changed along the direction
of the steepest descent. This algorithm requires a linear minimisation,
which is performed in a series of steps:

– First, a trial step into the search direction is performed, and then
both the energy and forces are recalculated.

– The approximate minimum of the total energy is calculated from
a cubic interpolation taking into account the changes of the total
energy and the forces, and afterwards a correction step done to the
approximate minimum.

– Once the correction step is applied the forces and energy are re-
calculated, and a check of whether the forces contain a significant
component parallel to the previous iteration is done. If that is the
case, then further correction steps are applied to the linear minimi-
sation, which is carried out by a variant of the Brent’s algorithm
[157].
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3.1.6 Transition State Searching

An important aspect of mechanistic studies in computational chemistry is the
calculation of transition states of the potential energy surface. In fact, it is
possible to obtain accurate estimates of reaction rates using a purely statis-
tical approach, the Transition State Theory. This approach relies upon three
assumptions:

• The adiabatic approximation.

• The reaction rate is slow enough that a Boltzmann distribution is estab-
lished and mantained in the reactant state.

• A subsurface of D-1 dimensions where D is the degrees of freedom of
the system, can be identified such that a reacting trajectory going from
the reactants to the produccts can be drawn. In other words, the sub-
surface must represent a bottleneck for the transition. Because of the
temperature range of interest, the harmonic approximation to TST can
typically be used in studies of reactions at solid surfaces. Therefore, the
search for the relevant transition states turns into a search for the lowest
saddle points at the edge of the potential energy basin corresponding to
the initial state. A path connecting the initial and final states which nor-
mally has the biggest statistical weight is the so-called Mininum Energy
Path. In order to trace this pathway, many different methods have been
developed. This dissertation makes use of the following methods:

– The Dimer method [158]. It is an algorithm that allows to start
from any initial geometry and search for a nearby saddle point. It
does not require knowledge of the final state of the target transition
state. This method only makes use of first derivatives of the poten-
tial energy and is, therefore, applicable in situations where second
derivatives are too costly or too tedious to evaluate, for example, in
planewave-based density functional theory calculations.

It involves working with two images or two different replicas of the
system, which are referred as a “dimer”. The two replicas have almost
the same set of 3n coordinates, but are displaced slightly by a fixed
distance. The saddle point search algorithm involves moving the
dimer uphill on the potential energy surface, from the vicinity of the
potential energy minimum of the initial state up towards a saddle
point. Along the way, the dimer is rotated in order to find the lowest
curvature mode of the potential energy at the point where the dimer
is located.
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– Regular nudged-elastic band method [159, 160]. It is an efficient
algorithm, in which the MEP is found by setting up a set of inter-
polating geometries (also called images) of the system between the
initial and final states. A spring-like interaction between adjacent
images is used to ensure a smooth continuity of the path, thus mim-
icking an elastic band. An optimisation of the band involving forces
minimisation acting on the images brings it to the MEP.

For a given initial state (the reactants) and a final state (the prod-
ucts), a series of n states is generated between the two end-points
by interpolating the ionic coordinates. Each of these states can be
described by a global vector

�!
Rn containing all relevant coordinates.

Therefore, a driving direction along the path can be defined as unit
vector �!r of the following form:

�!r n =

�!
Rn+1 �

�!
Rn�1

|�!Rn+1 �
�!
Rn�1|

(3.16)

The force on each of the n states can be split into a component
oriented along the path (

�!
F s

i |||) and another one perpendicular to it
(5E(

�!
R i)|?):

�!
F =

�!
F s

i ||| �5E(
�!
R i)|? (3.17)

And the true force is given by:

5 E(
�!
R i)|? = 5E(

�!
R i)�5E(

�!
R i)b⌧i (3.18)

Where b⌧i is the normalised local tangent at state i. The term5E(
�!
R i)|?

on equation 3.17 will be zero if a configuration lies in the MEP. In
order to find the reaction coordinates, the energy and foce for each
image must be found, and thereafter the image is moved in the direc-
tion of 5E(

�!
R i)|? in small steps. This is repeated until 5E(

�!
R i)|?

gets closer to zero as required. Moving point n will change both
�!r n�1 and �!r n+1 and therefore the whole path should be iterated si-
multaneously. It should be noted that the images tend to slide down
the energy barrier, as the configurations seek the lowest energy. To
prevent this a spring-like force is added to the true forces:
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�!
F s

i ||| = k(|�!R i+1 �
�!
R i|� |�!R i �

�!
R i�1|)b⌧i (3.19)

– Climbing Image NEB method [161]. This algorithm is a modification
of the previous one. Here, the information about the shape of the
MEP is retained, but a good convergence to a saddle point is also
obtained, without adding significant computational cost. After a few
iterations with the regular NEB, the image with the highest energy
imax is identified. The force on this image is not now given by
equation 3.17, but rather by:

�!
F = �5 E(

�!
R i

max

) + 25 E(
�!
R i

max

)||| (3.20)

5 E(
�!
R i

max

)||| = 5E(
�!
R i

max

)|||b⌧i
max

b⌧i
max

(3.21)

This is the full force due to the potential with the component along
the elastic band inverted. The maximum-energy image is not affected
by the spring forces at all. Qualitatively, the climbing image moves
up the potential energy surface along the elastic band and down the
potential surface perpendicular to the band. The rest of images in
the band serve the purpose of defining the one degree of freedom for
which a maximizarion of the energy is carried out.

3.1.7 Solid Models

There are mainly two approaches to model condensed matter systems: peri-
odic and non-periodic models, each one with advantages and disadvantages to
give information about the properties of the corresponding material. In this
dissertation the periodic approach is used.

Crystalline compounds show an structure which at nanoscale can be expressed
as nanoparticles. The importance of a continuous model is the imposition of
periodic conditions simplifying the study of the extended material. An ideal
solid can be observed as an infinite 3D repetition of a single unit, the so-called
unit cell. Normally, the number of atoms in the unit cell is relatively small
and with the help of the Bloch theorem, the Schrödinger equation is solved
faster under periodic conditions for the wavefunction which is not affected by
translational operators.
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When using planewaves as basis functions, the system has to be periodic in all
directions so that the Bloch theorem holds. As many interesting systems are
not periodic in all three dimensions, the so-called supercell approach is used.
Here, a sufficiently large cell accounting for all relevant features of the systems
is build up, and then it is repeated across all the space. Such supercell can
contain vacuum regions to model the non-existence of periodicity in parts of
the system, as it will be seen when studying surfaces and nanoparticles.

The periodic approach offers several advantages over its non-periodic counter-
part. In the latter, a portion of the solid is extracted and only this part is
modelled, without any repetition across space. For this reason, it turns out
inadequate to study metallic systems where the language of bands overtakes
that of discrete orbitals. The size of the model becomes critical, because each
atom of the system contributes to an important extent, and therefore the size
of the system should be chosen large enough to properly account for the real
electronic structure of the material. This can lead to very big systems with a
prohibitive computational cost. Nevertheless, the non-periodic approach can
be useful in some scenarios, as it has proven effective to obtain local proper-
ties [roldan140]. In addition, when the system is not too large, very accurate
quantum chemical methods can be used, such as DFT for excited states.

Periodic Surfaces: Slabs.

In the case of surface modelling, the repetition of the unit cell only in two
directions of the space is desired, but not in the third one. In order to avoid the
issue of repetition in all three dimensions imposed by the planewaves treatment,
one large vacuum region is added in one of the axis, which is normally chosen
to be the Z axis. Then the unit cell is repeated infinitely, forming the slab
model. This cell can be larger than the primitive unit cell and thus it can be
denoted as p(n⇥m), where n and m are the number of primitive cells contained
in the repeating cell across two of the three dimensions. In these systems the
vacuum region must be large enough to avoid undesirable interactions between
slabs in the Z axis. Such region usually is larger than 10 Å [162, 163].

This approach offers several advantages, namely it yields a correct description
of extended surfaces, which are important in heterogeneous catalysts. A small
cell is required to reproduce an infinite ideal surface due to the periodic con-
ditions. In addition, it allows the study of non-local properties like the Fermi
level, elastic constants, coverage effects and adsorption energies. However this
approach has one major drawback, that is the high computational resources
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needed to model dispersed particles on a surface, because these systems would
need to account for a very large cell.

Nanoparticle Models.

In an analogous way to the slab model, nanoparticles may be modelled us-
ing the periodic approach by using a vacuum region not only along one axis
but rather along all three of them. Therefore, the atoms that make up the
nanoparticle are located in the center of the repeating cell, and a vacuum re-
gion separates it from the nanoparticles of the other unit cells. Again, the
vacuum region must be large enough in order to avoid unrealistic interactions.

This methods allows to study metallic systems as well as covalent or ionic ones
[164–166]. Indeed, in well defined nanoparticles both size-depending and non-
depending properties can be properly described. Low coverage effects can also
be described since symmetry is not restricted in the system. This method can
be used to model superstructures like nano-ordered materials (nanowires) and
zeolites [167]. However, via this approach the support is neglected, which can
exert an important influence on the chemical reactivity of nanoparticles. For
this reason, in this dissertation this approach will be used to model isolated Au
nanoparticles, but a slab model will be also studied to account for the support.
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3.2 Experimental Chemistry

3.2.1 Characterization Techniques

X-ray Powder Diffraction

X-ray powder diffraction is a rapid analytical technique primarily used for
phase identification of a crystalline material and can provide information on
unit cell dimensions [168]. The analyzed material is finely ground, homogenised,
and average bulk composition is determined.

Max von Laue, in 1912, discovered that crystalline substances act as three-
dimensional diffraction gratings for X-ray wavelengths similar to the spacing
of planes in a crystal lattice. X-ray diffraction is now a common technique for
the study of crystal structures and atomic spacing. X-ray diffraction is based
on constructive interference of monochromatic X-rays and a crystalline sample.

X-ray diffractometers consist of three basic elements, depicted in figure 3.1: an
X-ray tube, a sample holder, and an X-ray detector. X-rays are generated in a
cathode ray tube by heating a filament to produce electrons, accelerating the
electrons toward a target by applying a voltage, and bombarding the target
material with electrons. When electrons have sufficient energy to dislodge
inner shell electrons of the target material, characteristic X-ray spectra are
produced.

X-ray powder diffraction is most widely used for the identification of unknown
crystalline materials. It is useful also for characterization of crystalline mate-
rials, identification of fine-grained minerals such as clays and mixed layer clays
that are difficult to determine optically, determination of unit cell dimensions
and measurement of sample purity.

In this dissertation XRD will be used for assessment of the structure of nano-
structured metal oxides of chapter 6. Specifically, X-ray powder diffraction
patterns were obtained with a CUBIX PRO PANalytical diffractometer using
Cu K↵ radiation. The patterns were recorded over a range of 2✓ angles from
2� to 90� .
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Figure 3.1: Instrument manifold of the X-Ray Powder Diffraction Technique.

Electron Microscopy

Microscopy can be considered as a communication channel between the ob-
server and the target object [169]. In the case of electron microscopy the
obtained information is related to the interaction between the sample and a
beam of high-energy electrons (20-1500 kV of kinetic energy). It allows us to
get local information of the sample as opposed to most techniques that mainly
give us global information. Electron microscopy is capable of measuring the
size of microscopic particles present in the sample, which is useful information
in the case of heterogeneous catalysis by metal particles.
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In this dissertation the specific technique used is the so-called transmission
electron microscopy. Here, the sample is hit with an electron beam located in
the upper part of the microscope. The sample is located between the electron
beam cannon and an electron detector. The latter detects the transmitted
electrons, hence the name. The manifold of a TEM instrument is depicted in
figure 3.2.

Another important point of electron microscopy is sample preparation. The
sample must be thin enough so not all electrons are trapped by it and yet
be representative of the material under study. There is a wealth of different
preparation techniques, the choice being a function of both nature of the sample
and desired information. For this dissertation the samples were prepared by
supporting them in a metal grid. The solid material to be studied was dispersed
in a solution of carbon tetrachloride, and a droplet of this solution was used
to impregnate a Cu grid. Within this grid there is a thin film of amorphous
carbon in which particles of the material can be deposited. Then the sample
is dried so the organic solvent is evaporated and finally it is measured.

Electron microscopy will be used in this work for measuring the particle size
of catalysts based in supported Au nanoparticles, as well as for assessment of
the structure of nano-structured metal oxides. This will be seen in chapters 5
and 6. Specifically, some TEM images were collected using a JEOL DEBEN
AMT JEM-1010 microscope operating at 100 kV , while other were taken using
normal bright-field and High-angle Annular Dark Field Scanning Transmission
Electron Microscopy. The images were acquired on a JEOL 2010 field emission
gun transmission electron microscope operated at 200 kV .
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Figure 3.2: Instrument manifold of an electron microscopy.

Measurement of the specific surface area

Some important features of solid catalysts are obtained through adsorption/desorption
isotherms of N2, which provide data like specific surface area, volume and
pore distribution of the material [170]. Specifically, the specific surface area of
the materials was calculated according to the Brunauer-Emett-Teller equation,
which has the following form:
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P

V (P0 � P )
=

1

VmC
+

(C � 1)P

VmC
(3.22)

Where V is the volume of adsorbed gas at pressure P , Vm is the volume of gas
required for the coverage of a monolayer, P0 is the saturated vapour pressure
of the gas and C is a constant related to the difference in adsorption of the
first and the second monolayer. Vm is calculated by the isotherm. Once VS is
known the specific surface area of the sample material can be computed by the
following equation:

AS = (
V

22414
)NA� (3.23)

Where AS is the specific surface area of the material, NA is Avogadro’s constant
and � the surface of a gas molecule (0.162 nm2 for N2).

The instrument manifold of a BET analyser is depicted in figure 3.3. In this
dissertation BET measurements will be used to account for the surface area
of metal oxides employed in chapters 5 and 6. Specifically, surface areas were
calculated from N2 adsorption isotherms obtained at 77 K with a Micromet-
rics ASAP 2420 Accelerated Surface Area and Porosimetry System analyzer,
using the Brunauer-Emmett-Teller equation. The samples were pretreated in
vacuum at 673 K for 12 hours.
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Figure 3.3: Instrument manifold of a BET analyser.

Atomic Adsorption Spectroscopy

Atomic Adsorption Spectroscopy has been the most widely used method in
the recent time for quantitative determination of elements in samples [171]. It
employs the absorption of optical radiation by free atoms in the gaseous state.
AAS can be used to determine over 70 different elements in solution or directly
in solid samples. The scheme of an AAS apparatus is depicted in figure 3.4.

In this dissertation it has been used for quantitatively measuring the amount of
metals in solid catalysts, in order to quantify dopants in metal oxides, studied
in chapter 6. Specifically, the apparatus used was a Varian SpectrAA-1-Plus.
The solid samples were dissolved in a HCl-HNO3 aqueous solution which
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were afterwards diluted in deionised water up to a volume of 50 mL. This
homogeneous solution was analysed by the aforementioned apparatus.

Radiation Source

Atomizer

Sample

Wavelength
Selector Detector

AmplifierSignal
Processor

Figure 3.4: Instrument manifold of an Atomic Adsorption Spectroscopy analyser.

X-ray Fluorescence Spectroscopy

X-ray fluorescence spectroscopy is based in the emission of characteristic sec-
ondary (or fluorescent) X-rays from a material that has been excited by bom-
barding with high-energy X-rays or gamma rays [172]. If the energy of the ra-
diation is sufficient to dislodge a tightly-held inner electron, the atom becomes
unstable and an outer electron replaces the missing inner electron. When this
happens, energy is released due to the decreased binding energy of the inner
electron orbital compared with an outer one. The emitted radiation is of lower
energy than the primary incident X-rays and is termed fluorescent radiation.
Because the energy of the emitted photon is characteristic of a transition be-
tween specific electron orbitals in a particular element, the resulting fluorescent
X-rays can be used to detect the abundances of elements that are present in
the sample.
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X-Ray fluorescence is particularly well-suited for investigations that involve
bulk chemical analyses of major and trace elements, with detection limits for
trace elements typically on the order of a few parts per million. However,
it is limited to analysis of relatively large samples of hundreds of milligrams,
materials that can be prepared in powder form and effectively homogenised and
for which compositionally similar, well-characterised standards are available.
The parts of a XRF apparatus are depicted in figure 3.5.

XRF will be used for the quantification of Au amount in Au/CeO2 catalysts,
shown in chapter 5. Specifically, the Au content measurements were performed
using a Panalytical Minipal 4 EDXRF spectrometer equipped with a Rh anode
tube operated at 30 kV and 300 mA, using an Ag filter in air atmosphere.

X-Ray Source Detector

Electronics Computer

Sample

Figure 3.5: Instrument manifold of a X-ray Fluorescence Spectroscopy Analyser.
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Infrared Spectroscopy

Infrared Spectroscopy was the first modern spectroscopic technique to be widely
accepted in the field of catalysis [173]. The most common application deal-
ing with solid catalysts is the identification of adsorbed species and the way
in which specific probe molecules are adsorbed on their surface. Molecules
like CO and NO provide information about adsorption on sites present in the
catalyst. In fact it can also provide information of the acidity and basicity
of active sites by measuring the adsorption strength of these probe molecules.
Depending on which region of the infrared spectrum we are working in this
technique can be divided into near (1-2.5 µm), middle (2.5-50 µm) and far
(50-1000 µm) infrared. The middle region is the one commonly used in cataly-
sis. IR is sensitive to functional groups and thus it allows to identify molecules
via the vibration frequency of such functional groups.

This technique offers several advantages like the possibility of analysis in any
physical state, a high sensitivity and its speed and ease. However, it does not
allow to identify atoms, monoatomic ions and homonuclear diatomic species.
It is also somewhat limited for the analysis of aqueous solutions due to the
strong infrared adsorption of water.

The infrared spectrum originates from photon adsorption in the infrared region,
which produces transitions between discrete vibrational levels of the molecules.
This phenomena can be approached by the classical harmonic oscillator model,
which is ruled by the following expression:

V =
1

2
k(r � req)

2 (3.24)

Where V is the interatomic potential energy, r the destance between the vi-
brating atoms, req the equilibrium distance and k a constant related to the
bond strength. In this model the vibrational energy levels are given by:

En = (n+
1

2
)h� � =

1

2⇡
(kµ)

1
2 (3.25)

With h being Planck’s constant and � the reduced mass of the system. This
is a simplified model, but it works reasonably well for vibrations of the first
levels. However, for higher-order excitations it is more appropriate to use more
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complex models like that of the Morse potential. IR accounts for six types of
molecular vibrations:

• Stretching

• Bending

• Rocking

• Wagging

• Twisting

• Out-of-plane

The technique is depicted in figure 3.6. This dissertation will make use of
this technique in chapter 7, where an in � situ IR study of the reaction will
be carried out to shed light on the mechanism of CHHP deperoxidation and
cyclohexane oxidation by CeO2. Specifically, IR studies were performed on
a Bruker V70 FTIR spectrometer using an MCT detector and acquiring at 4
cm�1 resolution.
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Figure 3.6: Instrument manifold of a Infrared Spectrometer.

3.2.2 Analysis and quantification of chemical species

Iodometric Titration

Iodometric titration, also known as iodometry, is a method of volumetric chem-
ical analysis, a redox titration where the appearance or disappearance of el-

66



3.2 Experimental Chemistry

ementary I2 indicates the end point [174]. Iodometry is commonly used to
analyse the concentration of oxidizing agents in water samples. The volatility
of I2 is also a source of error for the titration, this can be effectively prevented
by ensuring an excess I� is present and cooling the titration mixture. Strong
light, nitrite and Cu ions catalyses the conversion of I� to I2, so these should
be removed prior to the addition of I� to the sample.

In this dissertation this titration procedure is used in chapters 5 and 6 to
quantify the amount of hydroperoxide in the reacting solution. It is used for
both cyclohexyl and tert-butyl hydroperoxides. This technique is represented
in picture 3.7.

More specifically, I� ions are used to reduce the hydroperoxide to alcohol
(cyclohexanol or tert-butanol), while the former are oxidised to I2.

To a known volume of sample, an excess of KI is added, to which the oxidising
agent (hydroperoxide) oxidises I� to I2. I2 dissolves in the I�-containing
solution to give I�3 ions, which provide a dark brown color to the solution:

Hydroperoxide+ 2H+ + 2e� ! Alcohol +H2O (3.26)

2I� ! I2 + 2e� (3.27)

Note that for simplicity, the equations are usually written in terms of I2 rather
than I�3 , as the I� ion does not participate in the reaction in terms of mole ratio
analysis. The triI� ion solution is then titrated against standard thiosulfate
solution to give I� again:

2S2O
2�
3 ! S4O

2�
6 + 2e� (3.28)

I2 + 2e� ! 2I� (3.29)

The titration solution containing the hydroperoxide sample is based in a acetic
acid-water mixture. The reason for this is that, upon addition of NaHCO3, the
acid will react to form gaseous CO2 in order displace dissolved O2, which can
oxidise I� as well and would therefore be a source of error in the measurements.
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Figure 3.7: Scheme of the iodometric titration used in this dissertation for quantification
of cyclohexyl and tert-butyl hydroperoxides.

Gas Chromatography

Gas Chromatography is a technique used both with qualitative and quantita-
tive aims [175]. The output of this tool resides in the so-called chromatogram,
which consists in a graph of the different peaks related to the existing com-
pounds as a function of retention time by the chromatographic column. The
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retention time of a given peak is a characteristic of the compound and its
area is proportional to its concentration. The information embbeded in the
chromatogram includes an insight of the complexity of the sample in terms of
number of peaks.

A gas chromatograph is made up of a column in which the compounds of the
sample will be separated due to its different degree of interaction with the
column. The most interacting species will have a higher retention time and
thus will exit later from it. An oven controls the temperature of the column,
which is an important variable in this technique. Appart from electronics
and pressure gauges, a chromatograph also features one or more detectors.
The choice of a specific detector depends on the nature of the compounds to
identify. In this dissertation a flame ionization detector was used. In these
systems the exit of the column goes, together with a H2 and an air flow to a
flame. This produces a combustion of the exiting compounds, which generate
ions. These ions are detected by measurements of electrical conductivity. All of
this produces a signal which is reflected through a peak in the chromatograph.
This kind of detectors is well suited for hydrocarbons and flammable organic
compounds, but it is useless for inert gases, water and compounds with a low
degree of flammability. The parts of a GC apparatus are depicted in figure 3.8.

Gas chromatography will be used in this dissertation for the quantification
of reactants and products, namely cyclohexyl (and tert-butyl) hydroperoxide,
cyclohexanol and cyclohexanone in chapter 5 and 6. Specifically, a Shimadzu
GC-2010 Plus High-end Gas Chromatograph has been used, featuring a polar
column (Permabond FFAP 0.10 µm film thickness, length 20m) and a FID
detector.

69



Chapter 3. Research Methodology

Waste
Column

Column Oven

Detector

Sample Injector 

Flow Controller

Carrier Gas

Figure 3.8: Instrument manifold of a GC apparatus.

3.2.3 Studies of Catalytic activity and selectivity

Since FID detectors for GC produce a signal which is proportional to the
concentration of a given species and this is reflected in area of such signal,
we can use the areas to quantitatively measure reactants or products of our
target reaction. This is possible if we use a reference compound and build
up callibration curves and response factors. This way we can add a known
amount of the reference to a reactor to obtain quantitive measurements for the
relevant chemical species. To do this we first compute a response factor for
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each species, which relates the areas and concentration of the reference and
the target species:

mi =
Ai ·mS

AS ·Ri
(3.30)

Where mi is the mass of species i, Ai is the area if its corresponding chromato-
graphic peak, mS is the mass of the reference, AS is the area of the reference
peak and Ri is the response factor for that species. By using callibration
curves in which the only unknown variable is the response factor, we can com-
pute it and then use it to measure the target species during reaction. With this
method we can quantify the amount of reactants and products in the reaction
media, which allows us to study the catalytic activity of materials in terms of
reactants conversions and products selectivity.

The activity of a given catalyst can be given by conversion of reactants, which
can be computed in the following way:

Conversion(%) =
nr,0 � nr,t

nr,0
⇥ 100 (3.31)

Where nr,0 is the initial amount of moles of reactant r and nr,t the amount at
reaction time t.

On the other hand the selectivity of the catalyst can be computed by studying
the ratio of products formed during the reaction. For our case we define the
“K/A Ratio” as the ratio between cyclohexanone and cyclohexanol formed in
the reaction. It is simply:

K/A Ratio =
ncyclohexanone

ncyclohexanol
(3.32)

Finally, another important parameter for this research work relates both the
conversion of the reactant and the amount of products formed. We name
it “efficiency”, an adimensional quantity which is related to the amount of
products (cyclohexanol and cyclohexanone in our case) per amount of reactant
decomposed (CHHP or TBHP). It can computed in the following way:

Efficiency =
(ncyclohexanol + ncyclohexanone)formed

�nHydroperoxide
(3.33)
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Where (ncyclohexanol + ncyclohexanone)formed is the amount of cyclohexanol and
cyclohexanone moles formed during the reaction, and �nHydroperoxide is the
moles of hydroperoxide decomposed.

If the hydroperoxide were just decomposed and no cyclohexane oxidation oc-
cured, we would obtain an efficiency value of 1 (One mole of product obtained
per mole of decomposed hydroperoxide). On the other hand, if the catalyst
would be able to use both O atoms of the hydroperoxide to oxidise cyclohex-
ane, then the efficiency value would be 2 (Two moles of product obtained per
mole of decomposed hydroperoxide). As it will be outlined in the objectives
chapter, one of our aims is to find a catalyst that can use the O atoms of
hydroperoxide to oxidise cyclohexane. Therefore, one of our objectives is to
obtain an efficiency higher than 1.

In this dissertation two hydroperoxides will be studied: cyclohexyl hydroperox-
ide (CHHP) and tert-butyl hydroperoxide (TBHP). The former is our target,
while the second is used as a primary test. The reason for this lies in the fact
that CHHP is decomposed to cyclohexanone and cyclohexane can be oxidised
to cyclohexanol and cyclohexanone. This makes more delicate the analysis,
since the total amount of observed cyclohexanol and cyclohexanone will come
partly from the undesired decomposition and partly from the oxidation of cy-
clohexane. In additiom, the industrial mixture containing cyclohexane and
CHHP has also some amount of cyclohexanol and cyclohexanone, which has to
be substracted from the amount of products measured by GC. Therefore, we
decided to test the catalyst candidates with a mixture containing only TBHP
and cyclohexane. In this case, all the cyclohexanol and cyclohexanone de-
tected will come from the oxidation of cyclohexane, since the hydroperoxide
decomposition would yield another molecule, which in this case is tert-butanol.
Note that in this case the range of the efficiency parameter is not between 1
and 2, but rather between 0 and 1 (0 corresponding to sole TBHP decom-
position, whereas 1 corresponding to decomposition coupled with cyclohexane
oxidation). This is illustrated in figure 3.9.
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Figure 3.9: Reactions of deperoxidation and cyclohexane oxidation and their relation with
the efficiency parameter. Reactions in green are our target, whereas reactions in red are to
be avoided/minimised. Up: Reactions involving cyclohexyl hydroperoxide. Down: Reaction
involving tert-butyl hydroperoxide.

The reactors used to carry out the catalyst considered in this research work are
discontinuous reactors, the so-called batch reactors. A batch reactor is a vessel
used to mix chemicals under tightly controlled conditions. It is distinguished
from a continuous reactor by its cyclic use, mixing one batch at a time, as
opposed to the constant reaction carried out in a continuous reactor. In our
case the reaction is performed in a batch reactor consisting of:

• A glass reactor vessel (chemical and thermal shock resistant, 20 mL Vol-
ume capacity, B Manufacturer).

• A vent valve (Gas inlet, for pressurizing/depressurizing the system with
nitrogen).

• An outlet micro valve for sample taking.

• A pressure gauge (Pressure range: 1-16 bar).

• A magnetic stirring bar, which is stored inside the reaction media in the
reactor vessel.
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The procedure for a given reaction is as follows, and it is visually depicted in
figure 3.10:

• To ensure that the reactor is completely clean and no traces of contami-
nants are present, it is first washed with acetone, then with cyclohexane,
and after that dry air is passed through.

• The proper amount of catalyst is introduced in the reactor.

• 200 mL of internal standard Undecane (99% purity, Sigma-Aldrich, prod-
uct reference: U407) are introduced in the glass reactor vessel and the
exact mass is weighted.

• The reactor is opened, 20 mL of either the CHHP or TBHP reaction
mixture are introduced, and its exact mass weighted.

• A magnetic stir bar is introduced and the reactor is closed.

• An overpressure of nitrogen is then added in order to increase the boiling
point of cyclohexane and keep reaction media at liquid state. The gas is
introduced through the vent valve until an internal pressure in the reactor
within 4 to 6 bar is reached.

• A silicon bath at the desired reaction temperature is kept on a hot-stirring
plate. The stirring is set to 500 rpm. The glass reactor vessel is introduced
in the silicon bath, and the reaction starts.

• To follow the reaction progress, samples are taken at different times and
their composition analyzed by iodometric titration (TBHP and CHHP)
and GC (cyclohexanol and cyclohexanone). At each time, the reactor
is first taken off the silicon bath and stored in a water bath at room
temperature, in order to cool down the reaction media. Once the reactor
is at room temperature, samples are taken from it through the outlet
micro valve and analyzed.
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Figure 3.10: Scheme of the procedure for measuring the catalytic activity of Au-based
catalysts and metal oxides for deperoxidation and oxidation of cyclohexane.
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This approach will be used to study the catalytic activity of Au-based catalysts
and metal oxides in chapters 5 and 6.

3.2.4 Catalyst Synthesis

Hydrothermal Synthesis of Nanostructured CeO2

Shape-selective synthesis of inorganic nanomaterials is of scientific and tech-
nological importance due to their unique shape-dependent material properties.
For this reason a number of synthetic approaches have been developed towards
such shape-controlled nanomaterials. Of these methods, hydrothermal treat-
ment has been regarded as one of the most effective and economical routes, as it
has the merits of a single step low-temperature synthesis, superior composition
and morphological control, and powder reactivity.

The hydrothermal technique is a synthesis method in which aqueous reactants
are allowed to react under high pressure in a Teflon lined autoclave [176, 177].
Indeed, it is one of the most effective ways for synthesizing morphologically-
controlled nanoparticles of high purity, high dispersion and narrow size distri-
bution.

Crystal nucleation and growth in hydrothermal reactions is primarily a function
of the reaction temperature and pressure although other factors such as the
choice of solvent or concentration of precursor species also play a relevant role.

The main advantage of this method is the ability to control particle size and
shape of the nanoparticles by tweaking the different synthesis parameters.
The main disadvantage of using this method however is the fact that acqui-
sition of the required equipment such as autoclaves and a high temperature
temperature-programmed furnace is expensive in addition to the fact that reac-
tions cannot be performed as quickly compared to other synthesis techniques
such as chemical precipitation or thermal decomposition of metal precursor
salts.

Within the hydrothermal synthesis methods, the most used one is the so-
called temperature-difference method. Here, supersaturation is achieved by
reducing the temperature in the crystal growth zone. The nutrient (containing
the metal precursor) is placed in the lower part of the autoclave filled with
a specific amount of solvent. The autoclave is heated in order to create two
temperature zones. The nutrient dissolves in the hotter zone and the saturated
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aqueous solution in the lower part is transported to the upper part by convec-
tive motion of the solution. The cooler and denser solution in the upper part
of the autoclave descends while the counterflow of solution ascends. The solu-
tion becomes supersaturated in the upper part as the result of the reduction
in temperature and crystallization sets in.

The general scheme for this synthesis procedure is depicted in figure 3.11. This
technique will be used for synthesising nano-structured CeO2 in chapter 6. The
details for the procedure is explaned in that chapter.

Figure 3.11: Schematic procedure of the hydrothermal synthesis of nano-structured CeO2.
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Supported-Au Catalyst Synthesis Via Deposition-Precipitation

One strategy for stabilising metal nanoparticles is supporting them in high-
surface-area solids, as seen in the introductory chapter of this dissertation.
The source of this stabilisation lies in the interaction that arises between the
support and the nanoparticles during the adsorption process of the latter onto
the support. Such interactions reduce the mobility of the nanoparticles which
helps against their sintering.

This approach has been widely used for the development of heterogeneous cat-
alysts of noble metals supported on metal oxides and mesoporous solids, and
several methods based in this premise have been reported in the literature. For
example, the co-precipitation method relies on the addition of a metal precur-
sor salt and metal nitrate on a basic solution, which upon crystal nucleation
and growth will form both the nanoparticles (from the salt) and the support
(from the nitrate) [178]. To some extent, it is similar to the aforementioned hy-
drothermal synthesis used for nano-structured oxides. Another method is the
so-called deposition-precipitation, which is the one used in this dissertation.

In this method, the metal precursor, which in the case of Au is generally
HAuCl4, suffers deposition in a basic aqueous media containing the support
[179]. The pH of this mixture is increased at least to 6 depending on the
support, upon which the partially-hydrolised species [Au(OH)nCl4�n]� (n =
1�3) react with surface region of the support to produce Au(OH)3. The final
size of the nanoparticles depends both on the pH value used and the further
reduction treatment that forms metallic Au from Au(OH)3.

This method offers an advantage over the co-precipitation method, since all the
metal precursor remains on the surface and not in the bulk of the resulting solid.
In fact, if this method is used with a support of high-surface area (>50 m2/g)
it yields smaller nanoparticles than the co-precipitation method.

The general procedure for the deposition-precipitation method is depicted in
figure 3.12. This method will be used for synthesising supported-Au nanopar-
ticles in chapter 5. The specific details are described therein.
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Figure 3.12: Deposition-precipitation method for the synthesis of Au metal nanoparticles
anchored on metal oxides.

79





Chapter 4

Theoretical study of cyclohexyl
hydroperoxide decomposition
and cyclohexane oxidation by

Au catalysts

In this chapter we focus on answering two questions: The first
one is how the decomposition of cyclohexyl hdyroperoxide and the
oxidation of cyclohexane can be coupled by Au catalysis. In other
words, we will focus on how to decompose cyclohexyl hydroperoxide
while at the same time using their O atoms for oxidising cyclohex-
ane. The second question follows the first one: how should this
Au catalyst be in order to perform both processes efficiently? The
attempt to answer these questions will be performed via ab-initio
studies, by studying the elementary steps that make up the pro-
cess on different Au models. We will study the adsorption and
dissociation of reactants to form fragments on the surface of Au
that will recombine to yield the reaction products and finally des-
orb from the surface. We will account for factors like nanoparticle
size, coordination of Au atoms, and presence of additional species
like oxygen atoms and hydroxyl groups. By using computational
chemistry, specifically DFT, we will model the process down to the
atomic level, obtaining structural and thermodynamic data. From
these data we will be able to draw correlations which will point us in
the right direction for the subsequent design of Au-based catalysts.
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4.1 Introduction

Metallic nanoparticles are intensely studied in many areas of science, from
physics to chemistry, materials science and nanotechnology. However, under-
standing the chemistry of metallic nanoparticles is not straightforward because
many factors come into play like morphology and chemical environment among
others. Ideally, these factors should be studied decoupled to deeply understand
them, but this is seldom possible in reality. For example in catalytic applica-
tions, metallic nanoparticles are usually deposited onto a support, most often
oxides or sulphides. This support may affect the electronic structure of the
particles and/or stabilize them so they present a specific size. It is rather com-
plex to unambigously establish the extent to which each factor contributes to
the overall catalytic activity. The wealth of publications attempting to explain
the source of their activity in a diverse range of parameters is a reflection of
such complexity [180, 181].

These systems are not simple in nature, and both experimental and theoretical
models have been proposed to study the critical parameters dictating their
chemical behaviour [182].

Quantum mechanical methods based on density functional theory are popular
in solid state physics, surface science applications and heterogeneous catalysis,
the reason for this being the relative ease to implement a periodic version of
them that can be used to model and study extended systems. Computational
modelling therefore offers a useful and complementary approach to experiments
since dealing with isolated and clean metallic nanoparticles does not represent
a problem, except for the computational resources which become significantly
demanding when particles are in the range of 1-10 nm, involving hundreds to
thousands of atoms. Modern computational codes coupled with parallel com-
puting can cope with these otherwise unfeasible calculations, and significant
progress has been made at studying the structural properties of nanoparticles
[183].

These advances mean that the electronic structure of moderate-sized metallic
nanoparticles can now be studied by quantum mechanical approaches. With
these tools researchers are now able to study the reactivity of metallic nanopar-
ticles for the reaction of choice. For this task the potential energy surface of the
chemical system must be explored to determine its relevant stationary points
(reactants, transition states and products) which connected will map the reac-
tion profile of interest. In fact this is essentially the objective of this chapter:
using computational chemistry methods to study the possible reaction mech-
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anism of cyclohexyl hydroperoxide decomposition and cyclohexane oxidation
on Au nanoparticles.

However, not all that glitters is Au and a note of caution should be made. The
models used for these studies are, at the end, ideal entities, for these nanopar-
ticles are in reality found either covered by stabilizing agents or deposited on
solid supports. The effect of the support is almost negligible when particles are
big enough, but it is not the case for medium and small nanoparticles. It was
already exposed in chapter 1 that similar-sized Au nanoparticles possess dif-
ferent catalytic activity depending on the support on which they are anchored.
Moreover, although notable progress in the synthesis of metallic nanoparticles
with controlled size and shape has been made, it does not yet permit to obtain
isolated and clean samples (e.g. ligand-free), which hinders the capacity to
understand all the occurring phenomena, a critical step towards engineering
nanoparticles at will for a given application.

It is clear then, that metal nanoparticles are important within the field of
heterogeneous catalysis. In particular the introductory chapter exposed the
importance of Au in catalysis, which it is a suitable candidate for the reaction
of our interest.

Since there are many variables to take into account when trying to understand
the catalytic phenomena behind metal nanoparticles, in this dissertation we
will carry out a theoretical study that models the process by means of ab-initio
computational chemistry, in order to understand it at the atomic level. From
this understanding the second phase emerges, which is to design heterogeneous
catalysts and test them experimentally using the knowledge of the first phase
as a guideline. Thus, we first decided to perform a theoretical study of Au
nanoparticles for the process we want to improve. We have not taken into
account the influence of the support on the study presented in this chapter,
because we want first to focus on the intrinsic effect of Au as catalyst for this
reaction, and related properties like size of nanoparticles and coordination of
Au atoms. Species like O atoms and water molecules have been considered
as they will be present in the reaction media. We aim to get a clear figure
of the process at the atomic level by modelling each elementary step in order
to understand how some of the many variables dictate the efficiency of the
process.
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4.2 Computational Methodology

We have carried out periodic DFT calculations in order to study the target
reaction catalysed by Au nanoparticles. The systems we have considered for
this study are depicted range from extended surfaces to a small cluster of Au.
They are depicted in figure 4.1. This way we can study factors like Au particle
size and coordination of Au atoms, which as we will see they affect the process
remarkably. The first system consists of an extended Au surface showing the
{111} facet in which the Au atoms exposed have a nine-fold coordination. It is
the highest coordination number studied, and as it will be seen, the case where
Au atoms are less reactive. Another extended surface is also considered, in
this case a stepped one, for which the Au atoms in the step possess seven-fold
coordination. The purpose of these extended systems is to study the process
on big nanoparticles that resembles the behaviour of bulk Au. Nanoparticles
have also been considered. The first one is made up of 38 Au atoms and has
a diameter of 1 nm approximately, while the second one has 13 atoms and a
diameter of 0.5 nm. The 38-atom nanoparticle exhibits two different facets,
{100} and {111}, which have six and nine-fold coordinated atoms respectively.
The 13-atom nanoparticle has atoms with lower coordination, namely five.
These systems will allow us to understand the process when happening on
small nanoparticles, typically found when Au is anchored on metal oxides.
Finally, a smaller system has also been taken into account, which is a cluster
made up of five Au atoms. They have the lowest coordination considered in
this study ranging from two to four depending on the atom of the cluster. We
will see how the coordination of Au atoms affects both the kinetic barrier as
well as the reaction energy for activating cyclohexane.

Several models were employed to target the effect of O atoms and oxidised Au.
A total of three different models resembling the 38-atom Au nanoparticle of
the previous section were used, corresponding to systems f , g and h in figure
4.1. The first one consists of a 38-atom nanoparticle with the addition of two
O atoms on the edges of opposite {111} facets. The second one is similar, but
in this case the O atoms are closer and only one Au atom is in-between, which
will have a cationic nature. This system allows us to study simultaneously
the effect of O atoms and cationic Au atoms. Finally, the third model is a
partially-oxidised Au nanoparticle made up of 38 Au and 16 O atoms, which
will give us an idea of how the process performs over oxidised Au regions,
commonly found at the interface between Au and the oxide support.

For the influence of OH groups the models i to p were used. In all cases
there is a OH group in a two-fold coordination. Within a given system several
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positions have been considered in order to check how the coordination of Au
atoms attached to the OH affects the process.
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Figure 4.1: Au models considered for the study of CHHP deperoxidation and cyclohexane
oxidation. a) {111} extended surface. b) Stepped extended surface. c) 38-atom nanoparticle.
d) 13-atom nanoparticle. e) 5-atom cluster. f) Nanoparticle with two O atoms on opposite
{111} facets. g) Nanoparticle with two O atoms and one cationic Au atom in-between. h)

partially-oxidised Au nanoparticle with 16 O atoms. i) {111} extended surface with a OH
group. j), k) 38-atom nanoparticle, OH orientated towards {111} and {100} facets respec-
tively. l), m) 13-atom nanoparticle, OH orientated towards triangular and quadrangular
facets respectively. n), o), p) 5-atom cluster with OH on atom A, B and C respectively.
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All calculations have been performed within the usual Kohn-Sham implementa-
tion of DFT using the VASP code. The generalised gradient approximation for
the exchange-correlation potential has been used via the PW91 functional. The
inner electrons have been described by the pojector augmented wave method
and the Kohn-Sham valence states expanded in a planewave basis set for which
a energy cutoff of 450 eV was used. The reciprocal space of the periodic models
has been sampled using the Monkhorst-Pack mesh. For the extended surface
models a sampling mesh of 2x2x1 k-points was employed, whereas for nanopar-
ticles in the cubic box sampling was done at the � point of the Brillouin zone.
The atomic positions were optimised by means of a conjugate-gradient algo-
rithm until atomic forces were smaller than 0.01 eV/A. Transition states were
located using either the DIMER or NEB algorithms. Both minima and TS
points were fully characterised via a vibration analysis, which was calculated
by diagonalising the block Hessian matrix corresponding to the atoms in the
model that were allowed to relax during the optimisation.

The extended surfaces were modelled by a (3x3) supercell for the flat one and
a (2x2) for the stepped one slabs, containing four atomic layers and a vacuum
region larger than 20 A between vertically repeated slabs. In the geometry
optimisation of these extended Au surfaces, the atomic positions of the two
innermost layers were kept as in the bulk and the two uppermost layers were
fully relaxed. The nanoparticle models were placed in a 30x30x30 Å box, and
the Au atoms were fixed during the optimisation. The organic fragments were
allowed to relax. The spurious energy contribution due to the dipole arising
from the adsorption of reactants in the extended models was removed using
the standard dipole correction [184].

Finally, once the geometries of the models were optimised and their total energy
calculated, the following energy parameters were calculated for each elementary
step on the different Au models (they are visually described in figure 4.2):

• Interaction energy (Eint = Esystem with reactants �
P

Eisolated), computed
as the energy difference between the reactants close to the Au model and
the isolated reactants plus the Au model.

• Activation energy (Eact = ETS � Ereactants), computed as the energy
difference between the transition state for the corresponding step and the
reactants close to the surface.

• Reaction energy (�E = Eproducts � Ereactants),computed as the energy
difference between the products on the surface and the reactants on the
surface as well.
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• Desorption energy (Edes =
P

Eisolated�Esystem with products),computed as
the energy difference between the isolated products plus the Au model
and the producs close to the surface.

Figure 4.2: Schematic reaction profile showing the energy parameters used in this study:
Interaction energy (Eint), activation energy (Eact), reaction energy (�E) and desorption
energy (Edes).

4.3 Results and Discussion

The theoretical study of the decomposition of cyclohexyl hydroperoxide and
oxidation of cyclohexane by Au nanoparticles has been carried out by splitting
the global process down into their elementary steps. The first part of the study
comprises the adsorption and dissociation of the reactants, namely cyclohexane
and cyclohexyl hydroperoxide, on Au nanoparticles. Three different routes
have been studied for the adsorption and dissociation of cyclohexane: The
first one involves only Au, while the second and the third involves OH groups
and O atoms respectively. For the adsorption of cyclohexyl hydroperoxide two
options have been considered, either adsorption resulting in O-O bond cleavage
or deprotonation.

The second part of the study focuses on the elementary steps that follow ad-
sorption of the reactants. Upon adsorption organic fragments form and get
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anchored to the surface of the nanoparticles, and the next step is their recom-
bination to form the final products, cyclohexanol and cyclohexanone. For the
formation of cyclohexanol four different routes have been studied: the first
three ones consist in the transfer of a H atom to a cyclohexoxy fragment,
whereas the fourth one is a direct recombination of two fragments, cyclohexyl
and OH groups.

Each subsection is devoted to one of these processes, and the data obtained
from the theoretical modelling are presented and discussed. Data such as
bond lengths, interaction, activation and reaction energies are analyzed and
correlations among different parameters are showed where appropriate.

4.3.1 Cyclohexane Activation

Figure 4.3: Schematic process for activating cyclohexane through dissociative adsorption
(up), O-aided dissociation (middle) and OH-aided dissociation (down).

If the objective is to oxydise cyclohexane to produce cyclohexanol and cyclo-
hexanone, we first need to activate cyclohexane, breaking one of its C-H bonds
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and then make it react with OH groups coming from cyclohexyl hydroperox-
ide. Thus, the starting point is to study how Au nanoparticles can adsorb and
dissociate cyclohexane. For this task, three different alternative processes have
been considered, which are depicted in figure 4.3.

Dissociative Adsorption by Au

The most straightforward way to activate cyclohexane is through its disso-
ciative adsorption over the Au surface. This process involves the cleavage of
one of cyclohexane’s C-H bonds, leading to two adsorbed species: a hydrogen
atom and a cyclohexyl fragment. The dissociative adsorption of cyclohexane
on Au nanoparticles starts by its approach through one hydrogen atom to the
surface, followed by activation of the C-H bond by interaction with Au atoms
at the surface. As the C-H bond gets broken, two new bonds will form, one
C-Au that will anchor the cyclohexyl fragment and a H-Au one anchoring
the hydrogen atom. The cyclohexyl fragment gets attached to one Au atom
having a one-fold coordination, whereas the hydrogen atom can be anchored
in a one, two and three-fold coordination depending on the system. Once ad-
sorbed, these fragments can react with other adsorbed fragments to yield the
final products, as it will be seen later in this chapter.

Interaction Activation Reaction
Catalyst Model Adsorption site Energy Energy Energy

Flat extended
surface {111} -1.45 46.28 31.54 a

Stepped extended Fragments over step -1.57 39.8 24.77 b

38 Au atoms Adsorption on {111} facet -2.65 47.18 27.85 c

nanoparticle Adsorption on {111}-{100} edge 33.56 21.77 d

13 Au atoms Adsorption on edge -1.35 27.33 9.8 e

Adsorption on atom A, H ! edge A -9.13 22.55 5.69 f

5 Au atoms Adsorption on atom A, H ! edge B -5.36 19.78 14.81 g

Adsorption on atom B -5.36 27.31 8.60 h

Table 4.1: Interaction, activation and reaction energies for dissociative adsorption of cy-
clohexane over different Au systems. All energies showed are in Kcal/mol. The rightmost
letters correspond to each process as showed in figure 4.4.

First we will study the interaction energy between reactants and the catalyst,
which is the preliminary step before chemisorption takes place. In all cases
the structure found for this interaction is similar. It is depicted in figure 4.4,
where cyclohexane stays close to the surface of the nanoparticle. The distance
between cyclohexane and the Au nanoparticle is within 2 and 3 Å.
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The computed values of interaction energy across the different systems studied
are shown in table 4.1. The range for this energy goes from -1.35 Kcal/molto
-9.13 Kcal/mol. The lowest value is found for the extended Au surface, while
the highest one is found on the smallest system considered, the 5-atom Au
cluster. In fact, the energy of this interaction stays essentially the same from
the extended Au surface to the 13-atom Au nanoparticle, in the range of -2.65
to -1.35 Kcal/mol, and no clear trend exists. But this changes for the smallest
system, the five-atom Au cluster, where the lowest interaction found is -5.36
Kcal/mol. This reveals how Au nanoparticles attract cyclohexane similarly,
but smaller Au clusters do it stronger.

Figure 4.4: Optimised geometries of the reactants, transition states and products for the
activation of cyclohexane on Au nanoparticles. a) {111} extended surface. b) Stepped
extended surface. c) {111} facet of a 38-atom nanoparticle. d) Edge between {111} and
{100} facets of a 38-atom nanoparticle. e) 13-atom nanoparticle. f) Three-fold coordinated
atom on a 5-atom cluster, H atom on edge A. g) Three-fold coordinated atom on a 5-atom
cluster, H atom on edge B. h) Two-fold coordinated atom on a 5-atom cluster.
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The chemisorption of cyclohexane proceeds through a transition state in which
one C-H bond gets elongated while new C-Au and H-Au bonds are formed. As
it is seen in figure 4.4 this transition state found shows a two-fold coordination
for the H atom, except for two cases in the 5-atom Au cluster, and a one-fold
coordination for alkyl fragment. The optimised Au-C bond length ranges from
2.14 to 2.42 Å, while the H-Au bond stays between 1.58 and 1.97 Å. We did
not observe any clear trend for these bond lengths with the activation barrier.
A look to the obtained values for the activation energy in table 4.1 reveals
the fact that in all considered cases the activation barrier is greater than 20
Kcal/mol, which means that dissociative adsorption of cyclohexane on Au
nanoparticles will face an important kinetic barrier, regardless the Au system
size.

The data also show that the barriers vary notably across the studied systems.
Smaller nanoparticles with lower-coordinated Au atoms seem to favor the pro-
cess by reducing the kinetic barrier for activating cyclohexane. The highest
value is found for the Au flat extended surface (46.28 Kcal/mol), in which Au
atoms are nine-fold coordinated, while the lowest one corresponds to the five-
atom Au cluster (19.78 Kcal/mol) where coordination number ranges from 2
to 4. In fact, the difference between the most favorable case and the least one
is 27.4 Kcal/mol, which is a remarkable variation.

But what these data really suggest is a correlation between activation energy
and Au coordination number. The effect of coordination number of Au atoms
on the energetic barrier for activating cyclohexane can be observed across sys-
tems. The plot on figure 4.5 shows clearly this correlation. The highest value
for the activation barrier is found on highest coordinated Au atoms (9) which
are found on the extended surface. When going to CN: 7 (stepped surface) the
activation energy decreases to 39.8 Kcal/mol. In the case of the 38-atom Au
nanoparticle, a lower kinetic barrier is found on corners (facet {100} , 33.56
Kcal/mol) where Au atoms are six-fold coordinated with respect to facet {111}
(47.18 Kcal/mol) with nine-fold coordinated atoms. Then, the activation bar-
rier falls below 30 Kcal/mol when coordination gets to 5 as in the case of the
13-atom Au nanoparticle. Finally, the lowest values are found on the 5-atom
cluster, in where activation energies are 19.78 and 22.55 Kcal/mol for coordi-
nation numbers 3 and 2 respectively. From the kinetic point of view it means
that in order to activate cyclohexane undercoordinated Au atoms are needed,
otherwise significant kinetic barriers will hinder the process.

The activation of cyclohexane results in an alkyl fragment adsorbed in one-fold
coordination and a hydrogen atom in two-fold coordination for most cases.
However, there are some cases in which the H atom is in a one-fold coordina-
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Figure 4.5: Activation and reaction energies as a function of Au coordination number. The
dashed lines correspond the least-squares fitting for each energy.

tion. This can be seen in figure 4.4. The formed bond between cyclohexyl and
a Au atom ranges from 2.10 to 2.22 Å, while the H-Au lies within 1.59 to 1.9
Å. As with the activation energy, no correlation was found between the bond
lengths and the reaction energy.

The results summarised in table 4.1 show that in all cases, the direct disso-
ciative adsorption of cyclohexane is endothermic, and the same we saw for
activation energies is found for the reaction energy: The values decrease with
system size, and they turn less endothermic as the Au atoms are less coor-
dinated. Again, we observe a strong coordination effect on the reaction en-
ergy for cyclohexane activation, which is clearly showed in figure 4.5. The
most endothermic case is found for the Au extended surface, where Au atoms
are nine-fold coordinated (31.54 Kcal/mol) while the most exothermic case is
found for the smallest system, the 5-atom Au cluster (5.69 Kcal/mol, coordi-
nation number of 3).
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In the case of the 38-atom Au nanoparticle, it is again found that the process
is more favored when it happens on the edge between {111} and {100} facets
where Au atoms are six-fold coordinated (21.77 Kcal/mol), than over a {111}
facet with nine-fold coordinated atoms (27.85 Kcal/mol). In the smaller 13-
atom Au nanoparticle the reaction energy is approximately 10 Kcal/mol lower
(five-fold coordination of Au). As for the small five-atom Au cluster, which
is the system with the less coordinated atoms, the options considered show
reaction energies from 5.69 to 14.81 Kcal/mol. The lowest one is found when
the cyclohexyl fragment is adsorbed on a two-fold coordinated Au atom and the
H atom is bicoordinated between two atoms on edge A (three-fold coordinated
atoms). However, when the H atom is bicoordinated on edge B where atoms
are two and three-fold coordinated the energy is higher (14.81 Kcal/mol).
Finally, when the alkyl fragment is adsorbed on a two-fold coordinated atom
the reaction energy is 8.60 Kcal/mol.

Dissociative adsorption aided by oxygen species and cationic Au

When metal oxides are used as support for Au nanoparticles to form a hetero-
geneous catalysis, the anchoring between the oxide and Au is done through O
atoms, which produces Au-O bonds that attach the nanoparticles and helps
against their sintering. This introduces two interesting factors into the equa-
tion: O atoms and cationic Au. In addition to Au atoms, oxygen can also react
with cyclohexane to activate it, forming in this case new C-O bonds and OH
groups. Therefore, two additional processes appear: Formation of OH groups
by H transfer from a cyclohexyl fragment to an O atom and adsorption of
cyclohexane onto an O atom producing a cyclohexoxy fragment.

The amount of Au-O bonds is a function of the metal oxide used and the
synthesis procedure of the catalyst, but no matter how much we tweak these
two factors, there will be always an amount of these partially-oxidised Au
species and thus O atoms in contact with the surface of Au nanoparticles,
which makes the rationale for this section. As expected, there will be also
partially oxidised Au atoms with an electronic fingerprint ranging somewhere
between metallic and cationic. This is another aspect studied in this section:
the stability of fragments adsorbed in Au in the activation of cyclohexane.

The process, shown in figure 4.3 follows a similar pathway to that of the pre-
vious section: Beginning with the approach of cyclohexane to the surface, it
can transfer one H atom to either a Au or a O atom. The latter will form a
OH group. Moreover, cyclohexyl fragments can be also adsorbed on Au or O.
The former will produce a similar cyclohexyl fragment already seen, whereas
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the latter will produce a new fragment, a cyclohexoxy fragment. The models
used are the ones labeled as f ,g and h in figure 4.1.

Interaction Activation Reaction
Catalyst Model Adsorption site Energy Energy Energy

O2 dissociated -0.74 21.16 -6.11 a

Nanoparticle O2 dissociated, Au atom in-between
with O2 Alkyl! Au -0.71 27.15 1.98 b

O2 dissociated, Au atom in-between
Alkyl! Au+ 33.41 14.73 c

Alkyl! Au, H ! Au 34.97 d1

Partially oxidised Alkyl! O, H ! Au 80.59 18.79 d2

nanoparticle Alkyl! Au, H ! O -2.08 5.16 e1

Alkyl! O, H ! O 13.7 -44.73 e2

Table 4.2: Interaction, activation and reaction energies for cyclohexane dissociative adsorp-
tion aided by oxygen species and cationic Au over different systems. All energies showed are
in Kcal/mol. Each system present an interaction energy shared by the different processes
explored for a given system. In the case of the partially-oxidised nanoparticle, the activation
energy is the same for the processes where the H atom gets adsorbed on the same type of
atom, either Au or O. The rightmost letters correspond to each process as showed in figure
4.6.

Values for interaction energy between cyclohexane and Au nanoparticles with
O species are summarised in table 4.2, and their geometry showed in figure
4.6. In the case of the Au nanoparticles with two O atoms the interaction
is weaker and the distance greater (3.74 Kcal/mol and 3.48 Å). In all three
systems the shortest O-cyclohexane distance is similar and close to 3.1 Å. These
interactions are weaker than in the non-oxidised metallic nanoparticle showed
in the previous section, where the interaction energy is -2.64 Kcal/mol and
the H-Au closest distance is 2.68 Å.

The transition state for activating cyclohexane involving O species differs to
some extent from that of activation on metallic Au nanoparticles. In fact,
some cases present the cyclohexane molecule almost vertical on the O atom,
far away from Au centers.

The process on the Au nanoparticle with two O atoms on the surface (figure
4.6 option a) already indicates the positive effect of O atoms on the kinetic
barrier. The activation energy decreases from 28.05 to 21.16 Kcal/mol when
compared with the most favorable case on the non-oxidised Au nanoparticle
form previous section.
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Figure 4.6: Optimised geometries of reactants, transition states and products for the
activation of cyclohexane on oxidised Au nanoparticles. a) Two O atoms on the surface.
b) Two O atoms on the surface, cationic Au in-between. Cyclohexyl adsorption on cationic
Au atom. c) Two O atoms on the surface, cationic Au in-between. Cyclohexyl adsorption
on metallic Au atom. d) partially-oxidised nanoparticle, H adsorption on Au atom. d1)

Cyclohexyl adsorption on Au atom. d2) Cyclohexyl adsorption on O atom. e) partially-
oxidised nanoparticle, H adsorption on O atom. e1) Cyclohexyl adsorption on Au atom.
e2) Cyclohexyl adsorption on O atom.

The second aspect to study in these systems can be seen in options b and
c of figure 4.6, in which the Au nanoparticle has a Au atom with a fairly
cationic nature in-between the O atoms. Option b explores the process when
the resulting cyclohexyl fragment adsorbs onto this Au atom, whereas option
c does it when cyclohexyl gets adsorbed onto a more metallic Au atom on
the surroundings. For the former, the activation energy is 33.41 Kcal/mol,
whereas for the latter it is 27.15 Kcal/mol similar to the aforemention case
on a non-oxidised nanoparticle. This indicates that cationic Au stabilizes the
adsorbed cyclohexyl fragment to a lesser extent than metallic Au.
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Both the effect of O and cationic Au can be observed for the process taking
place on a partially-oxidised Au nanoparticle. For this case we have consid-
ered several options depending on where the fragments are adsorbed. Option
d shows how the H atom from cyclohexane gets adsorbed onto a Au atom,
whereas in option e it adsorbs onto an O atom forming a hydroxyl group on the
surface. There is a dramatic difference in the activation barrier of each option:
the adsorption of H over Au exhibits a value of 80.59 while the adsorption
over O presents a much lower value of 13.7 Kcal/mol.

Similarly to what was found for activation energies, table 4.2 shows how no-
tably the effect of oxygen species can be. Reaction energies obtained for the
process involving O as adsorption centers for H but not cationic Au (options a,
c and e2 of figure 4.6) are either thermoneutral or exothermic, contrary to the
results obtained in the previous section for metallic Au, in where all processes
on the analogue nanoparticle were endothermic by at least 19.62 Kcal/mol.
Specifically in the case of the partially-oxidised nanoparticle, the reaction is
strongly exothermic when both fragments get attached to O atoms rather than
to Au (-44.73 Kcal/mol, option e2 of figure 4.6). Even when the cyclohexyl
fragment gets attached to Au in that case the reaction turns endothermic but
only by 5.16 Kcal/mol (option e1 ).

The effect of cationic Au can be clearly seen in options b and c. The reaction
energy goes from 1.98 to 14.73 Kcal/mol as the cyclohexyl fragment gets
anchored to a more cationic Au center. It is also worth mentioning that it
is more favorable for the system to form a new H-O bond rather than C-O.
This can be seen from options d2 and e1 where the reaction energy is 5.16
Kcal/mol when a H-O bond is formed versus 18.79 Kcal/mol for a C-O bond.

In summary, the results showed in this section tell us that O species have a
positive effect in both the kinetic barrier and the reaction energy by forming
more favorable C-O and C-H bonds. On the other hand, they also show an
opposite negative effect when cationic Au is involved, since alkyl fragments are
more stablised on metallic Au.

Dissociative adsorption aided by hydroxyl groups

Hydroxyl groups populate the surface of metal oxides to an appreciable extent,
so it is no wonder that when Au nanoparticles are supported on them OH
species will come into contact with Au. Specially at the interface between Au
and the oxide, these OH groups can interact with Au, which is why we decided
to study their possible role on activating cyclohexane. The process is depicted
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in figure 4.3. The models we used for this task were the same Au systems as
those of section 4.3.1 with the addition of a OH group. Upon approaching
the surface, cyclohexane will transfer a H atom to such group forming a water
molecule while the resulting cyclohexyl fragment will be adsobed over one Au
atom. This process is depicted in figure 4.7. The interaction, activation and
reaction energies will tell us how positive the role of OH groups can be at
activating cyclohexane.

Interaction Activation Reaction
Catalyst Model Adsorption site Energy Energy Energy

Flat extended
surface {111} -1.76 32.71 -4.42 a

38 Au atoms Adsorption on {111} facet -1.42 36.66 13.17 b

nanoparticle Adsorption on {100} facet -1.64 27.64 0.28 c

13 Au atoms Adsorption on facet -3.83 28.51 -10.77 d

nanoparticle Adsorption on edge -1.69 21.21 -10.52 e

Adsorption on atom A -1.92 18.62 -0.98 f

5 Au atoms Adsorption on atom B, OH on atom B -4.01 11.61 -27,02 g

cluster Adsorption on atom B, OH on atom C -9.18 15.61 -9.38 h

Table 4.3: Interaction, activation and reaction energies for cyclohexane dissociative ad-
sorption aided by hydroxyl groups over different Au systems. All energies showed are in
Kcal/mol. The rightmost letters correspond to each process as showed in figure 4.7.

The first column of results on table 4.3 show the interaction energies for the
different systems considered in this section. They show no essential differences
with the previous processes studied for cyclohexane activation. Most of them
are in the range of -2 to -1 Kcal/mol, except some cases in the smallest systems
where the interaction between cyclohexane and Au is slightly stronger, like in
the 13-atom Au nanoparticle and the 5-atom Au cluster. In fact, it is for the
latter that the most favorable interaction is found (-9.18 Kcal/mol, option h
in figure 4.7). The distance between a H atom and Au is minimum for this
system (1.96 Å) compared to the rest which are approximately in the range of
2.5 to 3 Å. Regarding the distance between the H atom that will be transferred
and the OH group, the range of distances found is wider (2.61 - 4.4 Å) and no
correlation is found with the interaction energy.

The structure of the transition state for this process is similar in all cases.
In general the OH group remains into either a two-fold or a one-fold coor-
dination with Au atoms while the H atom is transferred from cyclohexane,
which at the same time starts forming a new C-Au. As can be seen in figure
4.7, in the extended {111} surface and one case for the 38 and 13-atom Au
nanoparticles the OH remains bicoordinated (cases a, b and d) whereas in the
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Figure 4.7: Optimised geometries of reactants, transition states and products for the
activation of cyclohexane aided by OH groups on Au nanoparticles. Activation on a) {111}
Au extended surface. b) Edge between {100} and {111} facets of a 38-atom Au nanoparticle.
c) {111} facet of a 38-atom Au nanoparticle. d) Edge of {100} facet on a 13-atom Au
nanoparticle. e) {100} facet of a 13-atom Au nanoparticle. f ) Edge a of a 5-atom Au
cluster. g) Edge b of a 5-atom Au cluster. h) Edge c of a 5-atom Au cluster.

remaining cases this group is one-fold coordinated. In one case on the 13-atom
Au nanoparticle, cyclohexane does not seem to be forming bonds with any Au
atom (option e, closest C-Au distance: 3.82 Å), opposite to all other cases for
which the average C-Au bond length is 2.42±0.1 Å.

In terms of the activation energy, we mainly observe two things. First, the
barrier is, to some extent, lower than the corresponding activation barrier on
Au nanoparticles with no OH groups. Second, a similar trend of the kinetic
barrier with Au coordination number that was found for simple Au systems
is also present when OH groups are involved. That is, as the coordination
number of Au centers that take place in the process decrease so the activation
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energy does. These two facts are apparent in figure 4.8. In conclusion, the
combined effect of OH with low-coordinated Au atoms can help overcome the
kinetic barrier for activating cyclohexane.

Figure 4.8: Activation energy for cyclohexane direct and OH-aided activation versus coor-
dination of involved Au atoms. This coordination refers to that of the Au atom upon which
the cyclohexyl fragment is adsorbed.

Regarding the reaction energy for this process and following what was ob-
served for the case involving oxygen species, the activation of cyclohexane can
be turned exothermic when OH groups are involved. In fact, in most cases
studied here the process is thermodynamically favorable, with the most en-
dothermic case being that of the 38-atom Au nanoparticle on the {111} facet
(13.17 Kcal/mol), yet still being more favorable than the non-OH counterpart
presented in the first section (16.92 Kcal/mol at least). It is in this system
in which we observe the only two endothermic cases. The first one has just
been mentioned, and the other is a thermoneutral situation on the {100} facet
of the nanoparticle (0.28 Kcal/mol). In the smaller 13-atom nanoparticle the
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two options we studied are similar in terms of reaction energy (-10.77 and -
10.52 Kcal/mol). Finally, in the case of the 5-atom Au cluster the process is
exothermic in all three options, but in the one where the cyclohexyl fragment
gets adsorbed on a three-fold coordinated atom the process is almost ther-
moneutral (-0.98 Kcal/mol). It gets more exothermic when the Au atom is
two-fold coordinated like in cases g and h (-27.02 and 9.38 Kcal/mol respec-
tively).

The structure of the products is the same in all cases: the cyclohexyl fragment
is attached in a one-fold coordination to Au and the water molecule remains
close to the system. The formed C-Au bond has a similar length in all cases,
2.15±0.02 Å. However, for this OH-aided activation of cyclohexane we did
not observe any clear trend of reaction energy with Au coordination number.
In summary, the theoretical models we have seen in this section show that
OH groups have a positive effect for the activation of cyclohexane, both from
the kinetic and the thermodynamic point of view by decreasing the activa-
tion barrier and also making the process more exothermic. The trend of the
activation energy with Au coordination number holds when OH groups are
involved in the process, meaning that the combined effects of OH groups and
low-coordinated Au atoms will favor the activation of cyclohexane by Au.

Comparison of the different ways to activate cyclohexane over Au
nanoparticles

We have seen in these sections different ways of activating cyclohexane on Au
systems, which can be divided on either involving additional species apart from
Au or not. From the latter a direct dissociative adsorption on Au surfaces was
studied, whereas for the process involving additional species O and OH groups
were considered. Besides, the effect of positively charged Au was also studied.

The plots in figure 4.9 summarise all the relevant data obtained for the study
of cyclohexane activation. First, the lower plot shows that no correlation of
the interaction energy between cyclohexane and Au exists as a function of Au’s
coordination. In all cases it ranges between 0 and -10 Kcal/mol.

As we already saw, both the activation energy and the reaction energy decrease
upon lowering the coordination of Au atoms. In other words, if only metallic
Au is involved in dissociating cyclohexane, small Au nanoparticles containing
low coordinated atoms will favor this process, which is in all cases endother-
mic and faces a non-negligible kinetic barrier. As for the process involving
additional species, the models made up of Au nanoparticles with O atoms
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Figure 4.9: Interaction, activation and reaction energies for the different cyclohexane dis-
sociation processes. Up: Activation energy for direct dissociation (orange, triangle-dotted),
OH-aided dissociation (blue, triangle-dotted), reaction energy for direct dissociation (yellow,
circle-dotted) and OH-aided dissociation (cyan, circle-dotted). Also activation energies for
processes involving O and cationic Au (dark purple, triangle-dotted) and their corresponding
reaction energies (light purple, circle-dotted). Down: Interaction energies for direct (orange),
OH-aided (blue) and Au+-O-involving (purple) processes.
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show that the latter have a positive effect both on the activation and the re-
action energies. In fact, when the two cyclohexyl and H atoms are adsorbed
onto O atoms forming cyclohexoxy and OH species the process turns partially
exothermic. This is depicted in the lower right, which is the most exothermic
reaction energy found in this study. A similar positive effect is also observed
when OH groups are involved, in this case forming a cyclohexyl fragment and
a water molecule. They favor the process both kinetically and thermodynami-
cally, and in fact the same trend with Au coordination number as that for the
only-Au process holds, which means that the combination of OH species and
low-coordinated Au atoms will notably help overcome the energy demands for
activating cyclohexane on Au nanoparticles. The highest activation energy is
found for this case, depicted in the upper right of figure 4.9.

4.3.2 Cyclohexyl Hydroperoxide Decomposition

Figure 4.10: Schematic processes studied for the dissociative adsorption of cyclohexyl
hydroperoxide on Au nanoparticles. The left, middle and right parts correspond to the
reactant, transition state and products respectively. Bonds to be broken are depicted in
red whereas new formed bonds are in blue. Up: Dissociation through cleavage of the O-O
bond, producing a cyclohexoxy fragment and a OH group. Down: Dissociation through
deprotonation, producing a peroxocyclohexyl fragment and a proton on the Au surface.

Following the approach for activating cyclohexane on Au nanoparticles, we will
now study the activation of the second reactant, that is, cyclohexyl hydroper-
oxide, which acts as the oxidant. For now, we will focus on studying how
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this hydroperoxide is adsorbed and dissociated on Au, after which the result-
ing fragments of this adsorption can interact with the ones from cyclohexane
activation in order to yield the desired oxygenated products.

It is well known that peroxides are unstable and often decompose by splitting
of its O-O bond into reactive radicals via homolytic cleavage. That is why the
primary adsorption process we studied is the O-O bond breaking of cyclohexyl
hydroperoxide. This will form two fragments on the surface of Au, the first one
being an cyclohexoxy fragment and the second one a OH group. The process
is depicted in the upper part of figure 4.10.

Another process we considered was deprotonation. Even though it is true that
organic hydroperoxides are prone to O-O splitting rather than to deprotonation
like a carboxylic acid, the reason for this study is twofold, one: the peroxo
function withdraw electron density from the hydrogen region so in principle
the O-H bond could be heterolitically splitted, and two: when studying this
process on metal oxides on later chapters, it will be seen that deprotonation is
more favorable. The process is depicted in the lower part of figure 4.10.

The systems for modelling Au nanoparticles are the same used in section 4.3.1
for studying the direct dissociative adsorption of cyclohexane. Again, the study
starts with interaction of the reactant with the surface, following a transition
state and finally falling to an energy minimum where the two resulting frag-
ments are formed.

Dissociative Adsorption of Cyclohexyl Hydroperoxide through Oxygen-Oxygen
Bond Cleavage

The molecule of cyclohexyl hydroperoxide first approaches the surface of Au,
after which the O-O bond will start to enlongate, going through a transition
state in which two new Au-O bonds will be formed, one for the resulting
cyclohexoxy fragments and another one for the OH group.

The interaction energies of CHHP with Au systems are shown in table 4.4.
The distance between the parts ranges from 2.5 to 3 Å, and seems not to
correlate with the energy magnitude. In all cases, the cyclohexyl hydroper-
oxide molecule interacts through its O atoms with the surface. It is through
this region that adsorption process will take place. For the bigger systems
with high-coordinated Au atoms the interaction energy stays at roughly -4
Kcal/mol. For the smallest cluster, the values get as low as -13.62 Kcal/mol.
The strongest interaction is found for the lowest coordinated Au atom (CN :
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Interaction Activation Reaction
Catalyst Model Energy Energy Energy

Flat extended
surface {111} -3.97 20.23 -10.28 a

38 Au atoms
nanoparticle Adsorption on {100} facet -4.05 9.89 -49.32 b

13 Au atoms
nanoparticle Adsorption on facet -3.61 3.58 -38.71 c

Adsorption on side A -4.84 1.21 -46.74 d

5 Au atoms Adsorption on side B -13.62 7.80 -38.35 e

Cluster Adsorption on side C -8.57 4.05 -34.11 f

Table 4.4: Interaction, activation and reaction energies for cyclohexyl hydroperoxide dis-
sociative adsorption over different Au systems. All energies showed are in Kcal/mol. The
rightmost letters correspond to each process as showed in figure 4.11

2) in the cluster system. The geometry of the systems with adsorbed CHHP
is depicted in figure 4.11.

Once the molecule of cyclohexyl hydroperoxide has approached the surface,
the next is to activate and dissociate the O-O bond. Such activation will go
through a transition state where the O atoms are both interacting with Au
atoms. This is depicted in figure 4.11 for all the systems considered. The
geometry is similar in all of them: the O-O is elongated as these O atoms get
bonded to adjacent Au atoms on the surface. Both the alkoxy fragment and
the OH group being formed stay in a one-fold coordination in the transition
state. The bond length for forming O-Au bond for the cyclohexoxy fragments
ranges from 2.00 to 2.19 Å, whereas the HO-Au one ranges from 2.00 to 2.24
Å. No correlation is found for the activation energy with bond lengths.

Regarding the activation barrier, the values for each model are summarised
in table 4.4. The first thing to note is that they are not excessively high.
Even the highest barrier found, the one for the extended {111} surface, it is
still reasonable (20.23 Kcal/mol). The rest of values range from 9.89 to an
almost negligible barrier of 1.21 Kcal/mol. Recalling what we observed for
activation of cyclohexane, we can see that activation barriers for cyclohexyl
hydroperoxide are lower. In other words, cyclohexyl hydroperoxide will be ac-
tivated more easily than cyclohexane over Au nanoparticles, something within
expectations. Moreover, the same trend that cyclohexane activation followed
with the coordination number of Au holds here. As the coordination number
of involved Au atoms decreases, the activation barrier for breaking the O-O
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Figure 4.11: Optimised geometries of reactants, transition states and products for the
activation of cyclohexyl hydroperoxide by cleavage of its O-O bond on Au nanoparticles.
Activation on a) {111} Au extended surface, b) edge between {100} and {111} facets of a
38-atom Au nanoparticle, c) edge on a 13-atom Au nanoparticle, d) 5-atom cluster through
three-fold coordinated Au atoms, e) 5-atom cluster through a two-fold coordinated Au atom
and f) 5-atom cluster through a four-fold coordinated Au atom.

bond decreases. So again, low-coordinated Au atoms will favor the process of
activating cyclohexyl hydroperoxide.

Once the transition state is surpassed, the products of this step are formed, in
this case an alkoxy fragment and a OH group, both attached to the surface
of Au. Figure 4.11 shows the geometry of the products for each Au system.
Both alkoxy and OH fragments stays either on a one or two-fold coordination,
depending on the system, adjacent to each other. In terms of the reaction
energy the values, which are summarised in table 4.4, are all exothermic. The
reaction will be thermodynamically favorable even in bulky Au surfaces with
high-coordinated atoms. That is opposite to the reaction energy for adsorbing
cyclohexane, which was endothermic and only exothermic when involving O
atoms. Cyclohexyl hydroperoxide is remarkably more favorable to dissociate
than cyclohexane, which was within expectations.
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The least favorable case is the one of the extended {111} surface with Au
atoms nine-fold coordinated. After this, when Au atoms decrease their coordi-
nation number to six and lower values, the reaction energy gets more exother-
mic and stays in the range of -30 to -50 Kcal/mol. Activation of cyclohexyl
hydroperoxide, having a reactive O-O bond, will not be a problem from the
thermodynamic point of view.

Deprotonation of Cyclohexyl Hydroperoxide

Although one would not expect this process to be more favorable than the O-O
bond splitting, we studied it to confirm that the decomposition of cyclohexyl
hydroperoxide by Au nanoparticles will not follow a deprotonation process.
Since this process has the same substrate-catalyst and only differs from the
O-O cleavage in the bond to be broken, we assummed the same interaction
energy, so we discuss directly activation and reaction energies for this process.

Interaction Activation Reaction
Catalyst Model Adsorption site Energy Energy Energy

38 Au atoms
nanoparticle Adsorption on {100} facet -4.05 16.08 6.98 a

13 Au atoms Adsorption on facet 31.45 10.72 b

nanoparticle Adsorption on edge -3.61 18.83 9.53 c

Adsorption on side A -4.84 13.04 -2.50 d

5 Au atoms Adsorption on side B -13.62 24.01 14.19 e

cluster Adsorption on side C -8.57 27.27 1.68 f

Table 4.5: Interaction, activation and reaction energies for cyclohexyl hydroperoxide de-
protonation over different Au systems. All energies showed are in Kcal/mol. The rightmost
letters correspond to each process as showed in figure 4.12.

The deprotonation of cyclohexyl hydroperoxide involves a transition state in
which the O-H bond is alongated as the new O-Au and H-Au bonds are
formed. Its geometry is depicted in figure 4.12. In all cases, the deprotonated
hydroperoxide remains one-fold coordinated while the proton stays either on a
one or two-fold coordination. The dissociating OO-H bond ranges from 1.72
to 1.86 Å in the transition state, and no correlation exists with the activation
energy. The activation barrier values are summarised in table 4.5, and as
expected the process suffers from a higher energetic barrier than the O-O
bond dissociation. The values range from 13.04 to 31.45 Kcal/mol. However,
no clear trend is found for the system size or Au coordination. Note there is no
value in this process for extended Au surfaces, the reason for this being that
the attempts to find a transition state for the process failed for these systems.
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Figure 4.12: Optimised geometries of reactants, transition states and products for the
activation of cyclohexyl hydroperoxide by deprotonation on Au nanoparticles. Deprotonation
on a) Edge between {100} and {111} facets of a 38-atom Au nanoparticle, b) facet of a 13-
atom Au nanoparticle, c) edge of a 13-atom Au nanoparticle, d) 5-atom cluster through
three-fold coordinated Au atoms, e) 5-atom cluster through a two-fold coordinated Au atom
and f) 5-atom cluster through a four-fold coordinated Au atom.

After the transition state, the resulting fragments are the deprotonated hy-
droperoxide and the proton, both attached on the Au surface. This can be
seen in figure 4.12. The former is one-fold coordinated, except in the first case
on the 13-atom nanoparticle which is in a two-fold coordination, while the
latter stay one or two-fold coordinated depending on the system.

In terms of reaction energies, the values summarised in table 4.5 show an
opposite scenario from that of the O-O dissociation. While the activation of
the peroxo bond was always exothermic to a notable extent, the deprotonation
process is always endothermic. Only in one case for the smallest system, the
5-atom cluster, it is slightly exothermic, almost thermoneutral. As observed
for the activation barrier, the reaction energy of this process shows no clear
correlation with neither system size nor coordination number of the involved
Au atoms.
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Comparison of the different ways to activate cyclohexyl hydroperoxide over
Au nanoparticles

Figure 4.13: Comparison of the different activation routes for cyclohexane and cyclohexyl
hydroperoxide as a function of Au coordination number. Plotted in dashed lines: trends
for the activation (EACT ) and reaction (EREACT ) energies of adsorption of cyclohexane by
direct dissociation and involving OH groups (sections 4.3.1 and 4.3.1 respectively). Plotted
in solid lines: values and their trends for activation of cyclohexyl hydroperoxide by O-O
bond cleavage and deprotonation (sections 4.3.2 and 4.3.2 respectively).

Up to this point, we have seen the different ways to activate the reactants
of this reaction, namely cyclohexane and cyclohexyl hydroperoxide, which is
visually summarised in figure 4.3.2. We saw how activating cyclohexane is
an endothermic process with important energy barriers, and how O atoms and
OH groups help to overcome the kinetic and thermodynamic constraints, while
cationic Au turns the process even more difficult. Moreover, a clear effect of
the coordination number of Au atoms was revealed. Low coordinated atoms
will decrease the energy demands and thus make activation of cyclohexane
easier.
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On the other hand, the last section covered the activation of the second reac-
tant, that is cyclohexyl hydroperoxide. We first studied the activation through
its peroxo group, which is the most reactive region of the molecule, and found
that it is kinetically easier to activate than cyclohexane as it faces lower ac-
tivation barriers. On top of that it is a notably exothermic process, opposite
to cyclohexane adsorption, which only gets exothermic in small nanoparticles
involving OH groups and O atoms. In other words, cyclohexyl hydroperoxide
will be easily activated by Au nanoparticles, whereas cyclohexane will not. A
similar trend of favoring the process energetically as Au coordination number
lowers was also found for the O-O activation route, but not for the deprotona-
tion one. In summary, the studies carried out in this sections tell us that small
Au nanoparticles with low coordinated atoms are what we need to activate
both reactants, which may also be favored by OH groups and O atoms.

Once the reactants have been adsorbed and dissociated, the next step is the re-
combination of such fragments to give the products (or further intermediates),
which thereafter will desorb from the surface, thus completing a catalytic cy-
cle. In our case the desired products are cyclohexanol and cyclohexanone, and
the following sections of this chapter deal with the different formation routes
we have considered for these products.

4.3.3 Cyclohexanol Formation

Once cyclohexane and cyclohexyl hydroperoxide, have been adsorbed and the
resulting fragments are anchored to the surface of Au, they will react to form
the products of the reaction, and eventually desorb from the surface to com-
plete a catalytic cycle. The processes considered for the formation of cyclo-
hexanol are depicted in figure 4.14. Each of them will be considered in the
following subsections. Briefly, the first one involves the recombination of cy-
clohexoxy fragments with H atoms. The second one is a H-transfer from a
OH group to a cyclohexoxy fragments, in this case obtaining an O atom in
addition to the alcohol product. The third one is a similar H-transfer, but in
this case coming from a water molecule, which will result in both cyclohexanol
and a OH group. Finally the last option considered is the recombination of a
cyclohexyl fragment with a OH group.

As usual, the same procedure will be taken: starting from the reactants, which
are the fragments in this case, study the transition state and the products
through the activation and reaction energies. Note that in this case there will
be no interaction energy, as we begin the process with adsorbed fragments, but
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Figure 4.14: Schemes for the different processes considered for the formation of cyclohex-
anol from alkyl, alkoxy, H and OH species on the surface of Au nanoparticles.

at the end we will study the desorption of the products away from the surface
of Au nanoparticles.

Alkoxy fragment protonation

One straightforward way to form cyclohexanol from the fragments that cyclo-
hexane and cyclohexyl hydroperoxide left on the surface is the recombination
of cyclohexoxy fragments with H atoms. The process studied in this subsection
is the first in a series of transfers of H atoms to cyclohexoxy fragments. The
simplest route is a transfer of a H atom from the surface of Au to the fragment,
and it is what will be studied first. In this case the only product formed is
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cyclohexanol, and no additional species are produced, so the surface of Au is
ready for further catalytic cycles starting with adsorption of new reactants.

Activation Reaction Desorption
Catalyst Model Adsorption site Energy Energy Energy

Flat extended
surface {111} 14.76 -32.61 2.08 a

38 Au atoms
nanoparticle Adsorption on {100} facet 11.93 -16.77 10.88 b

partially oxidised
nanoparticle 18.92 -3.07 8.05 c

13 Au atoms
nanoparticle 14.22 -14.46 3.49 d

Adsorption on side A 9.88 -10.73 6.33 e

5 Au atoms
cluster Adsorption on side C 20.05 -13.77 15.01 f

Table 4.6: Activation, reaction energies for alkoxy fragment protonation and desorption
energy for cyclohexanol over different Au systems. All energies showed are in Kcal/mol.
The rightmost letters correspond to each process as showed in figure 4.15.

The formation of cyclohexanol via this process goes through a transition state
in which the H atom is transferred from the metal to the cyclohexoxy fragment.
The Au-O and Au-H bonds get elongated as the new O-H bond is formed.
The geometry for the transition state on the different Au systems is depicted
in figure 4.15. The O-H bond ranges from 1.57 to 2.11 Å.

Regarding the activation energy for the process, the values are summarised
in table 4.6. We can see that in this case there is no clear correlation of the
activation barrier with neither system size nor Au coordination number. In all
cases the barrier ranges between 10 and 20 Kcal/mol approximately, which
means that the kinetic barrier of this process is not remarkably high.

Once the transition state is surpassed, the product is formed, in this case the
only one is cyclohexanol, which remains close to the surface of Au, as can be
seen in figure 4.15. The reaction energy for the process is showed in table 4.6.
The first thing to note is that the formation of cyclohexanol by this process is
exothermic in all cases. Even though there is no strong correlation, the most
exothermic case is the one on the extended surface with high-coordinated Au
atoms (-32.61 Kcal/mol), while the lowest one is found on the 5-atom cluster
(-10.73 Kcal/mol, apart from the case on the partially oxidised nanoparticle).
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Figure 4.15: optimised geometries of reactants, transition states and products for the for-
mation of cyclohexanol by H-transfer from the surface to cyclohexoxy fragment. Activation
on: a) {111} Au extended surface. b) {100} facet of a 38-atom Au nanoparticle. c) partially-
oxidzed nanoparticle. d) 13-atom Au nanoparticle. e) Three-fold coordinated Au atoms of
5-atom cluster. f) Four-fold coordinated Au atom of 5-atom cluster.

The last part of the process is desorption of the cyclohexanol molecule just
formed away from the surface of Au. The values, which appear in table 4.6
range from 2.08 Kcal/mol to 15 Kcal/mol. Generally speaking, the highest
desorption energies are found for smaller systems, and the lower the coordina-
tion of closest Au atoms the higher the desorption energy. The highest value
is found when desorption takes place on the most under-coordinated atom of
the 5-atom cluster, while the lowest occurs on the flat extended surface. Thus,
we have in the recombination of cyclohexoxy and H atoms on the surface a
feasible route to form cyclohexanol.
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Alkoxy fragment protonation from hydroxyl groups

Another source of H atoms are the OH groups, which may come either from
O-O bond dissociation of the hydroperoxide or from O-aided activation of
cyclohexane. In this case, the second product of the reaction, the O atom is
not necessarily lost, because as we saw in section 4.3.1, it can further participate
in the activation of cyclohexane.

Activation Reaction Desorption
Catalyst Model Adsorption site Energy Energy Energy

Flat extended
surface {111} 2.84 -1.13 5.26 a

38 Au atoms Adsorption on {111} facet 1.52 1.36 10.62 b

nanoparticle Adsorption on {100} facet 8.91 6.64 4.10 c

Partially oxidised
nanoparticle 5.6 5.22 6.56 d

13 Au atoms Adsorption on {100} facet 8.14 5.36 5.91 e

nanoparticle
Adsorption on side A 2.65 2.34 10.14 f

5 Au atoms Adsorption on side B 27.48 27.04 23.78 g

cluster

Table 4.7: Activation, reaction energies for alkoxy fragment protonation from hydroxyl
groups and desorption energy for cyclohexanol over different Au systems. All energies showed
are in Kcal/mol. The rightmost letters correspond to each process as showed in figure 4.16.

The transfer of a H atom from a OH group to a cyclohexoxy fragment goes
through a transition state (depicted in figure 4.16) in which the O-H bond
from the OH group gets elongated while a new O-H bond is formed in the
cyclohexoxy fragment, that is, the H atom gets transferred from one O atom to
another. The O-H bond being elongated ranges from 1.06 to 1.5 Å depending
on the system, while the forming O-H one goes from 1.1 to 1.52 Å.

The values for the activation energy summarised in table 4.7 indicate that
the kinetic barrier for producing cyclohexanol through this route is lower on
average than that for the direct route showed in the previous section.

The products of this route are cyclohexanol and a O atom attached to the
surface. They are depicted in figure 4.16, and the values for the reaction
energy across different Au systems are given in table 4.7. The first thing one
can note is that contrary to the previous process, this one is endothermic. It
is in all cases thermodynamically not favorable, and only in the case of the
extended surface it is slightly exothermic, almost thermoneutral. Even though
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Figure 4.16: Optimised geometries of reactants, transition states and products for the for-
mation of cyclohexanol by H-transfer from OH groups to cyclohexoxy fragments. Formation
on: a) {111} Au extended surface. b) {111} facet of a 38-atom Au nanoparticle. c) {100}
facet of a 38-atom Au nanoparticle. d) partially-oxidised 38-atom Au nanoparticle. e) 13-
atom Au nanoparticle. f) Three-fold coordinated Au atoms of 5-atom cluster. g) Two-fold
coordinated Au atom of 5-atom cluster.

is endothermic, the values are not prohibitive, and only in the smallest system,
the 5-atom cluster, the energy gets above 15 Kcal/mol.

The desorption of cyclohexanol in this process ranges from 5 to 10 Kcal/mol
as showed in table 4.7, except for the case with the lowest-coordinated Au
atom in the 5-atom cluster, where it goes up to 23.78 Kcal/mol, which is a
fairly high desorption energy. In all systems desorption is feasible, but in the
latter a significant amount of energy will be needed for breaking the H bond
between cyclohexanol and the O atom.
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In summary, cyclohexanol formation by protonation of an adsorbed alkoxy
fragment from a hydroxyl group seems to be energetically feasible both in
terms of kinetic and thermodynamic barriers, but contrary to the trends for
cyclohexane activation, undercoordinated Au atoms will result in worse cat-
alytic centers for this process. The activation and reaction energies are similar,
which points out that the opposite reaction is favorable. In other words, the
equilibrium is shifted towards the adsorbed fragments.

Alkoxy fragment protonation from water molecules

The third process involving a H transfer to a cyclohexoxy fragment involves
a molecule rather than another fragment. In this case the H donor is a wa-
ter molecule, which will produce a OH group as well as cyclohexanol. Water
molecules may be in principle present in the reaction media, coming from sev-
eral sources. Two of them are the possible recombination of H and OH groups
from the surface of Au, and also the decomposition of cyclohexyl hydroper-
oxide that yields cyclohexanone and water. So the transfer of H atoms from
water is feasible from a conceptual point of view.

Activation Reaction Desorption
Catalyst Model Energy Energy Energy

Flat extended
surface {111} 9.34 -5.22 7.62 a

Adsorption on {111} facet 14.46 -6.39 1.81 b

38 Au atoms Adsorption on {111}-{100} edge 7.25 -0.17 13.20 c

nanoparticle Adsorption on {100} facet 4.41 1.72 5.59 d

13 Au atoms Adsorption on {100} facet 1.74 1.64 14.01 e

nanoparticle Adsorption on triangular facet 7.48 -1.35 7.35 f

Adsorption on side A barrierless -14.74 19.15 g

Adsorption on side B barrierless -15.3 9.51 h

5 Au atoms Adsorption on side C
cluster Alkoxy fragment on atom B 0.03 -1.74 12.32 i

Adsorption on side C
Alkoxy fragment on atom C 0.28 0.11 14.47 j

Table 4.8: Activation, reaction energies for alkoxy fragment protonation from water
molecules and desorption energy for cyclohexanol over different Au systems. All energies
showed are in Kcal/mol. The rightmost letters correspond to each process as showed in
figure 4.17.

The process happens through a transition state with a similar structure of the
previous H transfers: an O-H bond is elongated and a new O-H one is formed
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Figure 4.17: Optimised geometries of reactants, transition states and products for the
formation of cyclohexanol by H-transfer from water molecules to cyclohexoxy fragments.
Formation on: a) {111} Au extended surface. b) {111} facet of a 38-atom Au nanoparticle.
c) Edge between {111} and {100} facet of a 38-atom Au nanoparticle. d) {100} facet of
a 38-atom Au nanoparticle. e) Facet of 13-atom Au nanoparticle. f) Edge of 13-atom Au
nanoparticle. g) Edge A of 5-atom cluster. h) Edge B of 5-atom cluster. i) Edge C of 5-atom
cluster. Alkoxy fragment on two-fold coordinated Au atom. j) Edge C of 5-atom cluster.
Alkoxy fragment on four-fold coordinated Au atom.

on the cyclohexoxy fragment. In this case new O-Au bonds are formed that
attach the OH group to the surface. The geometries of these transition states
are depicted in figure 4.17. The breaking O-H bond ranges from 2.03 to 2.33
Å.
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Table 4.8 shows the obtained values for the activation energy of the process.
The barriers are on an approximate range of 0 to 15 Kcal/mol. The values
reveal a slight trend which indicates that on small nanoparticles with low
coordinated atoms the process has virtually no barrier.

The products resulting from this process are cyclohexanol and a OH group,
which are depicted in figure 4.17. A look to the reaction energies in table 4.8
reveals that the process is exothermic or thermoneutral. There seems to be
no clear correlation of the values with neither system size nor Au coordina-
tion number. On the average, the values are close to zero, except the most
exothermic cases, which are given for the 5-atom cluster (-14.74 and -15.30
Kcal/mol).

The desorption energies for this process are showed in table 4.8 and range from
1.81 to 19.15 Kcal/mol. Even though there is not clear correlation with system
size or coordination number, there are some cases will need a fair amount of
energy in order for the cyclohexanol to desorb, like the one on the edge A of
the 5-atom cluster (19.15 Kcal/mol) and that on edge C (14.47 Kcal/mol).

Surface recombination of alkyl fragments and hydroxyl groups

The last process studied for the formation of cyclohexanol involves a cyclohexyl
fragment and a OH group, both of which recombine on the surface of Au
to give a single product, cyclohexanol. This is the only process considered
in this study that forms the product, cyclohexanol, not from a H transfer,
but from a recombination with OH groups. This involves the formation of
a C-O bond rather than an O-H one. In fact, this is the only way that
cyclohexyl fragments, which come from the activation of cyclohexane, end up
as an oxygenated product. Recall that the OH groups may come from O-O
bond dissociation of cyclohexyl hydroperoxide and also from O-aided activation
of cyclohexane. Like the first H-transfer, the one directly from the Au surface,
this process yields only cyclohexanol and leaves the surface of Au ready for
additional catalytic cycles.

The formation of cyclohexanol through this route involves the formation of a
C-O bond while a C-Au and O-Au are broken. This is carried out through a
transition state which is depicted in figure 4.18. The forming C-O bond ranges
from 2.18 to 2.65 Å in the geometry of the transition state.

The values for the activation energy of this process on different systems are
listed in table 4.9. The first thing to note is that the barriers are notably higher
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Activation Reaction Desorption
Catalyst Model Energy Energy Energy

Flat extended
surface {111} 25.49 -29.67 5.20 a

Stepped extended
surface {111} Adsorption on opposed edges 26.16 -20.6 3.85 b

38 Au atoms
nanoparticle 34.09 -11.29 5.08 c

13 Au atoms
nanoparticle 37.45 -14.58 7.46 d

5 Au atoms Adsorption on side A 37.6 -5.08 12.98 e

cluster Adsorption on side C 33.51 -12.74 5.09 f

Table 4.9: Activation, reaction energies for alkyl and hydroxyl fragment recombination
and desorption energy for cyclohexanol over different Au systems. All energies showed are
in Kcal/mol. The rightmost letters correspond to each process as showed in figure 4.18.

than for the other processes which form cyclohexanol. The lowest value is 25.49
Kcal/mol and increases up to 37.6 Kcal/mol. In fact, as the system size gets
smaller and the Au atoms more undercoordinated the barrier gets higher. In
other words, small nanoparticles make the process of cyclohexanol formation
by recombination of alkyl fragments and hydroxyl groups more difficult from
the kinetic point of view. Moreover, the activation barrier to overcome will
not be negligible on systems with high coordinated Au atoms, though. So the
formation of cyclohexanol by this route is not kinetically straightforward.

Once the recombination takes place, the result is a cyclohexanol molecule close
to the surface of Au. The values for the reaction energy of this process are in
table 4.9. The process is exothermic in all cases, ranging from -29.67 to -5.08
Kcal/mol. Following the trend of the activation energy, the process becomes
less thermodynamically favored as nanoparticle size and coordination of Au
atoms decrease. Low coordinated Au atoms make more difficult this process
to happen, even though in all cases it is thermodynamically favorable.

Desorption energies, which are showed in table 4.9, follow the same trend found
for activation and reaction energies. They increase making the product more
difficult to get away from the surface as nanoparticle size and Au coordination
decrease. Compared to the rest of processes for the formation of cyclohexanol
they are slightly lower in this case.

Even in the smallest nanoparticles where the process is most unfavored, it is
still exothermic, although it may be kinetically hindered.
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Figure 4.18: Optimised geometries of reactants, transition states and products for the
formation of cyclohexanol by recombination of cyclohexyl fragments and OH groups. a)

{111} Au extended surface. b) Stepped Au {111} surface. c) {100} facet of a 38-atom Au
nanoparticle. d) 13-atom Au nanoparticle. e) Edge C of 5-atom cluster. Alkyl fragment on
three-fold coordinated Au atom. f) Edge C of 5-atom cluster. Alkyl fragment on four-fold
coordinated Au atom.
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Comparison of the different ways for cyclohexanol formation.

Figure 4.19: Comparison of the different activation routes for the formation of cyclohex-
anol. Up: Activation energies. Middle: Reaction energies. Down: Desorption energies.
Blue: Hydrogen transfer from the surface. Green: Hydrogen transfer from OH group. Ma-
genta: Hydrogen transfer from water. Red: Recombination of cyclohexyl fragments and OH
groups.
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We have studied four different routes for the formation of cyclohexanol from
the fragments that were attached on the surface by adsorption of the reactants,
cyclohexane and cyclohexyl hydroperoxide. The first three ones are a transfer
of a H atom from different sources to a cyclohexoxy fragment, whereas the
fourth is the recombination of a cyclohexyl fragment with OH groups.

The plots in figure 4.19 summarise the results obtained for this section of the
study. First, in terms of activation energies, which are depicted in the upper
plot, we observe that the recombination of cyclohexyl fragments with OH
groups possesses the highest activation energy of all routes, and it’s a severe
barrier. The H-transfer routes have notably lower barriers. The lowest barriers
are generally found for the H-transfer from water molecules, and in fact this
process becomes barrierless on low-coordinated Au atoms.

Regarding trends for the activation energy, it is in these routes that we first
observe an increase of the energies as the coordination of Au atoms decreases.
This is contrary to what we saw for the adsorption of reactants. Both the
recombination of cyclohexyl fragments with OH groups and the H-transfer
from OH show higher activation barriers as the coordination of Au atoms
decreases. H-transfer from Au atoms has no clear correlation, and only the
H-transfer from water molecules decrease its activation energy when lowering
the coordination.

In terms of reaction energies, the processes are exothermic except the H-
transfer from OH groups. H-transfer from water molecules is close to ther-
moneutral in all cases, and the most exothermic processes are H-transfer from
the surface and the recombination of cyclohexyl fragments and OH groups,
which are both similar in reaction energies. However, the latter suffers from
high activation barriers. Apart from the H-transfer from water molecules
which is thermoneutral and there is no correlation with the coordination of Au
atoms, the rest of routes become less exothermic as Au coordination decreases,
the same we observed for activation energy in some cases.

Regarding the desorption of cyclohexanol, it ranges approximately from 5 to
20 Kcal/mol, and although there is not a strong correlation, the lower plot in
figure 4.19 shows that globally desorbing cyclohexanol will cost more on lower
coordinated Au atoms.
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4.3.4 Cyclohexanone Formation

Figure 4.20: Schematic process for the formation of cyclohexanone and water from tranfer
of H from cyclohexoxy fragments to OH groups. The left, middle and right parts correspond
to the reactant, transition state and products respectively. Bonds to be broken are depicted
in red whereas new formed bonds are in blue.

After the activation of the reactants, cyclohexane and cyclohexyl hydroperox-
ide, and the formation of cyclohexanol by four different routes, the last section
is focused on the formation of the other product, cyclohexanone. It is also a H-
transfer between a cyclohexoxy fragment and a OH group (as in section 4.3.3),
but now in the opposite way: it is the alkoxy species the one that transfers the
H atom to the OH group, producing the ketone product and a water molecule,
as shown schematically in figure 4.20. Note that in this case we lose one of
the oxygen atoms, because it is not part of desired products cyclohexanol or
cyclohexanone. However, the water molecule can still take part in the process
by donating one H atom to a cyclohexoxy fragment (section 4.3.3), which will
form a OH group that can be part of a further cyclohexanol molecule.
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Figure 4.21: Optimised geometries of reactants, transition states and products for the
formation of cyclohexanone. Activation on: a) {111} Au extended surface. b) Stepped Au
{111} surface. c) {111} facet of a 38-atom Au nanoparticle. d) {100} facet of a 38-atom
Au nanoparticle. e) 13-atom Au nanoparticle. f) 13-atom Au nanoparticle. g) Three-fold
coordinated Au atoms of 5-atom cluster. h) Two-fold coordinated Au atom of 5-atom cluster.

The geometries of the transition states are in figure 4.21. The C-H bond gets
elongated while a new O-H one is being formed. The C-H bond breaking in
the cyclohexoxy fragments has a length ranging from 1.24 to 1.57 Å depending
on the Au system, while the H-OH bond forming the water molecule ranges
from 1.15 to 1.52 Å.

Table 4.10 shows the results obtained for the activation energies on the differ-
ent Au systems. In all systems the activation barrier is not negligible, rang-
ing from 17.70 (flat extended surface) to 43.97 Kcal/mol (partially-oxidised
nanoparticle). There seems to be no clear correlation with system size or Au
coordination number. The barriers for the stepped extended surface and the
{100} facet of the 38-atom nanoparticle are approximately 30 Kcal/mol, while
for the partially-oxidised nanoparticle it goes up to 43.97 Kcal/mol, but the
rest of values stay at around 20 Kcal/mol. Another aspect to note is that
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again in this case cationic Au will not help, making the activation barrier even
higher.

Activation Reaction Desorption
Catalyst Model Energy Energy Energy

Flat extended
surface {111} 17.70 -41.19 4.57 a

Stepped extended
surface {111} Fragments on opposed edges 31.25 -13.54 7.87 b

38 Au atoms 18.79 -22.62 7.53 c

nanoparticle 32.59 0.81 10.22 d

Partially oxidised
nanoparticle 43.97 -4.13 18.19 e

13 Au atoms Process over face 34.17 -3.03 14.60 f

nanoparticle Process over edge 19.51 -27.95 14.60 g

Adsorption on side A 20.81 -24.41 22.21 h

5 Au atoms Adsorption on side B 19.75 -24.16 22.56 i

cluster

Table 4.10: Activation, reaction and desorption energies for cyclohexanone formation over
different Au systems. All energies showed are in Kcal/mol. The rightmost letters correspond
to each process as showed in figure 4.21.

The values in table 4.10 indicate that formation of cyclohexanone is an exother-
mic process in all Au systems considered for this process. The least favorable
case is given for the 38-atom nanoparticle ({111} facet, 0.81 Kcal/mol), where
it is practically thermoneutral. The most exothermic case is given for the flat
extended surface (-41.19 Kcal/mol), which in fact also shows the lowest ac-
tivation energy. As happened for the activation energy, no clear correlation
exists for the reaction energy with neither the system size nor the coordination
number of Au, although in most of the cases it is notably exothermic.

Table 4.10 also shows the data for the desorption energy of both cyclohex-
anone and water from surface of Au. They range from 4.57 Kcal/mol to 22.66
Kcal/mol, and in fact it is only for this process that a strong correlation exists
between desorption energy and system size. The smaller the Au nanoparticle
the higher the desorption energy will be, and for the smallest systems like the
5-atom cluster the desorption energy gets notably high, roughly 22 Kcal/mol
which is a significant barrier that the product will need to overcome in order
to get away from the surface.

In summary, we see that the formation of cyclohexanone has an activation
barrier to surpass which is not low, but is not as problematic as in other cases
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we have seen. On the other hand, reaction energy will not be a problem because
it is fairly exothermic. This will be the situation regardless the system size and
the coordination of involved Au atoms.
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Figure 4.22: Qualitative correlations between the system size and coordination with the
energy demands of the different elementary steps of the global process. The green boxed
region shows the optimum region of Au nanoparticles, the reasons being explained in the
accompanying text.

In the search for a heterogeneous Au-based catalyst able to decompose cyclo-
hexyl hydroperoxide and at the same time oxidize cyclohexane our first step
has been to study theoretically their elementary steps on Au nanoparticles,
with the aim of understanding them at a mechanistic level and check the effect
of different parameters like nanoparticle size, coordination of Au atoms and
presence of additional species. We have studied the adsorption of reactants,
cyclohexane and cyclohexyl hydroperoxide, and how they can be activated by
Au in the most favorable way. After that we have studied how the resulting
fragments from the adsorption recombine on the surface to finally form the
products, cyclohexanol and cyclohexanone. This completes a catalytic cycle
from reactants to products and allows us to have a figure of how the process
may work at the molecular level.

All the conclusions extracted from this theoretical study are visually sum-
marised in figure 4.22. In terms of activating cyclohexane, it is an endothermic
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process with significant kinetic barriers, but small Au nanoparticles with low-
coordinated atoms help overcome the energy demands and make the process
notably easier.

On the other hand, the adsorption of cyclohexyl hydroperoxide is different
because of the reactivity of its O-O bond, which makes it fairly easy to be
dissociated by Au. The activation barriers are not high, so both thermody-
namically and kinetically the process will not be demanding. Deprotonation
of CHHP is not favorable on Au nanoparticles and will not happen.

Once the reactants have been adsorbed and dissociated, the next step is the
recombination of fragments to form the products. For the case of cyclohexanol,
we have studied two kinds of processes. The first type involves the transfer
of a H atom to a cyclohexoxy fragment (originated in the dissociation of the
hydroperoxide) from different sources: H atoms on the surface of Au, OH
groups and water molecules. Two of them are exothermic and the other one
slightly endothermic, and all three do not exhibit high activation barriers, so
these routes will form cyclohexanol. It is via these processes that cyclohexoxy
fragments, that is, fragments coming from either cyclohexyl hydroperoxide dis-
sociation or cyclohexane dissociation involving O atoms present in the catalyst,
will turn into the final product. The second type of process is the recombi-
nation of cyclohexyl fragments and OH groups, the former coming from the
dissociation of cyclohexane, and it is the only route through which cyclohexyl
fragments will turn into the product. This process is exothermic, however the
activation barriers are fairly high as for the dissociation of cyclohexane, and in
fact the process gets more endothermic for smaller nanoparticles, the contrary
of we saw for the reactants. Threfore a tradeoff must be chosen: nanoparticles
should not be too small so that formation of cyclohexanol is not too difficult
by recombination of cyclohexyl fragments and OH groups.

Regarding the formation of the second product cyclohexanone, we studied the
process involving the transfer of a H atom from a cyclohexoxy fragment to
a OH group, which produces the ketone and a water molecule. The process
is exothermic but the activation barrier is slightly high, but not prohibitive.
There is no clear trend with system size or coordination of Au atoms for this
case, so the process can happen to some extent in all nanoparticles.

Finally, in terms of desorption of the products, it ranges approximately from
5 to 20 Kcal/mol, being higher than 20 Kcal/mol is some specific cases.
Roughly speaking, high desorption values are obtained on the smallest systems
like the 5-atom cluster. The more costly desorptions are in processes where
H bonds between the products are formed, like H-transfer from OH groups
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and water molecules. So in essence, desorption will not be a constraint for
the global process except in some cases in which getting the products away
from the Au nanoparticles will require a similar energy like the corresponding
activation barrier.

In the next chapters we will use this information to develop Au-based catalysts
and test their performance experimentally. We will focus on preparing small
supported Au nanoparticles, and we will also study the effect of the support,
studying the most adequate metal oxide for anchoring the nanoparticles. The
support is also an important factor because it can generate adsorbed O species
that as we saw help with the activation of cyclohexane.
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Chapter 5

CHHP deperoxidation and
oxidation of cyclohexane by Au

catalysts: Experimental and
theoretical insights

In the previous chapter we studied, aided with theoretical mod-
els, the ability of Au nanoparticles to decompose cyclohexyl hy-
droperoxide and oxidise cyclohexane. We have seen how particle
size and coordination of Au atoms influence the thermodynamics
and kinetics of each elementary step: small particles with under-
coordinated atoms are needed to activate the relatively inert C-H
bond of cyclohexane, but too small particles will hinder the process
by a strong adsorption of fragments on the surface, so a tradeoff
must be chosen. Having this information, we now delve into the
laboratory with the aim of designing efficient Au-based catalysts for
our reaction. We will study several parameters like the role of the
support and the particle size in the catalytic activity of Au, which
we will combine with an additional computational study, this time
accounting for the support, to shed light into the experimental find-
ings.
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5.1 Introduction

As we saw in the introductory chapter, Haruta et al. showed that the catalytic
activity of Au appears at the nanometric scale. Since then, research has been
aimed at determining the type of reactions that can be efficiently catalysed by
nanometric Au particles. The importance of Au catalysis is reinforced from
the wealth of information and reliable experimental procedures to synthesize
these nanoparticles in different sizes and shapes [185]. One important issue
relates to stabilizing them against agglomeration, for which the role of the
solid support is key. This phenomenon occurs particularly easily for metal
particles, because metallic bonding is characterised by maximum packing where
atoms tend to be surrounded in its coordination sphere by as many other metal
atoms as possible. Two main approaches are used to deal with this problem,
which depend on whether the Au nanoparticles are going to be dispersed in a
liquid or supported on a solid. The first one consists in surrounding the metal
nanoparticles with ligands, which creates a molecular layer around the particle
protecting the most reactive atoms and minimising their tendency to collapse
[186, 187]. However, while these ligands have a beneficial influence in terms
of stability, they exert a negative influence from the catalytic point of view by
decreasing the number of accesible active sites.

The second alternative is a different strategy and stabilizes Au nanoparticles by
anchoring them in a high-surface-area solid, which is the approach taken in this
dissertation. The interaction of nanoparticles with solid supports by chemical
bonding makes them more difficult to sinter. In fact it has been amply used
in the development of classical supported-noble metal catalysts, which is why
it has been expanded to Au nanoparticles [187, 188]. In addition the catalyst
being heterogeneous brings the advantages of an easier recovery from the reac-
tion mixture for subsequent catalytic cycles. However disadvantages exist as
well, the most important being the difficulty to avoid the leaching of the metal
particles from the solid to the reaction solution during the reaction. Leaching
causes depletion of Au content on the solid catalyst limiting the reusability
and thus lifetime of the catalyst. The extent of the leaching phenomenon is a
function of the solvent, the interaction of Au with the support, reactants and
products and the reaction conditions.

One important aspect of solid-supported Au is that the interaction between
particles and the support strongly influences their activity, as explained in the
first chapter. Activated carbon and metal oxides are among the most common
supports, but also carbon nanotubes and mesoporous materials have been used.
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In this chapter we will study Au nanoparticles on different supports to check
its influence.

First, an experimental study of the catalytic activtity of Au nanoparticles
anchored on C and metal oxides will be presented, followed by a theoretical
study taking into account the support with the aim of understanding better
how it affects the activity of Au. Two different hydroperoxides will be used for
oxidising cyclohexane: tert-butyl hydroperoxide and cyclohexyl hydroperoxide.
The reason for this is related to analytical issues and was already explained in
the methodology chapter.

5.2 Methodology

5.2.1 Experimental Methodology

The catalysts studied in this chapter were tested for deperoxidation and oxi-
dation of cyclohexane according to the procedure described in section 3.2.3 of
chapter 3.

Synthesis procedures of supported Au catalysts

The synthesis procedures of supported Au catalysts employed in this chap-
ter are explained here. They are based in the peposition-precipitation method
described in section 3.2.4 of chapter 3. After being synthesised, they were char-
acterised according to the techniques described in section 3.2.1 of the afore-
mentioned chapter. Note that for the studies regarding different Au loadings,
the procedure is kept and the amount of Au precursor is varied accordingly.
The definition of the experimental parameters conversion, efficiency and K/A
Ratio can be recalled in section 3.2.3 from chapter 3.

• The catalysts comprising Au atoms anchored on carbon nanotubes were
provided by researchers at ITQ UPV-CSIC (Valencia, Spain). They were
synthesised according to a procedure described in the literature [189].

• Commercial catalysts comprising Au/T iO2, Au/Al2O3 and Au/ZnO were
purchased from Strem Chemicals (product references: 79-0165, 79-0160
and 79-0170 respectively).

• Synthesis of Au/T iO2
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The reactants used were HAuCl4 (Sigma-Aldrich, product reference:
254169) and T iO2 (Euro Support, product reference: Mirkat-411).

Procedure: 30mL of an aqueous solution of HAuCl4 is prepared and kept
to pH=9, adjusted with NaOH 0.2M . Then 1 g of T iO2 is added and the
solution is stirred during 1 hour at 70�C while keeping pH constant. Then
the solid is filtered and washed thoroughly with deionised water. After
this it is dried at 80�C overnight and reduced. Two different reduction
methods were tested:

– Reduction with phenyl-ethanol at 160�C for 2 hours. (10 mL of
phenyl-ethanol per gram of solid). After reduction filter and washed
with water, then dry at 80�C.

– Reduction with hydrogen: Nitrogen flow for 3 hours at 450�C (tem-
perature gradient of 5�C/min), followed by hydrogen flow for 3 hours
at 250�C.

• Synthesis of Au/CeO2

The reactants used were HAuCl4 (Sigma-Aldrich, product reference:
254169) and CeO2. The latter was supplied by Solvay S.A. and in the case
of nanostructured forms it was synthesised via a hydrothermal method
described in section 3.2.4 of chapter 4.

Procedure: The oxide (1 g) is added to 35 mL of ultrapure water and
kept stirred. A second solution containing the Au precursor is prepared.
For that, 20 mg of HAuCl4 are added to 2.43 mL of ultrapure water.
Once the mixture is prepared, the pH is measured, and small amounts
of NaOH 0.2 M are added until pH reaches 10. The basic solution of
NaOH is added until the pH is kept constant at 10, and stops decreasing.
Then the solution containing the Au precursor at pH=10 is added to the
CeO2 aqueous solution. The resulting solution is kept stirred and pH is
measured. Small amounts of NaOH 0.2 M are again added until pH
is kept constant at 10. Once pH is constant the solution is kept stirred
overnight. Then the solution is vacuum filtrated with a nylon membrane
and 2 L of distilled water. A test with AgNO3 is made at the end to
ensure there is no Cl� in the filtrate, and the solid is finally washed with
acetone. After filtration, it is dried in air at 100�C overnight. Then, the
solid is reduced with phenyl-ethanol at 160�C for 2 hours. (10 mL of
phenyl-ethanol per gram of solid). After reduction, the solid is washed
with 1 L of distilled water, 100 mL of acetone and finally 100 mL of
diethyl ether. Finally it is dried again at 100�C in air overnight.
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• Synthesis of Au/MgO

Au/MgO catalysts were synthesised using two different Au precursors,
namely Au (III) acetate (Au(O2CCH3)3) and Au (III) dimethyl acety-
lacetonate (Au(CH3)2(C5H7O2)). Reactants: Au (III) acetate (Alfa-
Aesar, product reference: 39742) and Au (III) dimethyl acetylacetonate
(Strem Chemicals, product reference: 79-1500). MgO (Nanoactive Inc.);
Toluene (Sigma-Aldrich, product reference: 244511)

Procedure: The Au salt is dissolved in toluene, and then MgO is added
to the solution. It is kept in stirring overnight at ambient temperature.
After stirring the solvent is evaporated in a rotary evaporator. Finally it
is calcined and reduced with the following temperature program: Calci-
nation with nitrogen flow for 3 hours at 450�C (temperature gradient of
5�C/min). Reduction with hydrogen flow for 3 hours at 250�C.

• Synthesis of Au/ZrO2

Reactants: Urea (Sigma-Aldrich, product reference: U5378), HAuCl4
(Sigma-Aldrich, product reference: 254169); ZrO2 (Sigma-Aldrich, prod-
uct reference: 544760).

Procedure: 300 mL of a solution of HAuCl4 and Urea 0.5 M is prepared
in ionised water, and heated up to 80�C. 3 g of ZrO2 are then dispersed
in the solution and the pH is adjusted to 8 with NaOH 0.2 M . The
solution is stirred for 4 hours keeping pH constant. Then, the solid is
filtered with hot deionised water and dried at room temperature for 24
hours. Finally, it is calcined at 250�C for 2 hours in air flow (Temperature
gradient of 5�C/min).

5.2.2 Computational Methodology

The theoretical studies carried out in this chapter follow an analogous method-
ology to that explained in section 4.2 of chapter 4 for the isolated Au systems.
In this case a model system of Au nanoparticles supported on T iO2 was used.
A Au nanoparticles made up of 9 Au atoms was supported on a T iO2 (4x4)
supercell exhibiting the 100 facet. The model comprised 128 O atoms, 64
T i atoms and 9 Au of the nanoparticle. Again, the generalised gradient ap-
proximation was used with the PW91 exchange-correlation functional. The
planewave basis set was expanded up to an energy cutoff of 450 eV , and the
core electrons were taken into account with project augmented pseudopoten-
tials. Sampling of the reciprocal space was made with Monkhorst-Pack mesh
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centered at the � point. The Au atoms and the two uppermost layers of T iO2

were allowed to relax during the optimisation.

5.3 Results and Discussion

The results for this chapter are structured as follows: first the experimental
results are shown and discussed. They are splitted into two parts depending
which hydroperoxide is used as oxidant, either TBHP or CHHP. After the
experimental findings we carry out a theoretical study of Au nanoparticles
supported on T iO2, with the aim of understanding to a deeper extent the
activity of Au particles found in the experimental work.

5.3.1 Activity of Au catalysts for TBHP deperoxidation

The first hydroperoxide to be experimentally tested is TBHP. We first study the
activity of very small Au clusters supported on C nanotubes. After that we test
different supports, specifically metal oxides to check how the support influences
the properties of Au nanoparticles and their catalytic activity. Finally, several
parameters like the morphology of the support and the amount of Au are
studied.

Activity of Au nanoparticles on carbon nanotubes

The theoretical study suggested that smaller clusters should activate cyclo-
hexane more efficiently than larger nanoparticles, and therefore attempts were
done to prepare small Au clusters and nanoparticles supported on carbon-
based materials. The results are summarised in table 5.1. The catalysts con-
sists of isolated Au atoms and small clusters containing from 2 to 5 atoms
supported on functionalised multiwalled carbon nanotubes. The Au content
is only 0.015% weight, but all Au atoms are low-coordinated and accessible to
reactant molecules, so in principle their reactivity should be high.

The predominant Au species in entry 1 is isolated Au atoms directly coordi-
nated to citrate ligands and hydroxyl groups. As the results show these atoms
decompose TBHP, but are not able to activate cyclohexane, and therefore effi-
ciency is close to null. Entries 2 and 3 comprises Au2-Au5 clusters synthesised
electrochemically and then supported on functionalised CNT. According to
study performed in chapter 4 these clusters should efficiently activate the C-H
bond in cyclohexane. However, the results obtained with Aun/CNT catalysts
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Entry Catalyst Conversion (%) Efficiency K/A Ratio
1 Au/CNT 68.4 0.03 0.89

2 Aun/CNT
(n=2-3) 18.0 0.12 0.95

3 Aun/CNT
(n=3-5) 27.7 0.10 0.78

Table 5.1: Activity of Au nanoparticles supported on carbon nanotubes for deperoxidation
of TBHP and oxidation of cyclohexane. Entry 1 corresponds to Au atoms while entries 2
and 3 to clusters of 2-3 and 3-5 Au atoms respectively. Reaction conditions: 20 mL reaction
feed per 160 mg of catalyst powder (1% wt Catalyst), 80�C, N2 atmosphere of 3 bar within
the reactor, 7% wt of TBHP in cyclohexane, 9 hours of reaction time.

are not good, and efficiencies of just 0.1 are obtained. It seems then that Au2-
Au5 clusters are too small to catalyse this reaction. They might efficiently
catalyse cyclohexane dissociation and hydroperoxide dissociation, but each of
this steps would happen on a different cluster, and therefore recombination of
fragments would be difficult, leading to final blocking of the active sites. In
essence, efficient catalysts for this reaction should aim for Au nanoparticles of
bigger size. For that we will test Au nanoparticles anchored on metal oxides
where they present sizes in the nanometer region and which are known to ef-
ficiently catalyst a wealth of reactions. This is what the following sections are
about.

Activity of Au nanoparticles on T iO2.

As a starting point for Au supported on oxides, we tested the performance of
a commercial Au/T iO2 catalyst. This catalysts contains Au particles with a
size ranging between 2 and 3 nm. The first test was done at 80�C, which is a
temperature close to the boiling point of cyclohexane. The reason is that even
though the tests from this work are performed in a N2 atmosphere with 3 bar
of N2, previous experiments at Solvay research centres have been performed
at atmospheric pressure at that temperature. In order to remove possible
impurities from the catalyst surface catalysts undergo a treatment prior to
the reaction. A mild treatment was performed to the catalysts consisting of
passing through a gas flow of N2 at a temperature of 135�C in order to remove
possible impurities and water that could be adsorbed on the oxide surface.
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Entry Catalyst Catalyst
pretreatment gas Conversion (%) Efficiency K/A Ratio

1 T iO2 N2 17.94 0.24 0.78
2 Au/T iO2 N2 70.12 0.30 1.04
3 Au/T iO2 O2 67.12 0.33 0.97
4 Au/T iO2 H2 65.42 0.34 0.91
5a Au/T iO2 N2 98.7 0.39 0.91

Table 5.2: Experimental tests of TBHP deperoxidation and cyclohexane oxidation by Au
nanoparticles on T iO2. Reaction conditions: 20 mL reaction feed per 160 mg of catalyst
powder (1% wt Catalyst), 80�C, N2 atmosphere of 3 bar within the reactor, 7% wt of TBHP
in cyclohexane, 9 hours of reaction time. Pretreatment of the catalyst was carried out by
heating the catalyst at 135�C while the corresponding gas was passed through with a flow
of 15 mL/min during 45 minutes. [a]: Reaction temperature of 100�C.

Figure 5.1: Conversion as a function of reaction time by Au nanoparticles on T iO2. Re-
action conditions: 20 mL reaction feed per 160 mg of catalyst powder (1% wt Catalyst),
100�C, N2 atmosphere of 3 bar within the reactor, 7% wt of TBHP in cyclohexane.

The results of the study are summarised in table 5.2 and the conversion of
these catalysts is plotted in figure 5.1. A control test of T iO2 without Au
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nanoparticles was performed to check whether the support itself has the abil-
ity to deperoxidise and oxidise cyclohexane (entry 1). This test indicates that
T iO2 is not totally inert at both deperoxidation of TBHP and oxidising cy-
clohexane. After 8 hours of reaction time, the support was able to convert
about 18% of TBHP, and oxidize 0.24 moles of cyclohexane to cyclohexanol
and cyclohexanone per mole of converted TBHP. In terms of the selectivity to
products, more cyclohexanol than cyclohexanone was formed, being 0.78 moles
of cyclohexanone per mol of cyclohexanol.

Once the activity of the support was taken into account, the next tests were
perfomed with the Au/T iO2 catalyst. After the same reaction time, a much
higher TBHP conversion was found (TBHP conversion of 70.12%) and also
a higher ability to oxidize cyclohexane (efficiency of 0.32 versus 0.24). This
indicates that Au nanoparticles are able to both decompose TBHP and oxidise
cyclohexane. The molar product ratio obtained indicates that equimolecular
amounts of the oxidated products are obtained.

We also tested different catalyst pretreatments, which are those showed in
entries 3 and 4. The former was an oxidative treatment with a gas flow of O2

while the latter was a reductive one with H2 (entries 3 and 4 respectively).
In both cases deperoxidation decreases but the oxidation efficiency increases
while the product ratio remains constant.

A last test was performed using the same Au/T iO2 catalyst increasing the
reaction temperature from 80�C to 100�C (entry 5), to check if it was possible
to enhance the deperoxidation rate and the oxidation of cyclohexane. The
temperature increase resulted in almost full conversion of TBHP at 8 hours of
reaction, and in fact the results showed the catalyst gets better at oxidising
cyclohexane, with efficiency increasing from 0.30 to 0.39. Also the ratio of
ketone to alcohol decreases to 0.91 formed moles of cyclohexanol per mole of
cyclohexanone versus 1.04 for reaction at 80�C.

Recalling from chapter 4 that cyclohexane faced an important barrier for its
activation by Au nanoparticles (section 4.3.1) and that also an equally high
barrier for cyclohexanol formation from alkyl fragments and OH existed (sec-
tion 4.3.3), this enhanced activity for oxidisng cyclohexane can be related to
the increased thermal energy of the system helping to overcome such barriers.

In conclusion, tests performed on a commercial Au/T iO2 catalyst showed how
Au nanoparticles are able to decompose TBHP while coupling this with cy-
clohexane oxidation to cyclohexanol and cyclohexanone. This deperoxidation
is slowered down when oxidative and reductive treatments are carried out,
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although the oxidation efficiency increases. On the other hand, tests were per-
formed at a reaction temperature of 80�C, but the process being done at 100�C
is faster as well as more selective for this catalyst, which is why subsequent
parts of the study will be performed at 100�C.

The support effect

The last section showed that Au nanoparticles anchored on T iO2 was active for
decomposing TBHP and oxidising cyclohexane. The results also indicated that
the support is not particularly active. In chapter one we already outlined the
importance of the support and how it can affect notably the catalytic activity
of Au. It is due to this influence that the next experiments were devoted to
test Au nanoparticles on different supports. Metal oxides like Al2O3, ZnO,
CeO2, MgO and ZrO2 are usually employed for supporting nanoparticles of
noble metals like Ag, Pd and Pt, so we tested Au nanoparticles supported on
these oxides to check which supports enhance the most their activity for the
reaction of interest.

The same experimental procedure was followed as in previous sections, and
results are summarised in table 5.3 and plotted in figure 5.2. The catalysts with
T iO2, Al2O3 and ZnO were supplied by a commercial manufacturer whereas
the ones with CeO2, MgO and ZrO2 were synthesised following procedures
described in the methodology section of this chapter. All of them possess a
similar amount of Au, which falls in the range of 1 to 2% wt. Their particle
size distributions are shown in figure 5.4. In terms of Au particle size they are
similar (2-3 nm on average) with the exception of Au/MgO (entry 5) for which
particles were much bigger (14.3 nm on average). For the case of Au particles
on CeO2 we could not establish a mean particle size from TEM measurements
due to the poor contrast between the Au and the support, as showed in figure
5.3.

In terms of TBHP deperoxidation all of them are active and reach practically
full conversion at 9 hours of reaction, as shown in table 5.3. Specially, Au/CeO2

and Au/ZrO2 decompose all TBHP (entries 4 and 6). The only exception to
this is Au/ZnO (entry 3) which is slower than the rest. The mean particle
size is similar for them and thus the decrease in activity is related to the
support itself. Regarding the efficiency of cyclohexane oxidation almost all
catalysts perform similar and values between 0.30 and 0.39 are obtained, the
best one being Au/T iO2. Again, an exception for Au/MgO was found which
exhibits a lower efficiency (0.22). It is reasonable to point out that a relation
between this lower oxidation ability and the greater Au particle size compared
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Entry Catalyst % Au
Au mean
particle

size (nm)

Conversion
(%) Efficiency K/A

ratio

1 Au/T iO2 1 2.5±0.3 98.7 0.39 0.91
2 Au/Al2O3 1 2.5±0.4 98.5 0.35 0.91
3 Au/ZnO 1 2.5±0.3 60.9 0.31 0.69
4 Au/CeO2 1.15 - 100.0 0.35 0.93
5 Au/MgO 1.31 14.3±7.2 98.7 0.22 0.82
6 Au/ZrO2 1.02 2.2±0.8 100 0.35 0.84

BET surface
area (m2/g)

7 T iO2 262 17.94 0.24 0.58
8 Al2O3 550 36.9 0.23 0.70
9 ZnO 40 9.4 0.25 0.60
10 MgO 600 10.8 0.28 0.59
11 ZrO2 240 12.0 0.03 0.53
12 CeO2 220 85.48 0.34 1.18

Table 5.3: Experimental tests of TBHP deperoxidation and cyclohexane oxidation by Au
nanoparticles on different supports. Reaction conditions: 20 mL reaction feed per 160 mg
of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 7%
wt of TBHP in cyclohexane, 9 hours of reaction time. The corresponding oxide supports
were calcined in air at 400�C for 4 hours prior to being tested. Note that entries 1 and 6
were already presented in table 5.2 and are shown here for the sake of comparison.

to the rest of catalysts, since the theoretical study of chapter three showed
how bigger particles were less efficient at activating cyclohexane. Finally in
terms of product distribution, all of them produce more cyclohexanol than
cyclohexanone with a ratio of 0.8-0.9 except Au/ZnO for which the ratio lowers
down to 0.69.
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Figure 5.2: Conversion as a function of reaction time by Au nanoparticles on different
supports. Reaction conditions: 20 mL reaction feed per 160 mg of catalyst powder (1% wt
Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 7% wt of TBHP in cyclohexane.
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Figure 5.3: Dark-field STEM pictures of Au catalysts showed in table 5.3. a) Au/T iO2 b)
Au/Al2O3 c) Au/ZnO d) Au/CeO2 e) Au/MgO f ) Au/ZrO2
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Figure 5.4: Particle size histograms of the Au catalysts shown in figure 5.3. a) Au/T iO2

b) Au/Al2O3 c) Au/ZnO d) Au/MgO e) Au/ZrO2.

As it was done for Au/T iO2 in the previous section, the intrinsic activity
of the metal oxide support was tested and one unexpected result was found.
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One of the metal oxides used as support, CeO2 (entry 12), is both active for
deperoxidation of TBHP and oxidation of cyclohexane. CeO2 alone gets close
to the Au catalysts with a conversion of 85.48% at 9 hours. Moreover, CeO2 is
also active for oxidising cyclohexane into cyclohexanol and cyclohexanone, with
an efficiency value of 0.34 moles of formed cyclohexanol and cyclohexanone
per mole of decomposed TBHP, performing at the level of Au. There is a
difference in terms of the products distribution, though: CeO2 produces more
cyclohexanone than cyclohexanol (K/A ratio: 1.18) opposite to Au catalysts
which form more alcohol than ketone. As for the rest of supports, alumina was
found to be the second most active support for TBHP deperoxidation (36.9%,
entry 8). There is no significative differences for the oxidation efficiency, MgO
showing the highest value (0.28, entry 9) and lower values for T iO2, Al2O3

and ZnO (entries 7, 8 and 9), all of them performing much worse than the
corresponding Au-based catalysts. Note that we did not find any correlation
between the oxide surface area and neither the deperoxidation activity nor the
oxidation efficiency.

In summary, the experiments performed using Au nanoparticles show that
they are active regardless the support they are anchored on, although their
activity is clearly influenced by it. This was observed for the case of Au/ZnO,
exhibiting the same particle size but lower activity. In terms of oxidising
cyclohexane they also perform similarly with the exception of Au/MgO most
probably due to its larger Au particle size. Also an important result was
found, CeO2 is active for this reaction, which justifies the next chapters of this
dissertation that will focus on studying its catalytic activity.

Influence of the morphology of CeO2 as support for Au nanoparticles

We just observed in the previous section how the support can tweak the cat-
alytic activity of Au nanoparticles. In this line we next decided to try whether
the morphology of a given material affects or not its performance. Au/CeO2

was among the most active catalysts, possibly due to the combination of Au
activity with an already-active support. In this section we focus on this cat-
alyst, studying the activity of Au particles on CeO2 differing in morphol-
ogy. Three well-defined structure-directed CeO2 nanocrystals preferentially
exposing {111}, {110} and {100} facets respectively were synthesised and Au
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nanoparticles were deposited onto them. The corresponding procedures are
reported in the methodology section of this chapter.

Figure 5.5: Up) TEM pictures of nanocrystalline CeO2 used as support. From left to
right: nanocubes, nanooctahedra and nanorods. Down) Dark-field STEM pictures of the
corresponding Au/CeO2 catalysts, showed in table 5.4.
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Figure 5.6: Particle size histograms of the Au/CeO2 catalysts shown in figure 5.5.a)
Au/CeO2 Nanocubes, b) Au/CeO2 Nanooctahedras, c) Au/CeO2 Nanorods.

Each CeO2 nanocrystal exhibits a different nanostructure as can be seen in
figure 5.5. The one exposing preferentially {111} facets is octahedral-shaped,
whereas those with mainly {110} and {100} facets consist of rod-like structures
and cubes respectively. The Au/CeO2 already studied in previous section
consisted in amorphous CeO2 nanoparticles of roughly 5 nm diameter that
showed no preferential surface facet. The results for these tests appear on
table 5.4 and figure 5.7. Each nanocrystal possess different structure and thus
a different surface area ranging from 31 m2/g for the cubed-shaped one to 222
m2/g for the amorphous CeO2 particles. Note that in the case of the ordered
nanostructures it was possible to compute Au mean particle sizes opposite to
the amorphous case, as seen in figure 5.6. These Au particles are in the same
range as the previous Au catalysts. In terms of Au loading, they are close
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Entry Support
morphology

BET surface
area (m2/g)

Au loading
(%)

Au particle
size (nm)

Conversion
(%) Efficiency K/A

Ratio
1 Cubes 31 0.44 2.9±0.5 90.3 0.39 0.71
2 Octahedra 65 0.81 3.1±0.4 94.6 0.35 0.76
3 Rods 111 0.98 2.3±0.6 98.3 0.32 0.84
4 Amorphous 222 1.15 - 97.30 0.32 0.85

Table 5.4: Experimental tests of TBHP deperoxidation and cyclohexane oxidation by Au
nanoparticles on CeO2 with different surface morphology. Reaction conditions: 20 mL
reaction feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3
bar within the reactor, 7% wt of TBHP in cyclohexane, 1.5 hours of reaction time. Values
depicted in green are for reaction time of 9 hours. Entry 4 is the same as entry 4 in table
5.3, and it is shown here for comparison purposes.

to 1% wt except for the cube-shaped case for which the synthesis procedure
resulted in a lower amount of Au (0.44% wt).

Figure 5.7: Conversion as a function of reaction time for Au nanoparticles on CeO2 with
different surface morphology. Reaction conditions: 20 mL reaction feed per 160 mg of
catalyst powder, 100�C, N2 atmosphere of 3 bar within the reactor, 7% wt of TBHP in
cyclohexane.
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All catalysts are highly active and in fact conversions up to 90% are already
reached after 1.5 h of reaction. Data show that the most efficient catalyst per
Au amount is the cube-shaped one (entry 1), which presents approximately
half amount of Au than the rest and yet its activity at TBHP deperoxidation
and cyclohexane oxidation is similar to the rest. All catalysts perform similarly
in terms of deperoxidation rate. Regarding the oxidation efficiency they fall
in the same range of 0.3 to 0.4 as the rest of Au catalysts tested so far. The
same holds for the product ratio, being close to 0.8 in all cases.

In essence, the results show that similar performance is achieved, which to-
gether with a similar Au particle size for all of them indicates that the mor-
phology of the support and more specifically the preferential surface facets
does not influence the catalytic activity of Au. As a final word we mention
that as CeO2 was indeed active, further studies on these nanostructures will
be presented in the chapter dealing specifically with CeO2.

Influence of Au loading.

Now that several materials have been tested for supporting Au nanoparticles
and we have seen how differences in catalytic activity emerge depending on the
support, the next variable we studied was the amount of Au in the catalyst.
The catalysts tested in previous sections possess 1% wt Au which is a standard
amount usually seen in this kind of catalysts. However it is not necessarily
the optimum amount for all cases. Depending on the support and synthesis
procedure used, different Au loading may enhance the activity, because the
amount of Au is usually related to the particle size: the higher the amount of
Au the higher particle size on average. Additional amounts of the metal will
prefer to be incorporated on already existing nanoparticles rather than as new
particles, since this will decrease the surface energy of Au particles anchored
on the support.

Effect of Au loading on Au/T iO2 catalysts.

Several Au/T iO2 catalysts were synthesised using the same synthesis procedure
while varying the amount of Au precursor used in each case. A total of four
catalysts with Au% content of 0.06, 0.32, 2.6 and 6.8 % respectively were
tested in the same reaction conditions. The charaterization data and results
are summarised in table 5.5 and figure 5.8. The first thing to note is that there
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Entry Au loading
(% wt)

Au particle
size (nm) Conversion (%) Efficiency K/A Ratio

1 0.06 6.9±2.8 57.3 0.15 0.90
2 0.32 7.9±3.0 77.0 0.25 1.02
3 2.60 8.4±2.8 93.2 0.31 1.04
4 6.80 5.5±1.9 100 0.32 0.82
5a 1 2.5±0.5 98.4 0.39 0.91
6b 1.28 3.9±1.4 100 0.31 0.68

Table 5.5: Activity of Au/T iO2 catalysts of different Au loadings for deperoxidation of
TBHP and oxidation of cyclohexane. Reaction conditions: 20 mL reaction feed per 160 mg
of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 7%
wt of TBHP in cyclohexane, 9 hours of reaction time. [a] Commercial catalyst. [b] Catalyst
reduced with H2 during synthesis. The rest of catalysts (1 to 4) were reduced with 1-phenyl
ethanol.

is not correlation between Au loading and the mean particle size, showing all
of them similar particles close to 6-7 nm. Figure 5.9 shows TEM pictures of
them. In terms of activity it is seen that the higher the amount of Au the
higher the deperoxidation rate is. Moreover, the catalysts with low amount of
Au (entries 1 and 2) exhibit a lower ability to oxidise cyclohexane compared to
the catalysts with more Au, the latter having an oxidation efficiency of 0.32.

150



5.3 Results and Discussion

Figure 5.8: Conversion as a function of reaction time for Au/T iO2 catalysts of different Au
loadings. Reaction conditions: 20 mL reaction feed per 160 mg of catalyst powder, 100�C,
N2 atmosphere of 3 bar within the reactor, 7% wt of TBHP in cyclohexane.

With the aim of making smaller Au nanoparticles a different reduction treat-
ment during synthesis was employed. Instead of using 1-phenyl ethanol for
reducing the metal particles of the catalyst, H2 was used. The specifics of the
procedures are reported in the methodology section. This reduction treatment
yielded a catalyst with a smaller mean particle size, namely 3.9 nm (table 5.5.
Such catalyst, albeit containing less Au than the 6.8% wt one performs at the
same rate for TBHP deperoxidation and it also possess the same oxidation
efficiency of cyclohexane. However, it produces more cyclohexanol relative to
cyclohexanone, and in fact it is the catalyst showing the lowest ketone to al-
cohol ratio. Finally, if we compare it with the commerical catalyst (entry 6) it
is seen than the latter performs slightly slower but the oxidation efficiency is
higher.
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Figure 5.9: Dark-field STEM pictures of Au/T iO2 catalysts showed in table 5.5 Catalyst
of entry 1 is not showed due to very low Au content. Catalyst of entry 6 is the same as that
of figure 5.3. a) 0.32% wt Au, entry 2 b) 2.60% wt Au, entry 3 c) 6.80% wt Au, entry 4 d)
1.28% wt Au, entry 6.
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Figure 5.10: Particle size histograms of the Au/T iO2 catalysts shown in figure 5.9.a) 0.32
% wt Au, b) 2.60 % wt Au, a) 6.80 % wt Au.

In essence, we have seen that increasing the content of Au increases both the
deperoxidation rate and the oxidation efficiency, but for the latter no improve-
ment is found above 1% wt. A variation of the synthesis procedure resulted in
smaller Au nanoparticles which performed at the same level of catalysts con-
taining a higher amount of Au. It seems then that 1% wt Au for Au/T iO2 is a
reasonable choice: lower amounts results in a worse performance and increasing
Au content does not lead to any improvement either.
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Entry Au loading
(% wt)

Conversion
(%) Efficiency K/A Ratio

1 0.22 85.52 0.32 1.14
2 0.52 94.36 0.32 1.01
3 1.13 94.96 0.35 0.87
4 2.13 98.79 0.34 0.83
5 5.80 100 0.29 1.17
6 7.82 100 0.26 1.25

Table 5.6: Activity of Au/CeO2 catalysts of different Au loadings for deperoxidation of
TBHP and oxidation of cyclohexane. Reaction conditions: 20 mL reaction feed per 160 mg
of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 7%
wt of TBHP in cyclohexane, 9 hours of reaction time.

Effect of Au loading on Au/CeO2 catalysts.

As we did for Au/T iO2 catalysts, the effect of Au loading was also tested
for Au/CeO2, one of the most active catalysts for this reaction. Again, the
method used was basically adding an increasing amount of Au precursor on
each one. The CeO2 support chosen was amorphous CeO2 since it is the one
that best performed. Note however that in this support it is not possible to
get a particle size measurements from TEM, as already pointed out.

The results, which are summarised in table 5.6 and figure 5.11, show that
for Au particles supported on CeO2 a greater amount of Au again translates
into a greater TBHP deperoxidation rate. However, the oxidation efficiency
increases until Au loading is between 1 and 2 % wt (entries 3 and 4) but higher
amounts lead to lower efficiencies, so the optimum Au loading is between this
range for reaching the best oxidation efficiency. In fact, in this range the ratio
of products indicate a greater formation of cyclohexanol than cyclohexanone
whereas outside this range more cyclohexanone is produced.
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Figure 5.11: Activity of Au/CeO2 catalysts (amorphous CeO2) of different Au loadings
for deperoxidation of TBHP and oxidation of cyclohexane. Reaction conditions: 20 mL
reaction feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3
bar within the reactor, 7% wt of TBHP in cyclohexane, 9 hours of reaction time.
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Entry Au loading
(%)

Au particle
size (nm)

Conversion
(%) Efficiency K/A Ratio

1 0.11 2.9±2.0 97.2 0.35 1.12
2 1.31 14.3±7.2 98.7 0.22 0.82

Table 5.7: Activity of Au/MgO catalysts of different Au loadings for deperoxidation of
TBHP and oxidation of cyclohexane. Reaction conditions: 20 mL reaction feed per 160 mg
of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 7%
wt of TBHP in cyclohexane, 9 hours of reaction time.

Effect of Au loading on Au/MgO catalysts.

Recalling section 5.3.1 in which we saw that Au/MgO was the worst catalyst
in terms of oxidation efficiency (0.22 versus 0.35 on average for the rest), we
related this to the larger Au particle size. Thus, we decided to synthesize a
Au/MgO catalyst with lower amount of Au to see if this resulted in smaller
particle size and a better oxidation efficiency of cyclohexane.
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Figure 5.12: Conversion as a function of reaction time for Au/MgO catalysts of different
Au loadings. Reaction conditions: 20 mL reaction feed per 160 mg of catalyst powder
(1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 7% wt of TBHP in
cyclohexane.

A Au/MgO with a 0.1 % Au content was synthesised. The results and charac-
terization data are summarised in table 5.7 and figure 5.12. The same synthesis
procedure was used, and the resulting catalyst had a smaller particle size and
in the range of the rest of tested Au catalysts (roughly 3 nm, figures 6.1 and
5.4). In fact in this case the catalyst performs as well as the rest both in terms
of TBHP deperoxidation and cyclohexane oxidation, indicating how decreasing
particle size turned into an enhanced ability to activate cyclohexane and thus
a higher value for the efficiency.
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Figure 5.13: Dark-field STEM pictures of Au/MgO catalysts showed in table 5.7 Left:
0.11% wt Au, entry 1. Right: 1.31% wt Au, entry 2

Figure 5.14: Particle size histograms of the Au/MgO catalysts shown in figure 6.1.a) 0.1%
wt Au, b) 1% wt Au.

5.3.2 Activity of Au catalysts for CHHP deperoxidation.

As it was already explained in the methodology section, the first experimental
tests of Au catalysts were performed with TBHP rather than CHHP due to
accuracy concerns. Nevertheless, if our objective is to design a catalyst for
decomposition of CHHP and oxidation of cyclohexane we ultimately should
test it using CHHP. Once we determined that Au catalysts are suitable for
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TBHP deperoxidation, we tested them for CHHP deperoxidation to confirm
their activity. The experimental procedures are the same, but this time with a
mixture of cyclohexane and CHHP. The first tests were performed with the so-
called purified CHHP solution containing CHHP and cyclohexane exclusively,
and then some tests were made with the technical CHHP solution which ad-
ditionally contains small amounts of cyclohexanol, cyclohexanone, carboxylic
acids and traces of other oxygenated products.

Au nanoparticles on different supports.

Similarly to the study made in previous sections with different Au catalysts,
several catalysts differing in the support used have now been tested for de-
peroxidation of CHHP and oxidation of cyclohexane. The results of this ex-
periments are summarised in table 5.8, and there are two aspects that can be
quickly observed when compared to TBHP decomposition: First, the catalysts
are faster for deperoxidation of CHHP, they all reach almost if not full con-
version at 3 hours. Second the ketone to alcohol ratio is lower, meaning that
more cyclohexanol is formed from CHHP than from TBHP.

Regarding the Au/T iO2 catalyst (entry 1) it is as active for CHHP deper-
oxidation as it was for TBHP, and it is also able to oxidize cyclohexane to
some extent. However the product ratio for CHHP is lower, namely 0.60 ver-
sus 0.90 approximetaly for TBHP, so even more cyclohexanol is being formed
compared to cyclohexanone. The commercial Au/Al2O3 catalyst (entry 2) is
faster reaching full conversion before 3 hours. Besides it is also more efficient
for cyclohexane oxidation, and the product ratio shifts even more to cyclohex-
anol. When the support used is CeO2 (entries 3 and 4) the catalyst is very
active and also reaches full conversion, although the oxidation efficiency is lower
compared to Au/Al2O3. The product ratios are similar to the rest of catalysts
and close to 0.50. As a particular case, Au/MgO (entry 5) albeit performing
well in terms of TBHP deperoxidation, it is opposite the case for CHHP, for
which conversion is 15.62% when the rest of catalysts are close to 100%. The
oxidation efficiency is the highest one found for this part of the study, but
with such a low deperoxidation rate it is not a suitable candidate. The next
catalyst is Au/ZrO2 which performs well and at the same range of values as
Au/T iO2. Finally the last catalyst, namely Au/ZnO (entry 7), presents quite
the opposite situation of Au/MgO, that is, it performs reasonably well with
CHHP but not for TBHP, for which we observed 60% TBHP conversion when
the rest exhibited almost 100%. In this case the catalyst reaches full conversion
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Entry Catalyst
Support

BET area
(m2/g)

Au loading
(%)

Au particle
size (nm)

Conversion
(%) Efficiency K/A

Ratio

1 Au/T iO2 262 1.27 3.9±1.4 93.34 1.15 0.60
2 Au/Al2O3 230 1 2.5±0.5 100 1.28 0.51

3 Au/CeO2

amorphous 221 1.15 - 100 1.16 0.59

4 Au/CeO2

rods 111 0.97 2.3±0.6 100 1.11 0.53

5 Au/MgO 600 1.31 14.3±7.2 15.62 1.33 0.66
6 Au/ZrO2 240 1.02 2.2±0.8 90.12 1.13 0.48
7 Au/ZnO 40 1 2.5±0.5 100 1.28 0.48

Table 5.8: Activity of Au nanoparticles on different supports for deperoxidation of CHHP
and oxidation of cyclohexane. Reaction conditions: 20 mL reaction feed per 160 mg of
catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 6%
wt of CHHP in cyclohexane, 3 hours of reaction time.

and the efficiency of cyclohexane oxidation is one the highest for this section.
The product ratio is in fact the lowest one of the study (0.48).

In summary we can confirm that Au catalysts are also active for CHHP de-
peroxidation while maintaining the capability for cyclohexane oxidation. Al-
though the results confirm that catalysts active with TBHP will be so with
CHHP, there are two exceptions, Au/MgO which is fairly inactive with CHHP
and Au/ZnO which is very active for CHHP but underperformed with TBHP
compared to the rest.

Recyclability of Au catalysts.

After confirming that Au catalysts were active for CHHP deperoxidation, we
decided to check how the catalysts would behave after several reaction cycles.
A good activity in a single reaction cycle is not enough if the aim is to find a
suitable heterogeneous catalyst for industrial applications. The catalyst should
possess a sufficiently long lifetime to be considered useful at the scale of in-
dustrial production of K/A Oil. It is known that Au catalysts can suffer from
a phenomenom called leaching, which makes that Au nanoparticles to leach
out from the support and enter the gas/liquid reaction media. The decreasing
Au content of the catalyst lowers its activity, and if this leaching effect is very
pronounced the catalyst may end up inactive.
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Three different catalysts that we found to be active in the previous section
were tested, namely Au supported on CeO2 (amorphous and rod-shaped) and
T iO2. Before reaching full conversion, the reaction was stopped, and the liquid
media was extracted, followed by addition of fresh CHHP solution for starting
a new reaction cycle. No catalyst treatment was performed between succes-
sive reaction cycles to check if the catalyst was active for continuous cycles
or needed additional treatment steps for becoming active again. In order to
account for the possible Au leaching, ICP measurements of the Au content of
the catalyst was performed before the first cycle and after ten reaction cycles.

The results are summarised in figure 5.15. For the case of Au/CeO2 amor-
phous, the first cycle was stopped at 40 minutes of reaction time, when CHHP
conversion was 85.85%. Succesive cycles resulted in a slight drop of conversion
until the tenth cycle for which the conversion at the same reaction time had
decreaded down to 61%. As for the Au/CeO2 nanorods catalyst, the behaviour
is similar. In this case the first reaction cycle ends with 80.29% of CHHP con-
verted, after which the deperoxidation rate drops slightly until the tenth cycle
in which the conversion is 70.12% at 40 minutes of reaction, 10 points higher
than Au/CeO2 amorphous. Finally, the last catalyst tested was Au/T iO2.
Again, conversion at a given reaction time (180 minutes for this case) began at
96.02% and decreased throughout the ten reaction cycles until a final CHHP
deperoxidation rate of 79.51%. ICP analysis of the Au content of catalysts be-
fore and after ten reaction cycles showed that all catalysts lost approximately
0.15% of Au. So in essence we observe that all three catalysts tested showed
the same behavior: The biggest change in conversion between cycles occurred
from the first to the second cycle, after which it decreases very smoothly and
remains essentially constant in further cycles, losing approximately 0.15% of
the initial Au content.

5.3.3 Theoretical insight into the activity of Au nanoparticles on
T iO2.

So far we have modeled the process of deperoxidation and oxidation of cyclo-
hexane catalysed by Au nanoparticles and we have confirmed experimentally
their activity. We saw in the theoretical study how particle size and atom
coordination influence the kinetics and thermodynamics of the process, which
was experimentally observed afterwards: Au atoms on C nanotubes dissociate
the reactants too strong and thus fragments recombination is difficult, whereas
too big Au particles are less efficient for activating the C-H bond of cyclohex-
ane as we saw for Au/MgO. We also saw that the only step leading to O
transfer from CHHP is the recombination of alkyl fragments with OH groups,
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Figure 5.15: Activity of Au catalysts in succesive reaction cycles after a given reaction
time. For each catalyst the time of a given reaction cycle is chosen in order to reach almost
full conversion: 45 minutes for Au/CeO2 amorphous and Au/CeO2 rods, and 180 minutes
for Au/T iO2. After each reaction cycle the catalyst was allowed to deposit on the bottom of
the reactor, the supernatant was removed and fresh reaction mixture containing cyclohexane
and CHHP was added. Reaction conditions for each cycle: 20 mL reaction feed per 160 mg
of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 6%
wt of CHHP in cyclohexane.

which presents an important kinetic barrier. Therefore, the role of the support
may be key on such step. We found that oxidised Au nanoparticles were able
to activate cyclohexane forming alkoxy fragments and OH groups in a more
favorable way compared to bare Au atoms. These O atoms on the nanoparti-
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cles are a good model of the metal-support interface. After the experimental
findings we wanted to understand the influence of the support on Au particles.
We took the support into account, studying the process on a model containing
Au nanoparticles supported on T iO2, specifically on a {001} facet of anatase.
Besides, we also studied the process on the surface of T iO2 itself trying to
understand how the reactants and products interact with the support. Be-
fore delving into the results, a note about this study should be made: due
to the complexity and the number of atoms involved in this Au/T iO2 model
we considered only the minima stationary points of the reaction, without the
transition states. Although this way nothing can be said about kinetics, we
can study the stability of intermediate species when the support is taken into
account.

CHHP decomposition and cyclohexane oxidation on T iO2

As a starting point the oxidation of cyclohexane and the decomposition of cy-
clohexyl hydroperoxide were studied on the support without Au nanoparticles.
The first step considered was the activation of cyclohexane using the O atoms
of the surface, forming cyclohexoxy fragments and OH groups.

The whole process is shown schematically in figure 5.16, and the optimised
geometries of the minima are depicted in figure 5.17. In step 1 a molecule of
cyclohexane approaches the surface. The interaction energy is strong (-18.76
Kcal/mol) even though the molecule is at 5 Å from the surface. Once close to
the surface, its C-H bond is activated by O atoms which result in the formation
of two adsorbed fragments, a cyclohexoxy one and a OH group (step 2, -14.71
Kcal/mol). Note the similarity of the process with the one involving O atoms
on Au nanoparticles from chapter 3: when O atoms are involved the process is
exothermic whereas it was endothermic when only Au acted. This step results
in breaking of T i-O bonds and displacement of the surface O atoms, as can
be seen in figure 5.18. Although slightly skewed both fragments are one-fold
coordinated to T i atoms.

In a similar fashion to the process on Au nanoparticles, transfer of H atoms
from one fragment to the other produces the corresponding product. Step 3
shows the formation of cyclohexanone and water resulting from the H-transfer
from the cyclohexoxy fragment to the OH group, while step 4 is the inverse
transfer and results into a cyclohexanol molecule. The energetic profile indi-
cates that the latter is more favorable than formation of the ketone, although
both are fairly endothermic (40.49 versus 20.06 Kcal/mol).
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Figure 5.16: Schematic process for the oxidation of cyclohexane and the decomposition of
CHHP coupled in a Mars-van-Krevelen mechanism on {001} anatase T iO2. Each numbered
step corresponds to a minimum on the potential energy surface of the system. Also the
reaction energy in Kcal/mol for each elementary step is shown.

From the less exothermic case of cyclohexanol formation the process leaves
an oxygen vacancy that can be healed by a molecule of CHHP. First this
molecule approaches the surface and quickly gets deprotonated as seen in step
5 which proceeds with high exothermicity (-49.55 Kcal/mol). But even more
exothermic is the next step in which the deprotonated CHHP gets decomposed
into a cyclohexoxy fragment and the oxygen vacancy is healed (step 5, -73.40
Kcal/mol). Finally, this alkoxy fragment can go through a further H-transfer
from the OH group and form another cyclohexanol molecule in what is a
slightly endothermic process (step 6, 13.79 Kcal/mol), while healing an oxygen
vacancy.

However the desorption of this molecule is severely hindered as it needs 41.43
Kcal/mol, which indicates that cyclohexanol molecules may adsorb srongly
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Figure 5.17: Optimised geometries of the minima stationary points for the oxidation of
cyclohexane and the decomposition of CHHP coupled in a Mars-van-Krevelen mechanism
on {001} anatase T iO2. Atoms in red, grey, black and dark grey correspond to O, T i, C
and H respectively.
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Figure 5.18: a) Cleavage of O-T i bonds as surface fragments are formed. Comparison be-
tween a clean and fragment-populated surface. Only the revelant atoms are displayed at full
opacity. b) Interaction of CHHP with T iO2: 1 O-O bond dissociation and 2 deprotonation.
Values in Kcal/mol. c) Optimised structure for interaction of cyclohexanol with a surface
of {001} anatase T iO2 as it occurs in step 7 of figure 5.16. Atoms in red, grey, black and
dark grey correspond to O, T i, C and H respectively.

on active T iO2 sites and thus block the catalytic process. Figure 5.18 shows
the structure of the T iO2 surface with cyclohexanol, where it can be seen how
two O atoms of the surface are shifted from their normal positions. Also the
alcohol molecule is shown to form a H bond with one of these atoms together
with a close interaction between the O atom of the molecule and a T i center.

As a side note, we also studied the interaction of CHHP with the surface
of T iO2 without cyclohexane reducing the surface. This can be seen in figure
5.18b, for which we considered dissociation by cleavage of the O-O bond (option
1, -41.34 Kcal/mol) and deprotonation (option 2, -46.37 Kcal/mol). Both
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options are highly exothermic meaning that CHHP will interact strongly with
the surface of T iO2.

In essence, the processes of cyclohexane oxidation and CHHP decomposition
on T iO2 via a Mars-von-Krevelen mechanism exhibits fairly endothermic steps
and in fact the desorption of the alcohol product suffers from a prohibitively
high desorption barrier. These results are in accordance with the experimental
findinds that showed how T iO2 is not particularly active for CHHP/TBHP
deperoxidation.
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CHHP decomposition by O-O bond cleavage on Au/T iO2

Once the support alone was studied, Au nanoparticles on T iO2 were consid-
ered. For this task, we first studied the deperoxidation of CHHP and oxidation
of cyclohexane over a Au particle anchored on {001} anatase T iO2. The pro-
cess is shown schematically in figure 5.19 and the optimised geometries are
depicted in figure 5.20. Firstly, a molecule of CHHP approaches the anchored
Au nanoparticle with a low interaction energy (step 1, -2.58 Kcal/mol), and
as happened with the study on isolated Au nanoparticles, the CHHP molecule
preferabily dissociates via its O-O bond forming a cyclohexoxy fragment and
a OH group on the surface, the process being very exothermic (step 2, -42.13
Kcal/mol).

Figure 5.19: Schematic process for the oxidation of cyclohexane and the decomposition
of CHHP over Au nanoparticles supported on {001} anatase T iO2. Each numbered step
corresponds to a minimum on the potential energy surface of the system. Also the reaction
energy in Kcal/mol for each elementary step is shown.
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Similarly to the other reactant, cyclohexane adsorbs on the Au surface via
activation of its C-H bond producing a cyclohexyl fragment and a H atom
as seen in step 3, which on the contrary is an endothermic process (19.89
Kcal/mol). We can compare it with the value obtained for the 13-atom iso-
lated Au nanoparticle from chapter 2, for which activation of cyclohexane faced
a kinetic barrier of 27.33 Kcal/mol and a reaction energy of 9.8 Kcal/mol.

All these fragments can interact and recombine to produce different molecules.
In step 4 we can see how the H and OH species form a water molecule (-
20.66 Kcal/mol), whereas in step 5 the OH reacts instead with the cyclohexyl
fragment producing the desired product. They are both thermodynamically
favorable processes with similar reaction energies, being -20.66 Kcal/mol for
water formation and -18.69 Kcal/mol for cyclohexanol formation. The same
process happpening on the 13-atom isolated Au nanoparticle from chapter 2
presents an activation barrier of 37.45 Kcal/mol and a similar reaction energy
of -14.58 Kcal/mol. In this case the support may not have a strong effect.
Finally in step 6 the remaining H and cyclohexoxy species can recombine into
an additional cyclohexanol molecule closing the catalytic cycle. This step has a
reaction energy of -20.28 Kcal/mol, similar to the case in the isolated 13-atom
Au nanoparticle (activation energy: 14.22, reaction energy: -14.46 Kcal/mol).
The desorption of the two formed cyclohexanol molecules faces a barrier of
13.62 Kcal/mol.
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Figure 5.20: Optimised geometries of the minima stationary points for the oxidation of
cyclohexane and the decomposition of CHHP over Au nanoparticles supported on {001}
anatase T iO2. Atoms in red, grey, black and dark grey correspond to O, T i, C and H
respectively.
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CHHP decomposition by deprotonation on Au/T iO2

We consider again the deprotonation of CHHP, but in this case close to the
interface of a Au nanoparticle and the support. The schematic process is
depicted in figure 5.21, and the optimised geometries are shown in figure 5.22.
Note how in this case we have not considered the oxidation of cyclohexane, as
this will be explored in the next section of this study, and we want to know
first how decomposition of CHHP can occur on our catalyst.

Figure 5.21: Schematic process for the decomposition of CHHP by deprotonation close
to Au nanoparticles supported on {001} anatase T iO2. Each numbered step corresponds
to a minimum on the potential energy surface of the system. Also the reaction energy in
Kcal/mol for each elementary step is shown.

We can see in step 1 that deprotonation over T iO2 close to the Au nanoparticle
is exothermic (-25.60 Kcal/mol). Recall from the study on T iO2 alone in
section 5.3.3 that decomposition of the CyOO fragment into CyO and O was
very exothermic (-73.40 Kcal/mol), similar to the steps 2 and 3 of figure 5.21
for which the cyclohexoxy fragment gets attached to Au and to a T i center
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Figure 5.22: Optimised geometries of the minima stationary points for the decomposition
of CHHP by deprotonation close to Au nanoparticles supported on {001} anatase T iO2.
Atoms in red, grey, black and dark grey correspond to O, T i, C and H respectively.

respectively. Interestingly, the adsorption of the cyclohexoxy fragment is twice
as favorable on Au than on T i (-41.31 versus -17.62 Kcal/mol) which indicates
the positive effect of Au for the reaction.

The cyclohexoxy fragment attached to Au can undergo recombination with
additional fragments to form a cyclohexanol molecule as seen in the previ-
ous section. As for the case of adsorption on T i there can be two options
for transferring a H atom on the surface fragments. The first one involves
transfer from OH to cyclohexoxy producing cyclohexanol in an essentially
thermoneutral process (step 4, 1.34 Kcal/mol). Additionally, the opposite
transfer yields cyclohexanone and water in a notably exothermic process (step
5, -47.4 Kcal/mol). The important aspect of the process shown in figure 5.21
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is how Au has a positive effect on CHHP deperoxidation by making more fa-
vorable the decomposition on Au from which it is energetically feasible to form
the desired products.

Oxidation of cyclohexane on Au/T iO2

We just considered the deprotonation and further decomposition of CHHP to
the products without involving cyclohexane oxidation. Now we include it in
the system, and the resulting process is depicted in figure 5.23. The optimised
geometries are shown in figure 5.24.

Figure 5.23: Schematic process for the decomposition of CHHP by deprotonation and
activation of cyclohexane close to Au nanoparticles supported on {001} anatase T iO2. Each
numbered step corresponds to a minimum on the potential energy surface of the system.
Also the reaction energy in Kcal/mol for each elementary step is shown.

The CHHP molecule approaches the surface and gets deprotonated exothermi-
cally (steps 1 and 2, -14.65 and -25.60 Kcal/mol respectively) in the vicinity
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Figure 5.24: Optimised geometries of the minima stationary points for the decomposition of
CHHP by deprotonation and activation of cyclohexane close to Au nanoparticles supported
on {001} anatase T iO2. Atoms in red, grey, black and dark grey correspond to O, T i, C
and H respectively.

of the anchored Au nanoparticle, forming a OH group and a CyOO frag-
ment. Now a cyclohexane molecule approaches the interface region with an
interaction energy of -7.15 Kcal/mol (step 3 ). This molecule has now two
main alternatives in terms of chemisorption: either getting adsorbed on T iO2

both fragments producing a cyclohexoxy fragment and a OH group (step 4,
36.15 Kcal/mol) or involving Au and getting the cyclohexyl fragment ad-
sorbed in the nanoparticle and the H atom to form a OH group (step 5, 22.71
Kcal/mol). We can see the positive effect of Au if we compare both reaction
energies: the case involving Au is less endothermic than when cyclohexane gets
dissociated exclusively on T iO2. It is worth mentioning that step 4 is a similar
process as the cyclohexane activation by O atoms in the oxidised nanoparti-
cle studied in chapter 2. However, in this case the process is endothermic,
whereas for the oxidised nanoparticle the process was highly exothermic (-
44.73 Kcal/mol). The difference may arise from the fact that in this case an
oxygen vacancy is being formed. Similarly, we can compare step 5 with the
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analogous process in the 13-atom Au nanoparticle (-10.52 Kcal/mol). We can
see that again the process endothermic here but was exothermic in the isolated
case, the reason being the formation of an oxygen vacancy in this case.

5.4 Conclusions

On the experimental side, we found that Au particles supported on metal
oxides are particularly active for coupling CHHP/TBHP deperoxidation and
oxidation of cyclohexane. Suitable supports for nanoparticles are oxides like
Al2O3, T iO2 and specially CeO2, being already active by itself. This justifies
further studies showed in the next chapters of this dissertation. Following
what was found in the theoretical study on isolated Au nanoparticles, we have
observed that neither too small particles nor too big ones are efficient for
activating and oxidising cyclohexane so a middle value should be used. Such
value falls in the range of 2 to 5 nm of particle diameter. We optimised the
amount of Au for the catalyst and found a sensible value of 1% wt for the most
active ones. Finally we confirmed the activity of these catalysts with CHHP
and studied their recyclability, which after 10 cycles lost little activity due to
a light degree of metal leaching.

The experimental work was followed by a theoretical study of a model Au/T iO2

system. We observed that for the case of T iO2 alone the activation of the C-H
bond is exothermic, contrary to what we saw for isolated Au nanoparticles
in chapter 3. However, the formation of cyclohexanol and cyclohexanone are
fairly endothermic, and in fact the desorption of these products face a severe
desorption energy, which could explain in part the poor intrinsic activity of
this oxide.

Regarding the case of Au particles supported on this oxide, the theoretical
study revealed that decomposition of the deprotonated CHHP into a cyclohex-
oxy fragment is preferred over Au than on the support and the activation of
cyclohexane on the Au atoms of the metal-support interface than directly on
surface.

We have found then that Au/oxide catalysts are suitable candidates for replac-
ing the current homogeneous species used for this process, with high activity
and reasonable selectivity. The next chapters will deal with the observation of
CeO2 being active. Following the same approach, experimental studies will be
performed in line with theoretical models aiming to understand the process at
the atomic level.
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Chapter 6

CHHP deperoxidation and
oxidation of cyclohexane by

CeO2

Up to this point we have investigated the activity of Au
nanoparticles by means of a theoretical study, and subsequently con-
firmed such activity experimentally. In addition we have found that
CeO2, which in principle was supposed to act just as support for
Au nanoparticles, is already active by itself. It is then a possible
candidate as a heterogeneous catalyst for industrial use, and for
this reason we will focus now on studying this oxide experimen-
tally, accounting for different variables that may affect its activity.
Similarly to the combined theoretical-experimental approach for Au,
the experimental results of this chapter will be followed by theoret-
ical and spectroscopic studies, this time over CeO2 surfaces and
nanoparticles, in order to understand why and how it works.

177



Chapter 6. CHHP deperoxidation and oxidation of cyclohexane by CeO2

6.1 Introduction

CeO2 is a key component of a broad variety of materials for applications rang-
ing from permeation membranes and oxygen sensors to biomedicine [190]. In
catalysis CeO2 has been normally used as support material, but recently CeO2

itself was also demonstrated to be catalytically active for some reactions. CeO2

and related mixed-oxide formulations are important as supports of transition-
metal catalysts for an ever growing number of industrial processes, like three-
way conversion of auto-motive exhaust gases [191], preferential CO oxidation
[192] and water-gas shift reaction [193].

The effect of size on catalytically relevant materials has already been discussed
in chapter 1. For CeO2, and in general for metal oxides, particles are commonly
found below the micrometer scale. In micrometric particles, the number of
atoms in the external surface of the particle is negligible compared to the
number of internal atoms. Thus, the properties of micrometer-sised particles
and those of the bulk material may not be reflected in measurable changes.
However, when nanoscale is achieved the situation differs. The stoichiometry
of the bulk material is CeO2, but as soon as particle size decreases down to
a few nanometers, the particles begin to show a significant amount of surface
defects mainly in the form oxygen vacancies, followed by presence of reduced
Ce (III) atoms in order to compensate this vacancies and maintain electrical
neutrality. This indicates that at nanometric scale, CeO2 becomes CeO2�x,
the extent of which depends on the particle size. Besides, redox properties
are shifted from a typical insulator oxide to a semiconductor, which opens the
possibility for charge transfer processes and additional applications for this
material.
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Figure 6.1: Fluorite structure of CeO2, its most stable phase.

Defects in CeO2 can be intrinsic or extrinsic. Intrinsic defects may be present
because of thermal disorder or can be created by reaction between the solid
and the surrounding atmosphere whereas extrinsic defects are formed by impu-
rities or by the introduction of aliovalent dopants. Doping CeO2 with cations
is known to be an efficient and versatile way of modulating the textural, struc-
tural and chemical properties of the pure oxide [194]. Also CeO2 mixed oxides
have received special attention to improve properties like thermal stability
against sintering [195].

Major catalytic functions of CeO2 are generally related to the high mobility
of its lattice oxygen and the corresponding oxygen storage capacity, occurring
via reversible creation and healing of oxygen vacancies, accompanied by an
easy switch between the Ce (III) and Ce (IV) oxidation states [196]. The OSC
mechanisms depend on the arrangement of oxygen atoms on the surface and are
governed by the morphology of employed CeO2 materials. These properties
make it an interesting catalyst for oxidation reactions. On the one hand,
nanoparticulated CeO2 can use oxygen atoms to oxidize substrates, forming
vacancies which can be subsequently healed by oxidant species. On the other
hand, non-fully saturated Ce centres present in small nanoparticles can act as
Lewis acids.

We already observed the catalytic activity of CeO2 for TBHP deperoxidation
and cyclohexane oxidation in the previous chapter. Now we delve deeper into
this finding studying variables that may affect its activity, in order to check
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whether CeO2 can be a suitable heterogeneous catalyst for industrial applica-
tion in our target reaction.

6.2 Methodology

The catalysts studied in this chapter were tested for deperoxidation and oxi-
dation of cyclohexane according to the procedure described in section 3.2.3 of
chapter 3.

6.2.1 Synthesis of CeO2 materials

• Nanocrystalline CeO2, as well as mixed CeO2 containing additional cations
such as La, Zr, Pr, Si and T i were provided by Solvay S.A.

• Synthesis of nanostructured CeO2

CeO2 exhibiting specific morphologies was synthesised using a hydrother-
mal method described in the literature [177].

The reactants used were Ce(NO3)3 · 6H2O (Sigma-Aldrich, product ref-
erence: 202991) and NaOH (Sigma-Aldrich, product reference: S8045).

Procedure: A solution of NaOH was added under vigorous stirring to a
solution of Ce(NO3)3 ·6H2O. The formed suspension was kept stirring for
30 minutes. This step produces seeds for the hydrothermal growth. This
milky slurry was transferred to a Teflon liner autoclave and sealed tightly.
The autoclave was transferred to an oven for the hydrothermal treatment
during 24 hours. Table 6.1 shows the conditions for each type of CeO2

nanostructure. After cooling down at room temperature, the precipitated
yellow-white solids were filtrated and washed thoroughly with distillated
water, controlling the pH of the filtrates. After that, the samples were
dried at 120�C, under flowing air for 12 hours.

Morphology VNaOH/VCe3+ [NaOH] (M) [Ce3+] (M) T (�C)
Cubes 7 9 5 200

Octahedra 7 1 5 175
Rods 7 9 5 100

Table 6.1: Conditions for the hydrothermal synthesis of nanostructures CeO2.
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• The nanostructured CeO2 materials doped with Au, La, Pr and Y were
synthesised using the hydrothermal treatment just mentioned, with the
addition of the dopant precursor in the proper amount to the Ce3+ so-
lution. The precursors are HAuCl4 (Sigma-Aldrich, product reference:
254169) and the corresponding nitrate salts M(NO3)3 · 6H2O (M =
La, Pr, Y , Sigma-Aldrich, product references: 203548, 205133, 237957
respectively).

6.3 Results and discussion

The first results involve TBHP deperoxidation by nanocrystalline CeO2, after
which similar tests are carried out for CHHP deperoxidation. Further variables
that can affect CeO2’s catalytic activity like morphology, surface area and
the effect of doping are accounted for. Finally its recyclability is studied to
check the viability as an industrial catalyst. But before we start discussing
the results, a word about notation: From this point forwards, nanocrystalline
CeO2 will be addressed to as high-surface-area (HSA) CeO2 when necessary,
in order to avoid confussion with other nanocrystalline samples of CeO2 used
throughout this chapter.

6.3.1 Activity of nanocrystalline CeO2 for TBHP deperoxidation.

Following the same approach we did for Au-based catalysts in chapter 4, we
start studying some basic variables that may affect catalytic activity of CeO2.
These are the reaction temperature, the catalyst-feed ratio and treatments of
the catalyst prior to the reaction. The results of these tests are summarised in
table 6.2. Regarding the effect of the temperature, we started at 80�C as with
Au-based catalysts and also tested 100�C. This is shown in the plots of figure
6.2. As expected for catalyzed reactions temperature has a strong effect on the
activity: at 100�C CeO2 achieves almost full conversion (90.94%) at 9 hours of
reaction whereas at 80�C its only halfway (56.45%). In terms of the oxidation
efficiency of cyclohexane, there is essentially no difference between these two
temperatures, being in both cases approximately 0.30. The same is found for
the product ratio, which does not seem to be influenced by the temperature,
and seems to be driven by the reaction progress.
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Temperature Conversion (%) Efficiency K/A Ratio
80�C 56.45 0.31 1.03
100�C 90.94 0.33 1.18
Treatment
Static Air 90.94 0.33 1.18
N2 flow 100 0.28 1.02
H2 flow 97.97 0.27 1.07
O2 flow 96.94 0.28 1.11
Catalyst loading
0.25 % wt 69.48 0.29 1.01
0.5 % wt 71.67 0.30 1.13
1 % wt 90.94 0.33 1.18

Table 6.2: Activity of nanocrystalline HSA CeO2 for deperoxidation of TBHP and oxidation
of cyclohexane. Reaction conditions: 20 mL reaction feed per 160 mg of catalyst powder
(1% wt Catalyst), 100�C, nanocrystalline HSA CeO2, N2 atmosphere of 3 bar within the
reactor. 7% TBHP solution, 9 hours of reaction time. Static-air calcination carried out
at 400�C for 4 hours. Gas flow treatments carried out at 120�C for 12 hours. ⇤ Reaction
temperature: 80�C.
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Figure 6.2: Effect of the reaction temperature on the TBHP conversion (top), cyclohexane
oxidation efficiency and product ratio (bottom). Reaction conditions: 100�C, 1% wt catalyst,
nanocrystalline HSA CeO2, N2 atmosphere of 3 bar within the reactor. 7% TBHP solution,
9 hours of reaction time. Static-air calcination carried out at 400�C for 4 hours.
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The next variable that we studied was the catalyst-feed ratio. The reaction
was carried out by default with 1% wt catalyst, but we decided to test lower
amounts, namely 0.5 and 0.25% wt. This is shown in figure 6.3. There is an
expected decrease in the deperoxidation rate when going from 1 to 0.5% wt
catalyst (90.94% conversion at 9 hours versus 71.67% respectively). The de-
crease is less pronounced comparing the 0.5 and 0.25% wt cases, which perform
similarly. Regarding the oxidation efficiency in this case there seems to be an
influence with catalyst loading, albeit small. The tests with lower amounts
present a lower efficiency with respect to the case with 1% wt catalyst (0.29
and 0.30 versus 0.33). In terms of product ratio there is no clear effect and all
cases follow the same trend as reaction progresses, forming more cyclohexanone
than cyclohexanol at late reaction times.
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Figure 6.3: Effect of the catalyst loading on the TBHP conversion, cyclohexane oxidation
efficiency and product ratio (K/A Ratio). Reaction conditions: 100�C, N2 atmosphere of 3
bar within the reactor, nanocrystalline HSA CeO2, 7% TBHP solution, 9 hours of reaction
time. Static-air calcination carried out at 400�C for 4 hours.
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Finally different catalyst pretreatments were tested to check if the activity
was improved. Up to now the tests have been carried out after CeO2 being
calcined in static air at 400�C for 4 hours, in order to remove possible impu-
rities the catalyst may have. In addition we have tested treatments using a
gas flow. The first gas used was N2, passing it through CeO2 for 12 hours
at 120�C. Also oxidative and reductive treatments were studied by using O2

and H2 respectively. The results are shown in figure 6.4, and from them it
seems that catalyst treatments does not have a notable effect in the deperoxi-
dation rate. When the static-air calcination is changed for a N2 flow the rate
increases (100% conversion versus 90.94% at 9 hours). For the oxidative and
reductive treatments there is also a rate increase but to a lesser extent. While
the deperoxidation rate may increase, the opposite occurs for the oxidation
efficiency. All experiments with gas-flow treatments have an efficiency lower
than 0.3 whereas the initial static-air treatment is 0.33 at equivalent conver-
sion levels. Lastly, in terms of product ratio, very much like for the reaction
temperature and the catalyst loading, it seems to be unaffected by the catalyst
pretreatments.

186



6.3 Results and discussion

Figure 6.4: Effect of the catalyst pretreatment on the TBHP deperoxidation rate, cyclo-
hexane oxidation efficiency and product ratio (K/A Ratio). Reaction conditions: 20 mL
reaction feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, nanocrystalline HSA
CeO2, N2 atmosphere of 3 bar within the reactor. 7% TBHP solution, 9 hours of reaction
time. Static-air calcination carried out at 400�C for 4 hours. Gas flow treatments carried
out at 120�C for 12 hours.
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In essence, these results show how CeO2 is active for deperoxidation of TBHP
and oxidation of cyclohexane. It is close to the performance that Au-based cat-
alysts exhibit as explained in chapter 4. The parameters studied in this section
show that 100�C is a better choice than 80�C, together with 1% catalyst, and
that catalyst pretreatments have not a clear impact on the catalytic acvity
of this oxide. Now that we have observed the viability of CeO2 for TBHP
deperoxidation and cyclohexane oxidation, we confirm these results with our
target hydroperoxide in the next section.
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Conversion (%) Efficiency K/A Ratio
Temperature
80 �C 36.38 1.24 0.81
100 �C 98.99 1.14 0.64
120 �C 100.00 1.05 0.59
Catalyst Loading
80 mg 92.69 1.06 0.83
160 mg 98.99 1.14 0.64
320 mg 97.95 1.13 0.61
Reaction mixture
Technical 6% CHHP 98.99 1.14 0.64
Technical 12% CHHP 97.11 1.10 0.79
Purified 6% CHHP 100.00 1.16 0.57

Table 6.3: Activity of nanocrystalline CeO2 for deperoxidation of CHHP and oxidation of
cyclohexane. Reaction conditions: 20 mL reaction feed, N2 atmosphere of 3 bar within the
reactor, 9 hours of reaction time. Static-air calcination carried out at 400�C for 4 hours. Gas
flow treatments carried out at 120�C for 12 hours. Reaction temperature of 100�C, catalyst
loading of 1% and technical 6% CHHP solution unless otherwise stated.

6.3.2 Activity of nanocrystalline CeO2 for CHHP deperoxidation.

The tests in this section are similar to those of the previous one but with
CHHP, which is our target. Again we tested the effect of the temperature,
the influence of catalyst-to-feed ratio and in this case also the influence of
reaction feed. Recall from section 1.7.2 in chapter 1 that the industrial solution
of cyclohexane, CHHP, cyclohexanol and cyclohexanone contains in addition
impurities in the form of carboxylic acids and other oxygenated species. On the
other hand a “purified” solution containing essentially cyclohexane and CHHP
can be obtained by a procedure described in aforementioned chapter. We will
test these two CHHP-containing solutions to check if such additional species
have some influence on the catalytic activity of CeO2. Additionally we tested
also a concentrated technical CHHP solution containing 12% CHHP to check
how the initial amount of the hydroperoxide affects the process.

Regarding the reaction temperature, we saw for TBHP deperoxidation that
when temperature was raised from 80 to 100�C the conversion increased and
the oxidation efficiency remained equal. Now we have raised the temperature
from 80�C up to 120�C to see if there is further improvement. The results
of this section are summarised in table 6.3, and the effect of temperature
is shown in figure 6.5. The effect on conversion is within expectations, the
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higher the temperature the faster the catalyst acts. In fact there is a notable
difference between 80�C and 120�C: at 90 minutes and 80�C only 17.50% CHHP
is converted whereas at 120�C almost all hydroperoxide is converted (98.49%).
However, the effect is not so positive for the oxidation efficiency at 120�C. At
this temperature the efficiency is always lower than at 100�C. This is due to
the unstable nature of CHHP for which at 120�C the thermal decomposition
begins to be important and results in a lesser amount of cyclohexane being
oxidised. Such decomposition may not be that important at the range of 80 to
100�C and thus the efficiency is not affected at that range. For this reason the
remaining tests were carried at 100�C. Finally, the product ratio seems not to
be affected by temperature and is a function of the reaction progress. These
results indicate that increasing the temperature from 80 to 100�C is positive,
but further increments results in a loss of the oxidation ability of CeO2.
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Figure 6.5: Effect of the reaction temperature on the CHHP deperoxidation rate, cyclohex-
ane oxidation efficiency and product ratio (K/A Ratio). Reaction conditions: 20 mL reaction
feed per 160 mg of catalyst powder (1% wt Catalyst), N2 atmosphere of 3 bar within the
reactor. 6% CHHP solution, 9 hours of reaction time. Static-air calcination carried out at
400�C for 4 hours. 191



Chapter 6. CHHP deperoxidation and oxidation of cyclohexane by CeO2

The next variable we studied was the catalyst loading. We observed for TBHP
deperoxidation how a decreasing of the catalyst loading from 1% wt downwards
resulted in a loss of both deperoxidation rate and oxidation efficiency, which
is why for CHHP deperoxidation we have tested also a higher amount, namely
2% wt. The results are plotted in figure 6.6. The three different ratios tested
(0.5, 1 and 2% wt) show correspondingly a greater rate, although the results
indicate that there is little improvement in the rate when 2% wt is used rather
1% wt. They show essentially the same conversion level at a given reaction
time. Similarly the oxidation efficiency is the same for these two catalyst ratios,
and again seems to decrease when amounts lower than 1% wt are used. Again,
the ketone to alcohol product ratio seems to be unaffected by the catalyst ratio.
From these results we can conclude that 1% wt is a reasonable choice to use
in further experiments.
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Figure 6.6: Effect of the catalyst loading on the CHHP deperoxidation rate, cyclohexane
oxidation efficiency and product ratio (K/A Ratio). Reaction conditions: 20 mL reaction
feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, nanocrystalline HSA CeO2,
N2 atmosphere of 3 bar within the reactor. 6% CHHP solution, 9 hours of reaction time.
Static-air calcination carried out at 400�C for 4 hours.
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The last variable we tested in this section was the effect of the reaction mixture.
As already mentioned, three different mixtures were tested: the technical 6%
CHHP solution, a purified 5% CHHP solution and a concentrated 12% CHHP
technical solution. The results are plotted in figure 6.7. In terms of deperoxi-
dation rate, the experiment with the solution containing only cyclohexane and
CHHP is the one to first achieve full conversion followed by the 6% and 12%
CHHP technial solutions respectively. Between these last two there is almost
no difference, both following the same evolution with time. It is seen in the
results that when the amount of CHHP is 12% rather than 6%, the oxidation
efficiency is also slightly lower.
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Figure 6.7: Effect of the reaction mixture on the CHHP deperoxidation rate, cyclohexane
oxidation efficiency and product ratio (K/A Ratio). Reaction conditions: 20 mL reaction
feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, nanocrystalline HSA CeO2,
N2 atmosphere of 3 bar within the reactor, 9 hours of reaction time. Static-air calcination
carried out at 400�C for 4 hours.
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All results shown in this section provide the confirmation of CeO2 being an-
ctive catalyst for CHHP deperoxidation and cyclohexane oxidation, without
the need of Au nanoparticles. Further variables like the effect of doping and
the recyclability for several reaction cycles will be explored in the following
sections.

6.3.3 Influence of catalyst morphology and surface area.

The oxidation activity of cerium oxide is often associated to its ability to un-
dergo Ce4+/Ce3+ redox cycles that facilitate formation and healing of oxygen
vacancy defects, which are the active sites where the oxidizing species, usually
O2, is activated. According to theory, the formation of oxygen vacancies at
some special positions present in small nanoparticles is more favourable than
on extended surfaces.

Taking this into account we decided to test several CeO2 samples which differed
in their surface area, ranging from 13 to 222 m2/g. Their data and correspond-
ing results are summarised in table 6.4. All CeO2 samples regardless of their
surface area were found active for TBHP deperoxidation. As expected, TBHP
conversion was considerably lower on the material with less surface area, but
interestingly the selectivity to K/A oil was also found to vary with this param-
eter. To confirm this trend, three new catalysts were prepared by calcining the
HSA CeO2 sample at increasing temperatures (600, 700 and 900�C), so that
their particle size increased and their surface area decreased accordingly. The
data clearly indicates that the lower the surface area the lower the activity
towards deperoxidation, and the worse the selectivity to K/A oil.

The role of surface morphology was explored by comparing the catalytic per-
formance of CeO2 nanostructures, namely octahedra, rods and cubes, preferen-
tially exposing the {111}, {110} and {100} crystallographic facets, respectively
(see TEM images in figure 6.8). Nano-rods were found more active and selec-
tive than nano-octahedra, and the worse catalytic behaviour was obtained with
nano-cubes. The evolution of TBHP conversion with time, plotted in figure 6.9,
clearly shows the different reactivity of the eight CeO2 catalysts considered,
with HSA CeO2 and CeO2 rods being the most active from the beginning of
the reaction, and with activity continuously decreasing as a function of surface
area. But the most interesting result is that, again, not only activity but also
selectivity clearly improves with increasing surface area, following an almost
linear relationship (see figure 6.9). And the trend is maintained if only the ex-
periments with significant conversion (larger than 65%) are considered. These
results lead to the conclusion that there exists a structure-activity relationship
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Catalyst BET Surface
Area (m2/g) Conversion (%) Efficiency

LSA CeO2 13 33.12 0.21
HAS CeO2 222 90.94 0.34
HAS CeO2 Calcined at 600�C 160 81.20 0.28
HAS CeO2 Calcined at 700�C 116 78.56 0.27
HAS CeO2 Calcined at 900�C 34 42.32 0.27
Nanorod-shaped CeO2 111 86.45 0.29
Nanooctahedral-shaped CeO2 65 67.12 0.26
Nanocubic-shaped CeO2 31 31.20 0.25

Table 6.4: Effect of the surface area and morphology on the TBHP deperoxidation rate
and cyclohexane oxidation efficiency. Reaction conditions: 20 mL reaction feed per 160 mg
of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3 bar within the reactor, 9
hours of reaction time, 7% TBHP solution. Static-air calcination carried out at 400�C for 4
hours.

in this process. The selectivity to K/A oil is larger on smaller CeO2 particles
irrespective of the preferential facets exposed, suggesting that cyclohexane ac-
tivation occurs at defective corner or edge sites, whose relative concentration
increases with decreasing particle size.

197



Chapter 6. CHHP deperoxidation and oxidation of cyclohexane by CeO2

Figure 6.8: Up: X-ray diffraction pattern of nanocrystalline CeO2 calcined at different tem-
perature during synthesis. Down: TEM images of nanostructured CeO2. (Left: Nanorods.
Center: Nanoctahedras. Right: Nanocubes.)
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Figure 6.9: Top left: TBHP conversion of CeO2 samples with different surface area and
morphology. Top right: TBHP conversion at 9 hours of reaction time as a function of surface
area. Bottom: Selectivity to K/A Oil (Oxidation efficiency) as a function of surface area.
Reaction conditions: 100�C, 1% wt catalyst, 7% TBHP solution, atmosphere of 3 bar within
the reactor. Static-air calcination carried out at 400�C for 4 hours.

6.3.4 CeO2 mixed oxides and the effect of doping.

Many of the applications of metal oxides and specially of CeO2 take advantages
from the redox properties and from its ability to store and release oxygen under
net-oxidizing and reducing conditions, respectively. Attempts have been made
to improve the catalytic properties of oxides by replacing some of the cations
in the surface or the subsurface layer of the oxide with cations of a different
kind, with the aim that the disruption in the chemical bonding caused by the
presence of the dopant will improve catalytic activity. For example, by intro-
ducing different elements in the lattice of CeO2, an increase of the oxidation
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properties has also been observed. This enhancement has been attributed to
an increased oxygen mobility and to an increased activity for the Ce4+/Ce3+

redox couple, occurring as a consequence of the creation of surface and bulk
defects in the solid solution.

Following this line of work we decided to test the catalytic activity of mixed and
doped CeO2 for TBHP deperoxidation. We tested mixed oxides containing,
apart from Ce additional metals like Zr, La, Pr, Si and T i in different ratios.
We also tested nanostructured rod-shaped CeO2 doped with 1% Au, La, Pr
and Y . All of the results are summarised in table 6.5. The first thing to notice
is that there is no improvement on the deperoxidation rate over pure nanocrys-
talline CeO2. In fact there is a correlation between the relative amount of Ce
(compared to the additional metal) and the TBHP deperoxidation rate, which
can be seen in figure 6.10. In terms of oxidation efficiency, we did not observe
any real improvement over that of pure nanocrystalline CeO2. Regarding the
product ratio we again observed that it was only a function of the reaction
progress and no real impact of composition was found.

Figure 6.10: TBHP conversion as a function of the relative amount of Ce for mixed oxides.
Reaction conditions: 100�C, 1% wt catalyst, N2 atmosphere of 3 bar within the reactor, 9
hours of reaction time, 7% TBHP solution. Static-air calcination carried out at 400�C for 4
hours.

200



6.3 Results and discussion

Conversion (%) Efficiency K/A Ratio
Catalyst (Metal Ratio)
Pure
Ce-Zr-La 20-75-5 42.14 0.31 0.82
Ce-Zr-La 86-10-4 57.59 0.35 0.90
Ce-Zr-Pr 90-5-5 84.29 0.31 1.09
Ce-La-Pr 90-5-5 78.02 0.34 1.06
Ce-Zr 57-43 62.09 0.38 0.87
Ce-Zr 70-30 66.20 0.35 0.90
Ce-Si 95-5 98.65 0.26 0.77
Ce-Si 98-2 90.78 0.24 1.23
Ce-Si-Ti 90-5-5 98.67 0.26 1.03
Ce-Si-Ti-La 80-10-5-5 98.61 0.25 1.09
Ce-Pr 99-1 94.33 0.29 1.21
Ce-Pr 95-5 96.38 0.30 1.14
Ce-Pr 90-10 86.06 0.37 1.04
Doped Rod-nanostructured CeO2

Pure 90.63 0.29 1.11
1% Au 98.48 0.29 0.89
1% La 94.72 0.27 1.06
1 % Pr 94.95 0.28 1.15
1 % Y 88.23 0.31 1.13

Table 6.5: Catalytic activity of mixed Ce-based oxides and doped rods-nanostructured
CeO2 for TBHP deperoxidation and cyclohexane oxidation. Reaction conditions: 20 mL
reaction feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, N2 atmosphere of 3
bar within the reactor, 9 hours of reaction time, 7% TBHP solution. Static-air calcination
carried out at 400�C for 4 hours.
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The second set of tested samples consisted in nanostructured rod-shaped CeO2

doped with 1% Au, La, Pr and Y . Their results are summarised in table 6.5
and plotted in figure 6.11. The data indicate that doping nanostructured CeO2

has not a strong influence in TBHP conversion. In the case of Y the conversion
is slightly slower. The best performant is the Au-doped one. However, note
from the TEM pictures of these catalysts in figure 6.12 that in that case there
is really no doping, but it rather results in Au nanoparticles with CeO2 acting
as support. The rest of catalysts seem to be really doped CeO2 according to
the TEM pictures. On the other hand, the cyclohexane oxidation efficiency
of all these catalysts is the same as the non-doped oxide. This indicates that
there is not improvement of the cyclohexane oxidation ability of CeO2 upon
doping. As for the ketone to alcohol product ratio, there seems to be no effect
of doping either, all of them leading to the same evolution. Only the Au case
leads to a slightly lower ratio than the rest, but the difference is small.

Figure 6.11: Effect of doping on the TBHP deperoxidation rate, cyclohexane oxidation ef-
ficiency and product ratio (K/A Ratio) for rod-nanostructured CeO2. Reaction conditions:
20 mL reaction feed per 160 mg of catalyst powder (1% wt Catalyst), 100�C, N2 atmo-
sphere of 3 bar within the reactor. 7% TBHP solution, 9 hours of reaction time. Static-air
calcination carried out at 400�C for 4 hours.
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Figure 6.12: Dark-field STEM images of doped rods-nanostructured doped CeO2. Note
how the Au-doped one really consists of Au nanoparticles anchored on CeO2.

In essence, the results indicate that for the deperoxidation and cyclohexane
oxidation neither mixed CeO2 nor doping improves the catalytic performance
over nanoctrystalline CeO2. The latter is then the best candidate among tested
oxides for this reaction.

6.3.5 Recyclability of nanocrystalline CeO2.

Once that we have confirmed the catalytic activity of CeO2 for CHHP deper-
oxidation and cyclohexane oxidation, investigating some variables that may
affect its activity, and in view that it is still the best candidate of all tested
oxides up to now, the last parameter we wanted to study was its recyclability.
If CeO2 is to replace the current industrial catalysts we need to make sure that
its stability and reusability is good enough, presenting a long enough lifetime
without significant loss of activity.
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Figure 6.13: Reusability of nanocrystalline HSA CeO2 for CHHP deperoxidation and
cyclohexane oxidation. Blue: CHHP Conversion. Green: Cyclohexane oxidation efficiency.
Reaction conditions: 20 mL reaction feed per 160 mg of catalyst powder (1% wt Catalyst),
100�C, N2 atmosphere of 3 bar within the reactor. 12% CHHP technical solution, 3 hours
of reaction. Static-air calcination carried out at 400�C for 4 hours.

For this task, several reaction cycles with technical 6% CHHP solution were
successively carried out. For each reaction cycle, the reaction was stopped at
around 80% CHHP conversion, after which the catalyst was allowed to deposit
on the bottom of the reactor and the supernatant was removed. Then, fresh
reaction mixture was added and a new reaction cycle started. This was done
for a total of four reaction cycles, for which the results are showed in figure 6.13.
It can be seen that CeO2 behaves well, with conversion remaining essentially
constant after each reaction cycle, together with an efficiency higher than 1.10
in all cases. It seems then that CeO2 is a reasonable candidate for the CHHP
deperoxidation conversing its catalytic activity across several reaction cycles.
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6.4 Conclusions

In the search for an efficient and stable solid catalyst able to oxidise cyclo-
hexane using hydroperoxides as oxidants, we have investigated supported Au
nanoparticles on metal oxides, which have been found active. In the way one
support, CeO2, was found to be active by itself for this reaction. We now have
tested further the catalytic activity of this oxide, and found that it performs
reasonably well. It is almost as fast in terms of deperoxidation as Au nanopar-
ticles, and possess the same ability to oxidise cyclohexane into oxygenated
products.

We first tested the performance of CeO2 for TBHP deperoxidation, after which
we confirmed its activity with the target hydroperoxide CHHP. A catalyst
amount of 1% achieves good results both in terms of deperoxidation rate and
oxidation of cyclohexane. As expected, increasing the reaction temperature
leads to a higher activity, however the selectivity worsens, and temperatures
higher than 100�C may results in a significant undesired decomposition of
CHHP leading to a lower yield for cyclohexane oxidation. The results also
indicate that the presence of species like carboxylic acids, which are present
on the industrial reaction mixture, decrease the activity of CeO2.

Additionally, a number of CeO2 catalysts have been synthesised and tested.
The deperoxidation activity is proportional to the surface area, and does not
seem to depend on the preferential facets that the oxide may expose. Interest-
ingly, analysis of their catalytic performance evidences that the selectivity to
the desired products cyclohexanol and cyclohexanone improves with decreas-
ing the particle size of CeO2 particles, irrespective of the preferential facets
exposed. This finding suggests the existence of a structure-activity relation-
ship in this process, and points to a preferential activation of cyclohexane
at defective corner or edge sites, whose relative concentration increases upon
decreasing particle size.

We also studied the performance of mixed Ce oxides presenting transition
metals in different ratios and the effect of doping. It was found that no im-
provement of the selectivity of the catalyst occurs for mixed oxides compared to
pure nanocrystalline CeO2, and that the deperoxidation rate is proportional to
the relative content of Ce. Similarly, doping with 1% of transition metals like
La, Pr and Y does not lead to neither an improvement of the deperoxidation
activity nor the efficiency for cyclohexane oxidation.

Finally, we tested the stability and reusability of nanocrystalline CeO2 by
performing repeatedly several reaction cycles. In all cycles it was found to

205



Chapter 6. CHHP deperoxidation and oxidation of cyclohexane by CeO2

perform similarly without a loss in activity or selectivity. This is another
finding supporting its potential as a industrial-grade catalyst.

All the experimental work presented shows how CeO2 together with Au are
good candidates for this reaction. Naturally, as these findings appear a new
question arise: why, and more importantly how, does CeO2 work? This is
indeed the driving force for the next chapter, in which by means of theoretical
and spectrocopic studies we try to understand and rationalise the activity of
CeO2 for CHHP deperoxidation and cyclohexane oxidation.
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Chapter 7

Theoretical and spectroscopic
studies of CHHP

deperoxidation and cyclohexane
oxidation by CeO2

CeO2 has proven to be a candidate as a heterogeneous cata-
lyst to replace the homogeneous Co and Cr salts used for CHHP
deperoxidation. But in the same way as with Au nanoparticles, we
also intend to understand why they work, which is the rationale
behind this chapter. However, catalysis of metal oxides is often
related to oxygen vacancy defects which are somewhat problematic
to model by DFT. For this reason, we first study the influence of
specific corrections that deal with these issues in order to get a
proper theoretical description of our system. Once we establish the
influence of this methodological approximations, we investigate the
mechanism of CHHP deperoxidation and cyclohexane oxidation by
nanocrystalline CeO2, supported by an additional IR study which
agrees with the findings of the mechanism modelling. The findings
of this chapter make consistent a Mars-Van-Krevelen mechanism
for CeO2, substantially different to that over Au nanoparticles.
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7.1 Introduction

We have studied the catalytic activity of CeO2 and concluded that it is a suit-
able candidate for deperoxidation of CHHP and oxidation of cyclohexane. Now
it is time to understand the nature of such performance. Often, the catalytic
activity of ceria is related to its ability to undergo Ce4+/Ce3+ redox cycles
that facilitate formation and healing of oxygen vacancy defects, which are the
active sites for a large number of reactions [197]. But in other cases, this redox
cycle does not participate in the reaction, and acid-base properties govern the
catalytic activity of CeO2 [177]. For instance, it has been experimentally and
theoretically demonstrated that water dissociation on reduced ceria surfaces
does not require the Ce3+ cations present but occurs at Ce4+ centers without
involving any change in the oxidation state of cerium atoms [198].

To gain insight into the catalytic performance of ceria at the molecular level,
a large number of theoretical studies, often in close collaboration with exper-
iments, have appeared in the literature in the last decade [199]. However,
the adequate theoretical description of the complicated electronic structure of
CeO2, and in particular of the Ce3+ cations present in the reduced material,
is a challenging task. The main problem is related to the strongly correlated
nature of the 4f electrons, to the quasi-degeneracy of different ionic configura-
tions in which a highly localised 4f electron state is occupied or empty, and to
the lack of cancellation of the self-interaction error in DFT that leads to elec-
tron over-delocalization. Thus, in the case of reduced CeO2, the two electrons
left in the system when an oxygen atom is removed generating an oxygen va-
cancy defect should be localised on the 4f states of the two Ce atoms close to
the vacancy. But there exist many other metastable configurations very close
in energy in which the two electrons are delocalised over some or all cerium
atoms in the system, and conventional DFT calculations may converge to any
of these solutions, including the correct one which is in fact predicted to be
the most stable [200].

A simple and pragmatic approach to solve the problem is the so-called DFT+U
approach [201], which consists of correcting for on-site Coulomb correlation
effects by adding a Hubbard-type U term to the Ce 4f states. This way,
the delocalised solutions are destabilised and calculations converge to the cor-
rect configuration with the two extra electrons localised on the two Ce atoms
neighboring the vacancy. But the inclusion of a Hubbard U term in the DFT
Hamiltonian makes it explicitly orbital dependent, which results in multiple
self-consistent solutions corresponding to different orbital occupations. A ma-
jor drawback of this approach is its non-universality, i.e. the strong dependence

208



7.2 Methodology

of geometrical and electronic properties on the value of U [199]. The choice
of the U value is in many cases done by comparison of computed values of
different properties with available experimental data. However, the U term is
not a fitting parameter, but an intrinsic response property that measures the
incorrect curvature of the conventional DFT energy as a function of orbital
occupation and should be determined in an internally consistent way. How-
ever, there is no guarantee that the optimum U value to describe bulk physical
properties is also the correct choice to describe the reactivity of surfaces or of
small CeO2 nanoparticles.

On the other hand, the catalytic activity of CeO2 is not only associated to
the generation of oxygen vacancy defects so that, in principle, the DFT+U
scheme might not be necessary to describe properties of CeO2 nanoparticles
other than the stability of the reduced system. For this reason, we explore
in this chapter whether inclusion of a Hubbard U term in DFT calculations
changes the theoretical description of the acid-base and redox properties of
different sites present on CeO2 nanoparticles of ˜ 1 nm diameter.

Once the influence of the Hubbard U terms on the properties of CeO2 is de-
termined, we study the mechanism of cyclohexane oxidation and CHHP de-
peroxidation. We do this with the aim of understanding the structure-activity
relationship and to identify the active centers participating in the activation of
cyclohexane and in the decomposition of the hydroperoxide. Finally, we also
perform an insitu IR study of nanocrystalline CeO2 to support the hypothesis
of a Mars-van-Krevelen mechanism arising from the theoretical study.

7.2 Methodology

7.2.1 Theoretical modelling of CeO2 nanoparticles

The theoretical calculations carried out in this chapter are performed in an
analogous way to those shown in chapters 4 and 5. In this case the valence
density was expanded in a planewave basis set with a kinetic energy cutoff
of 450 eV . All calculations are spin polarised. Integration in the reciprocal
space was carried out at the � k-point of the Brillouin zone. Charge distri-
butions were estimated using the theory of atoms in molecules of Bader using
the algorithm developed by Henkelman [202, 203]. In the GGA+U approach
a Hubbard U term is explicitly included in the calculations to improve the
description of the localised Ce 4f states. The present GGA+U calculations
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were performed using the formalism of Dudarev et al. with values of U=0, 2
and 4.

CeO2 nanoparticles were simulated by means of a Ce21O42 and a Ce40O80

model system previously described by Migani et al. [204]. These models con-
tain two-coordinated O atoms at the edges between {100} and {111} facets,
and three-coordinated O atoms in the {111} terraces, as well as Ce atoms in
different coordination environments, as depicted in figure 7.1. The Ce21O42 and
a Ce40O80 models were placed in cubic boxes of 20x20x20 Å3 and 30x30x30 Å3,
respectively, large enough to avoid interactions between periodically repeated
nanoparticles or adsorbates. Larger CeO2 nanoparticles were simulated by
means of a CeO2 {111} slab model containing 36 Ce and 72 O atoms in four
CeO2 layers, that is, twelve atomic layers. During geometry minimizations,
the positions of all atoms in the system were fully relaxed without any restric-
tion, and vibrational frequencies were calculated numerically as in the previous
studies.
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Figure 7.1: Top left: Ce21O42 nanoparticle model with the labeling of Ce atoms (downcase
letters) and O atoms (uppercase letters) studied. Top right: Ce40O80 nanoparticle model.
Bottom: CeO2 {111} Slab, top-down view.

7.2.2 Infrared spectroscopy

A glass IR cell allowing in situ studies in controlled atmospheres and temper-
atures from 25�C to 600�C has been connected to a vacuum system with gas
dosing facility. For IR studies the samples were pressed into self-supported
wafers and treated at 250�C in O2 flow (15 ml/min) for 2 hours followed by
evacuation at 10-5 mbar at 300�C for 1.5 hours. After activation the sam-
ples were cooled down to 25�C under dynamic vacuum conditions followed by
cyclohexane adsorption at 12 mbar. Spectra were recorded at increasing tem-
peratures from 25�C to 110�C. Gas phase spectra were also been collected at
each temperature. At 110�C TBHP was co-adsorbed at 2 mbar. For IR band
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assignation cyclohexanol (0.2-4 mbar) and TBHP (0.2-4 mbar) were adsorbed
separately on fresh activated CeO2 samples.

7.3 Results and discussion

7.3.1 The Hubbard U term in DFT+U studies of CeO2

nanoparticles: Influence on the acid-base and redox
reactivity

We explore now the acid-base and redox reactivity of nanocrystalline CeO2

by studying the interaction of CO, H2O, and O2 molecules with several Lewis
acid centers, acid-base pairs, and oxygen vacancy defects, respectively, present
in the Ce21O42 model, using a DFT+U approach with U=0, 2, and 4.

Lewis acidity of low coordinated Ce4+ centers.

Lewis acidity is related to the ability of the cationic Mn+ centers in metal oxides
to accept electron density from adsorbed molecules and can be in principle
described, among other parameters, by the net positive charge on the Mn+

cations. Interaction of a Lewis acid site with a Lewis base molecule like CO
causes a shift in the �CO vibrational frequency that is used to quantify the
strength of this interaction, and therefore to provide a Lewis acidity scale. The
adsorption of CO at the five different Ce4+ centers a to e shown in figure 7.2
has been calculated at the DFT+U level using U=0, 2, and 4. Comparison of
data for most relevant parameters about this type of interaction with different
U values is done in figure 7.3.
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Figure 7.2: Optimised structures of CO adsorbed at different Ce4+ Lewis acid centers.

The net atomic charges on the five Ce4+ centers considered are quite similar
and differ by 0.07 e� or less. CO interaction with these Lewis sites is weak.
The molecule adsorbs on top of the Ce4+ cations at a distance of 2.9-3.0 Å, and
the calculated Eint values are low, between -0.17 and -0.28 eV . The calculated
�CO stretching frequencies are in all cases shifted with respect to the gas phase
value (2131 cm�1), but there is not a clear correlation between the shift in the
�CO frequency and the calculated adsorption energies.
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Figure 7.3: Values of a) net charge on Ce4+ Lewis centers (qCe) b) interaction energy of
CO (Eint) c) optimised Ce-C distances (rCe-CO) and d) C-O vibrational frequency (�CO)
calculated at DFT + U level with U = 0 (blue rhombus), U = 2 (red squares), and U = 4
(grey triangles) for CO adsorbed at the different Ce4+ Lewis acid centers a to e depicted in
figure 7.2.

The influence of the U value on the parameters studied is relatively small and
quite systematic. The charge distribution, evaluated by the net charge on the
Ce4+ cation, is the property for which the largest deviation between different U
values is found (see figure 7.3). The calculated qCe at each position increases
by 0.08 e� as the U value changes from 0 to 4. Accordingly, with increasing U
values, CO adsorption energies at each site become about -0.02 eV larger, and
the optimised rCe-C distances become 0.02 Å shorter on average. The influence
of the U parameter on the CO vibrational frequency is almost negligible, and
�CO calculated values at each position differ by less than 3 cm�1. The largest
deviation between different U values is found for the net charge on the Ce
cation, with a correlation coefficient for U=0 of only 0.92. All other properties
investigated are similarly described at all theoretical levels.
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Acid-base pairs. Interaction with water

Water is also a Lewis base whose electrons in the lone pair on O can interact
with the cationic Mn+ centers in metal oxides. It also possesses two H atoms
that can form strong hydrogen bonds with the basic O atoms of the metal ox-
ide surface. Both interactions can eventually lead to dissociation of one O-H
bond in the water molecule and formation of two hydroxyl groups on the oxide
surface. Now we have investigated this dissociation at three different sites on
the Ce21O42 nanoparticle using DFT+U with U=0, 2, and 4. For this task,
we have considered acid-base pairs formed by Ce at positions a, b, and c com-
bined with O atoms labeled A, B, and C. The optimised structures of water
adsorbed at Ce4+ centers and of the hydroxylated systems resulting from O-H
bond breaking are depicted in figure 7.4. Adsorption Eads and reaction �E
energies, together with selected optimised distances and calculated vibrational
frequencies are compared in figure 7.5.
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Figure 7.4: Optimised structures of H2O adsorbed (left) and after dissociation of an O-H
bond (right) at different acid-base pairs on stoichiometric Ce21O42 nanoparticle.

As shown in figure 7.4, the oxygen atom of water (Ow) interacts with the
Ce4+ Lewis acid centers at the three positions considered, and an additional
hydrogen bond between a proton of water and an oxygen atom of the ceria
surface (Os) is formed at bB and cC sites. This is clearly reflected in the
optimised values of the rOs-H distance, that is 1.7 and 1.8 Å at bB and cC sites,
respectively, and significantly larger, close to 3.0 Å at aA position. However,
the calculated adsorption energy of water at aA site is only 0.1 eV lower than
at the other two positions, suggesting a very strong Lewis acid-base interaction
at this position.
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Figure 7.5: Values of a) water adsorption energy (Eads) b) reaction energy for water
dissociation (�E) c) optimised Ce-O distances (rCe-Ow) and d) O-H vibrational frequencies
(�OH) calculated at DFT + U level with U = 0 (blue rhombus), U = 2 (red squares), and
U = 4 (grey triangles) for H2O interacting with different acid-base pairs on stoichiometric
Ce21O42 nanoparticle as depicted in figure 7.4

Dissociation of one of the two O-H bonds in water produces a hydroxyl frag-
ment that remains attached to the Ce4+ cation, and a proton that is transferred
to an oxygen atom. This process is always exothermic, but the calculated re-
action energy at aA site is much larger than at the other two positions. The
reason is that water dissociation at bB and cC sites also involves the rupture
of the stabilizing hydrogen bonds between the water proton and oxygens B
and C, with the corresponding energy cost. The breaking of the O-H bond in
adsorbed water results in formation of two different types of hydroxyl groups:
a monocoordinated OHa group consisting of the deprotonated water fragment
attached to the Ce4+ cation, and a bridge OHb group arising from protona-
tion of a surface Os atom. These two types of hydroxyl group are formed at
the three positions considered, and their stretching vibrational frequencies are
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clearly different, larger than 3800 cm�1 for �OHa and around 3770-3780 cm�1

for �OHb.

We observed that this picture is not affected by the value of the U parameter
used in the calculations. The same optimised structures and the same relative
stability between them is found at all theoretical levels. Calculated adsorption
and reaction energies systematically increase with increasing the U value, with
the difference between the values obtained using U=0 and U=4 being less than
0.05 eV for Eads and 0.12 eV at most for �E. A clearly linear relationship
with an excellent correlation is found for both energies. The optimised rCe-
Ow distances become systematically shorter as the U value increases, but this
trend is not always observed for the rOs-H bond lengths. On the other hand,
the calculated �OH vibrational frequencies always increase with increasing the
U value, but the linearity of the correlations is not excellent.

It is worth noting that a recent study of water adsorption and dissociation
over a CeO2 {111} surface using several approximations to exchange and cor-
relation within DFT, namely, GGA, GGA+U, hybrid functional and van der
Waals functional, concluded that all methods predict similar structures and
energetics, in line with our present results [205].

Redox properties

The most widespread catalytic applications of CeO2 are based on its redox
properties, in particular on its ability to change oxidation state from Ce4+ to
Ce3+. Removal of an oxygen atom from the CeO2 surface leaving two electrons
on the solid creates an oxygen vacancy defect and the reduction of two Ce4+

cations to Ce3+, which can be subsequently healed by molecular O2 generating
peroxide and superoxide species, responsible for the redox catalytic activity of
CeO2.

We have now studied the adsorption of molecular O2 at Ce4+ centers b and c on
the stoichiometric Ce21O42 nanoparticle, as well as the formation of reduced
Ce21O41 systems by removal of oxygen atoms at positions A, B, and C in
stoichiometric Ce21O42, and the formation of oxidised Ce21O43 systems by
addition of oxygen atoms at positions a, b, and c on the stoichiometric Ce21O42

nanoparticle. In this last case, the resulting systems are equivalent to those
obtained by adsorption of molecular O2 at the three oxygen vacancy defects
A, B, and C present in the reduced Ce21O41 models, so that they have been
labeled as A, B, and C in figures 7.6 and 7.7.
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Figure 7.6: Optimised structures of O2 adsorbed at a and b Ce4+ centers on stoichiomet-
ric Ce21O42 nanoparticle, and at A, B, and C oxygen vacancy defects present in reduced
Ce21O41 model forming the corresponding Ce21O43 oxidised systems.

The interaction of molecular O2 with stoichiometric Ce21O42 nanoparticles is
weak, with calculated interaction energies lower than -0.1 eV . In the optimised
structures b and c depicted in figure 7.6, the O2 molecule is at a distance larger
than 3.0 Å from the Ce4+ cations. The charge transferred to O2 is almost
negligible, less than -0.015 e�, and as a consequence the O-O is not altered
and the calculated �OO vibrational frequencies are not too different from the
gas phase value obtained at the same theoretical level, which is 1565 cm�1. We
did not find important differences between the data obtained with increasing
values of the U parameter for structures b and c in figure 7.7. The interaction
energies differ by less than 0.01 eV , the charge transferred by less than 0.006
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e�, the optimised O-O bond lengths are equivalent, and the largest deviation
in the calculated �OO vibrational frequencies is 5 cm�1.

Figure 7.7: Values of a) O2 interaction energy (Eint) b) net charge on O2 molecule (qO2)
c) optimised O-O distances (rOO) and d) O-O vibrational frequencies (�OO) calculated at
DFT + U level with U = 0 (blue rhombus), U = 2 (red squares), and U = 4 (grey triangles)
for O2 adsorbed at the a and b Ce4+ centers and the A, B, and C oxygen vacancy defects
depicted in figure 7.6.

On the other hand, we observed a completely different picture for the adsorp-
tion of an oxygen atom on the stoichiometric Ce21O42 model. These result
in the formation of structures A, B, and C, shown figure 7.6. In all cases,
the extra oxygen atom binds to a bicoordinated oxygen atom present at the
particle surface forming a covalent peroxide species. The two oxygen atoms in
each of these structures are directly attached to Ce4+ cations, the optimised
O-O bond lengths increase to values larger than 1.4 Å, and as a consequence,
the vibrational frequencies shift to significantly lower values, between 650 and
900 cm�1 depending on the adsorption site. The reason for these changes is
the large negative charge transferred to O2, between -1.1 and -1.6 e� depend-
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ing on the site of adsorption. If we consider this process as the adsorption of
molecular O2 at an oxygen vacancy defect, what happens is that the extra e�

located in the reduced Ce3+ cations close to the vacancy are transferred to the
anti-bonding ⇡⇤ MO of O2, resulting a O-O bond weakening and a concomitant
increase in the O-O bond length.

With regards to the influence of the U value, analysis of the data shown in figure
7.7 shows an increase of up to -0.07 e� in the net atomic charge transferred
to O2 as U changes from U=0 to U=4. As a consequence, the optimised O-O
distances differ by 0.007 Å on sites B and C, and as much as 0.051 Å on site
C. This produces a shift in the calculated vibrational frequencies of 9-14 cm�1

when U increases from U=0 to U=4. It should be noted that despite these
differences in the computed values of selected properties, the trends obtained
as a function of the site on the nanoparticle are the same for all values of U.

The interaction energies calculated with respect to the stoichiometric Ce21O42

system are almost negligible, even slightly endothermic at some sites, and vary
by less than 0.03 eV as a function of the value of the U parameter.

However, when these interaction energies are calculated with respect to the
reduced Ce21O41 system, the Eint values are considerably larger, of the order
of -2 to -3 eV , and differ by 0.8 eV depending on the value of U. The energy
required to remove an oxygen atom from stoichiometric Ce21O42 generating
an oxygen vacancy defect using U=0 is systematically larger by 0.8 eV than
that obtained using U=4. The order of stability of the oxygen vacancy defects
C > B > A is the same at both computational levels, and the most favorable
position to remove an oxygen atom is site C. Finally, the reduction energies
Ered calculated for the reaction of Ce21O42 with H2 generating a Ce21O41 sys-
tem and H2O follow the same trends as the energies of formation of oxygen
vacancy defects EOvac, that is, site C is more reducible than B and A. However,
the calculated Ered values are positive when U=0, indicating an endothermic
process, and negative, that is, exothermic, when U=4. It is therefore at this
point where the problems associated to the strongly correlated nature of the 4f
electrons and to the lack of cancelation of the self-interaction error in conven-
tional DFT are made apparent, and relevant differences between the relative
stability of reduced Ce21O41 and stoichiometric Ce21O42 systems are found as
a function of the value of the Hubbard U parameter.
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7.3.2 Study of the reaction mechanism of CHHP deperoxidation
and cyclohexane oxidation on CeO2

In order to understand the structure-activity relationship suggested by the
experimental data and to identify the active centers participating in the ac-
tivation of cyclohexane and in the decomposition of the hydroperoxide, we
now investigate the mechanism of cyclohexane oxidation with CHHP. We use
as model the Ce21O42 and Ce40O80 particles described in the methodology
chapter, which were also used in the previous section. To account for larger
CeO2 particles we employed an extended CeO2 {111} surface model that only
contains the less reactive three-coordinated O atoms.

Cyclohexane activation

Cyclohexane is the less reactive molecule present in the reaction medium, and
the dissociation of its C-H bond is in principle the most difficult step in the
process. In the previous section we showed that the bi-coordinated O atoms
(atom C, figure 7.1) on top of the Ce21O42 nanoparticle are the most reac-
tive sites on this model, and consequently we first explored the adsorption
and dissociation of cyclohexane at this site. The optimised geometry of the
structures involved in this process and the relative energies with respect to
separated reactants (Cy and CHHP) and CeO2 catalyst model are shown in
figure 7.8. Cyclohexane interacts weakly with the most reactive O atoms on
top of the Ce21O42 nanoparticle (structure R1), and the dissociation of the
C-H bond through transition state structure TS1 involves a large activation
energy barrier of 30.1 kcal/mol. A metastable intermediate species very simi-
lar to TS1 and only 3.6 kcal/mol more stable was obtained (not shown) that
evolved without energy barrier to the most stable intermediate species I1, in
which the cyclohexoxy fragment is covalently bonded to a surface oxygen atom.
For comparison, cyclohexane dissociation at a different edge position was in-
vestigated and found 6 kcal/mol less stable. Also, C-H dissociation yielding
either a hydrogen atom or a cyclohexyl fragment directly attached to Ce were
considered, and found 56.2 and 36.8 kcal/mol, respectively, less stable than
structure I1 (see figure 7.11).
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7.3 Results and discussion

Figure 7.8: Optimised structures of all structures involved in cyclohexane oxidation to
cyclohexanol over a Ce21O42 nanoparticle. The numbers enclosed in parenthesis correspond
to the relative energy stability with respect to the Ce21O42 nanoparticle and separated
reactants in Kcal/mol.
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Then, a proton transfer through transition state TS2 converts intermediate I1
into a cyclohexanol molecule adsorbed on the catalyst surface (product struc-
ture P1) with an activation energy barrier of 23.9 kcal/mol. Desorption of
cyclohexanol from this P1 structure leaving a reduced Ce21O41 nanoparticle
model with an oxygen vacancy defect is endothermic by 20.1 kcal/mol. At
this point it is worth mentioning that the stability of such reduced Ce21O41

nanoparticle is underestimated by the GGA approach used in this study, and
that correction by adding a Hubbard-type U term to the Ce 4f states reduces
the energy necessary to form an oxygen vacancy defect by 20 kcal/mol, as
it was described in section 7.3.1. The next step in the proposed mechanism is
the interaction of the oxidant species, that is, CHHP, with the oxygen vacancy
defect generated in the desorption of the first cyclohexanol molecule. In this
highly exothermic process the O-O bond in CHHP is dissociated without ac-
tivation barrier generating an adsorbed cyclohexoxy fragment and a hydroxyl
group that heals the vacancy (reactant structure R2). Then, a proton transfer
from the hydroxyl to the alkoxy fragment through transition state TS3 with
an activation energy barrier of 18 kcal/mol yields cyclohexanol, which after
desorption leaves the stoichiometric Ce21O42 nanoparticle thus closing the cat-
alytic cycle. We also investigated this catalytic cycle over a CeO2 {111} surface
representing large CeO2 nanoparticles. The optimised geometries and relative
stability of the structures involved are depicted in figure 7.9, and the calcu-
lated energy profiles for the complete mechanism over Ce21O42 nanoparticle
and CeO2 {111} surface are plotted together in figure 7.10a. On both systems
the dissociation of the C-H bond in cyclohexane is the rate determining step,
with the activation barrier being 3 kcal/mol larger on the extended surface.
From this point, the dissociated I1 intermediate and the adsorbed cyclohex-
anol P1 product, as well as the transition state for proton transfer TS2, are
significantly less stable on the extended surface. Also, desorption of the first
cyclohexanol molecule generating an oxygen vacancy defect is energetically
more difficult on the CeO2 {111} surface model. The healing of the oxygen
vacancy defect by CHHP is energetically favored on both systems, so that it
seems that the higher capacity of small ceria nanoparticles to oxidise cyclo-
hexane is related to the enhanced reactivity of bicoordinated oxygen atoms at
corner or edge positions and to the higher reducibility of smaller nanoparticles.
The cycle described up to now corresponds to the optimum process in which
all oxygen atoms of the hydroperoxide are used to oxidise cyclohexane:

CHHP + Cy ! 2 Cy �OH
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However, the decomposition of CHHP yielding cycloxanone and water also
happens, leading to an observed efficiency lower than 2. Therefore, we have
investigated other possible routes for cyclohexanone formation, either from
direct decomposition of CHHP or from further oxidation of initially formed
cyclohexanol.

Figure 7.9: Optimised geometries of all structures involved in cyclohexane oxidation to
cyclohexanol over a CeO2 {111} surface. The numbers enclosed in parenthesis correspond to
the relative energy stability with respect to the CeO2 {111} surface and separated reactants
in Kcal/mol.
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Figure 7.10: Calculated energy profiles for a) cyclohexane oxidation to cyclohexanol over a
Ce21O42 nanoparticle (blue line) and over an extended CeO2 {111} surface (red line) and b)
CHHP decomposition over basic O atoms in Ce21O42 nanoparticle (blue line) and over Lewis
acid sites in Ce40O80 nanoparticle (red line), and cyclohexanone formation by oxidation of
cyclohexanol over a Ce21O42 nanoparticle (green line).
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Figure 7.11: Optimised geometries of structures obtained from a) cyclohexane dissociation
yielding either a hydrogen atom (left) or a cyclohexyl fragment (right) directly attached to
Ce instead of O in Ce21O42 model, and b) proton transfer from the hydroxyl group to the
cyclohexoxy fragment in intermediate I4, generating cyclohexanol and leaving an extra O
atom on the Ce40O80 particle. Bond lengths (in Å) and relative stability with respect to the
corresponding CeO2 model and separated reactants (in kcal/mol) are given.

Cyclohexyl hydroperoxide decomposition

After cyclohexane activation, we studied the adsorption and dissociation of
CHHP at different sites on the CeO2 particles. We considered for this task
the highly reactive two-coordinated O atoms (atom C, figure 7.1) at the edges
between {100} and {111} facets present in the Ce21O42 and Ce40O80 models,
as well as low coordinated Ce cations present in the Ce40O80 model and the
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three-coordinated O atoms present in the {111} terraces of the CeO2 {111}
slab model.

Figure 7.12: Optimised geometries of all structures involved in CHHP decomposition over a
Ce21O42 nanoparticle. The numbers enclosed in parenthesis correspond to the relative energy
stability with respect to the Ce21O42 nanoparticle and separated reactants in Kcal/mol.
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As depicted in figure 7.12, CHHP interacts strongly with the basic oxygen
atoms present in the Ce21O42 and Ce40O80 models, and is deprotonated through
transition state TS4 with an activation energy barrier of only 2.5 kcal/mol.
The stable intermediate structure I2 formed in this step consists of one cy-
clohexylperoxo fragment directly attached to a low coordinated Ce4+ cation.
Dissociation of the O-O bond in this peroxo intermediate through transition
state TS5 produces a cyclohexyl alkoxide fragment and an oxygen atom that
immediately forms a new bond with a surface oxygen generating a surface per-
oxo group (intermediate structure I3). The stability of both intermediates, I2
and I3, is similar, but the activation energy necessary to interconvert them
is really high, 42.1 kcal/mol, suggesting that another pathway must exist for
cyclohexyl hydroperoxide decomposition. Further protonation of the alkoxy
intermediate through transition state TS6 with an activation energy of 10.7
kcal/mol produces cyclohexanol and leaves an oxidised Ce21O43 nanoparticle,
in a process that is globally exothermic by -16 kcal/mol. In summary, the
reaction to produce cyclohexanol from cyclohexyl hydroperoxide (further oxi-
dising the CeO2 nanoparticle) is not favored due to a high activation barrier
of 42.1 Kcal/mol.

The second possibility explored is the direct dissociation of the O-O bond in
CHHP at low coordinated Ce4+ Lewis acid centres present in the Ce40O80

model. The interaction of the O-O bond with the Ce4+ cationic sites is strong,
with a calculated adsorption energy of -13.8 kcal/mol (reactants structure R4
in figure 7.13). The rupture of the O-O bond through transition state TS7 is
assisted by formation of a new Ce-O bond, leading to intermediate structure
I4 consisting of one alkoxide and one hydroxyl groups directly attached to the
same Ce4+ centre. The process is thermoneutral, and the activation energy
involved is 20 kcal/mol, significantly lower than that previously found over
Ce21O42 model. From this I4 intermediate, a transfer of the H atom bonded to
the carbonyl C atom to one surface O atom through transition state TS8 yields
cyclohexanone (product structure P5 in figure 7.13) together with two surface
hydroxyls. This process is highly exothermic and requires an activation energy
of only 3 kcal/mol. Desorption of water and cyclohexanone leaves the Ce40O80

nanoparticle unaltered and ready to start a new catalytic cycle. An alternative
pathway starting from intermediate I4 consists of transferring a proton from
the hydroxyl group to the cyclohexoxy fragment, generating cyclohexanol and
leaving an extra O atom on the particle. The intermediate obtained (structure
I5 in figure 7.11) is almost 11 kcal/mol less stable than I4, and 7 kcal/mol
less stable than the transition state TS8 leading to cyclohexanone formation.
For this reason we discarded this alternative route.
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To conclude, the most favorable reaction catalysed by the Lewis acid Ce4+ is
the decomposition of cyclohexyl hydroperoxide to cyclohexanone and water.
The reaction to produce cyclohexanol from cyclohexyl hydroperoxide leaving
an oxidised CeO2 surface is energetically more demanding and disfavoured
compared to the previous one.

Figure 7.13: Optimised geometries of all structures involved in CHHP decomposition over a
low-coordinated Ce4+ centre in Ce40O80 nanoparticle. The numbers enclosed in parenthesis
correspond to the relative energy stability with respect to the Ce40O80 nanoparticle and
separated reactants in Kcal/mol.
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Figure 7.14: Optimised geometries of the stable structures formed by adsorption of cy-
clohexyl hydroperoxide over a CeO2 {111} surface. The numbers enclosed in parenthesis
correspond to the relative energy stability with respect to the CeO2 {111} surface and sep-
arated reactants in Kcal/mol.

The energy profiles obtained for CHHP decomposition over basic O atoms and
over Lewis acid Ce4+ cations are compared in figure 7.10b, blue and red lines.
Dissociation of the O-O bond is the most difficult elementary step in both
cases, but the activation energy involved when the process occurs over Ce4+

centres is half the barrier required in the pathway starting with CHHP depro-
tonation over basic O atoms. Finally, the thermodynamics of adsorption and
dissociation of CHHP over an extended CeO2 {111} surface was considered
for comparison. In the most stable configuration found for CHHP adsorbed
on the CeO2 surface (structure R3 in figure 7.14) one of the O atoms of the
hydroperoxo group interacts with a surface Ce4+ cation, while the H atom
of this group forms a hydrogen bond with a three-coordinated O atom of the
ceria surface. Deprotonation of the hydroperoxide yielding an adsorbed cyclo-
hexylperoxide and a hydroxyl group (structure I2 in figure 7.14) is exothermic
by 2.9 kcal/mol. On the other hand, direct dissociation of the O-O bond
yielding one cyclohexoxy and one hydroxyl groups directly attached to two
different Ce4+ centres (structure I3 in figure 7.14) is energetically disfavoured
by 2.4 kcal/mol. Taking into account these thermodynamic energies and the
lower reactivity of large ceria nanoparticles determined experimentally, no fur-
ther study of the reaction mechanism over extended surfaces was performed.
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Cyclohexanol oxidation to cyclohexanone

Another possible pathway for cyclohexanone formation is the further oxidation
of the cyclohexanol formed in the oxidation of cyclohexane. The interaction of
cyclohexanol with small CeO2 nanoparticles is strong, and involves a hydrogen
bond between the alcohol proton and a basic surface oxygen atom, as well
as a Lewis acid-base interaction between the lone pair in the alcohol oxygen
atom and a Ce4+ Lewis acid centre (reactant structure R5 in figure 7.15).
This conformation polarizes the O-H bond that is easily dissociated through
transition state TS9 with an activation energy barrier of only 4.3 kcal/mol,
generating a highly stable cyclohexoxy intermediate (structure I6). Then, a
second hydrogen transfer from the cyclohexoxy fragment to a basic oxygen
atom of CeO2 produces cyclohexanone and a reduced CeO2-HH nanoparticle
(structure P6). The process is highly exothermic, but involves an activation
energy of 32.7 kcal/mol, as large as that found for cyclohexane activation.
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Figure 7.15: Optimised structures of all structures involved in cyclohexanol oxidation to
cyclohexanone over a Ce21O42 nanoparticle. The numbers enclosed in parenthesis correspond
to activation energies for transition states and reactions energies for minima and are given
in Kcal/mol.

The energy profiles obtained for cyclohexanone formation by different routes
are compared in figure 7.10b, red and green lines. While the highest activation
energy barrier in cyclohexanol oxidation (green line) is close to 33 kcal/mol,
dissociation of the O-O bond is the most difficult step in the direct decom-
position of CHHP over Ce4+ Lewis acid centres (red line) and involves an
activation energy lower than 20 kcal/mol. It can therefore be concluded from
these calculations that the main pathway for cyclohexanone formation is the
direct decomposition of CHHP over Ce4+ Lewis acid centres present in small
ceria nanoparticles, in agreement with the experimental data showing that
cyclohexanone is a primary product of the reaction.
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7.3.3 IR study of cyclohexane activation

The mechanism proposed according to the DFT study involves, on one hand,
the decomposition of CHHP at Ce4+ Lewis acid sites generating cyclohexanone
and, on the other hand, the activation and dissociation of the C-H bond in
cyclohexane at the most reactive bi-coordinated O atoms at the edges between
{100} and {111} facets. Cyclohexane oxidation follows therefore a Mars-van-
Krevelen mechanism, and the role of the CHHP oxidant species is to heal the
oxygen vacancy defects generated in the formation of cyclohexanol. In order
to confirm this proposed mechanism we studied, using in situ IR spectroscopy,
the interaction of cyclohexane with nanocrystalline HSA CeO2 sample that
was found to be the most active in the catalytic tests. Figure 7.16 shows the
IR spectra of the clean CeO2 sample (spectrum a, black line), after adsorption
of cyclohexane (spectrum b, red line) and after co-adsorption of cyclohexane
and TBHP (spectrum c, blue line) together with the corresponding gas phase
spectra.

After cyclohexane adsorption on nanocrystalline HSA CeO2 at 110�C, the ap-
pearance of IR bands at 1190, 1133 and 1097 cm�1, corresponding to surface
alkoxy species, is clearly observed (figure 7.16, spectrum b). The assignment is
confirmed by the detection of similar IR bands after cyclohexanol adsorption
on a clean CeO2 sample (see figure 7.17). Moreover, the corresponding IR gas
phase spectrum (figure 7.16B, spectrum b) shows the presence of cyclohexanol
(IR band at 1140 cm�1), as a consequence of a fast cyclohexoxy transition
to adsorbed cyclohexanol species and further desorption into the gas phase.
Notice that the above discussed IR data have been collected in the absence of
any oxidising species, and therefore they confirm the theoretical proposal that
the C-H bond activation in cyclohexane takes place on surface oxygen atoms
resulting in formation of cyclohexoxy fragments. According to the theoretical
study, the role of the oxidant is the healing of the vacancies, that is, the reox-
idation of the surface. In order to proof this reaction mechanism, TBHP was
co-adsorbed at 110�C after cyclohexane dosing. An increase in the intensity of
the IR band at 1133 and 1097 cm�1 corresponding to adsorbed alkoxy species
is clearly observed (figure 7.16A, spectrum c), supporting a Mars-van-Krevelen
mechanism, as discussed previously. In parallel, gas phase cyclohexanol is also
detected (Figure 7.16B, spectrum c).
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Figure 7.16: A (top) IR spectra of CeO2 sample a) before adsorption (black line) b) after
12 mbar cyclohexane adsorption at 110�C (red line) and c) followed by 2 mbar tBut-OOH
co-adsorption at 110�C (blue line). ⇤IR bands due to tBut-OOH. B (bottom) shows the
corresponding gas phase spectra.
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Figure 7.17: IR spectra of CeO2 sample a) before, b) after 0.6 mbar cyclohexanol adsorption
at 25�C and c) after 4 mbar cyclohexanol adsorption at 25�C.

7.4 Conclusions

In this chapter we have performed a theoretical study about the influence of
Hubbard U corrections in the properties of CeO2 nanoparticles in order to get
a proper theoretical descriptions of the model which we then use for studying
CHHP deperoxidation and cyclohexane oxidation. This mechanistic study was
combined with spectroscopic studies to shed light into the catalytic activity of
this oxide.

In the study of the DFT+U corrections we investigated the interaction of CO
with Lewis acid centers, the adsorption and dissociation of H2O at acid-base
pairs, and the adsorption of molecular O2 at Ce4+ centers and oxygen vacancy
defects present in CeO2 nanoparticle models of 1 nm diameter, with U= 0,
2, and 4 eV . The major influence of the U value is found in the stability of
the reduced nanoparticles; In this case the energy of formation of an oxygen
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vacancy defect decreases by 0.8 eV when the value of U increases from 0 to 4
eV . However, once the oxygen vacancy defects are healed by O2 molecules, the
resulting peroxide species are similarly described by the three computational
levels considered.

Regarding the mechanism behind the catalytic activity of CeO2 nanoparti-
cles, a detailed theoretical study of the reaction mechanism shows that the
dissociation of the C-H bond in cyclohexane is catalysed by bi-coordinated
oxygen atoms present at the edges of small CeO2 nanoparticles. Cyclohexanol
is formed in this step as primary product, generating oxygen vacancy defects
that are healed by the subsequent decomposition of CHHP, thus closing the
catalytic cycle. On the other hand, the main pathway for cyclohexanone for-
mation is the direct decomposition of CHHP at low coordinated Ce4+ Lewis
acid centres present in small CeO2 nanoparticles, in agreement with the ex-
perimental data showing that cyclohexanone is also a primary product of the
reaction. The theoretical proposal that cyclohexane oxidation follows a Mars-
van-Krevelen mechanism involving the oxygen atoms of the catalyst surface is
confirmed by in situ IR spectroscopy. Surface cyclohexoxy intermediates are
identified by IR after cyclohexane adsorption on CeO2, and desorbed CHHP
is detected in the gas phase. The combination of the knowledge gained in this
chapter helps to rationalise the experimental findings of the previous chapter.
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Chapter 8

Conclusions drawn from this
work

In this brief chapter the conclusions obtained for this study are
explained. Even though at the end of each chapter the conclusions
of the corresponding study are exposed in detail, this chapter sum-
marises and presents all of them in a brief and practical way, so a
quick global picture of the project findings can be grasped.
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This dissertation focused on the assessment and development of heterogeneous
catalysts for the deperoxidation of cyclohexyl hydroperoxide and oxidation
of cyclohexane, based in metal oxides and supported Au nanoparticles. For
this endeavour we took a multi-disciplinary approach, combining theoretical
chemistry, kinetic studies and also synthesis and characterisation of materials.
The starting candidate as heterogeneous catalyst for this process was supported
Au nanoparticles.

The approach of this dissertation was first to model the mechanism of cy-
clohexyl hydroperoxide decomposition and oxidation of cyclohexane on Au
nanoparticles by theoretical calculations, and use these findings to synthesise
efficient heterogeneous catalysts which were subsequently tested and optimised
experimentally. Along this process a metal oxide, CeO2, was found to be ac-
tive leaving its role as mere Au support. This fact triggered a study, both
theoretical and experimental, of the process catalysed by CeO2.

As a global conclusion, the research herein found that Au nanoparticles an-
chored in metal oxides are active for decomposing hydroperoxides as well as for
oxidising cyclohexane. The theoretical study showed that small particles are
needed in order to activate cyclohexane, but too small nanoparticles hindered
the process. One metal oxide, CeO2, was found also active for the reaction. In
this case, the theoretical studies coupled with spectroscopic ones showed that
in this case the process follows a Mars-van-Krevelen mechanism.

Below are briefly exposed the conclusions drawn for each part of this research.

Theoretical study of the coupling of cyclohexyl hydroperoxide
decomposition with cyclohexane oxidation by Au catalysis

We investigated via a theoretical study how the decomposition of cyclohexyl
hydroperoxide and the oxidation of cyclohexane could be coupled by Au catal-
ysis. The study was performed with ab-initio techniques, using DFT as im-
plemented in the VASP code. With it, the elementary steps that make up
the process on different Au models were modelled, characterising the relevant
stationary points across the potential energy hypersurface. The models em-
ployed range from extended surfaces, going through nanoparticles and down to
clusters. We studied the adsorption of reactants, cyclohexane and cyclohexyl
hydroperoxide, and how they can be activated by Au in the most favorable
way. After that we studied how the resulting fragments from the adsorption
recombine on the surface to finally form the products, cyclohexanol and cy-
clohexanone. This completes a catalytic cycle from reactants to products and

240



allowed us to have a picture of how the process may work at the molecular
level.

Cyclohexane activation

Activating cyclohexane on Au nanoparticles was found to be an endothermic
process with significant kinetic barriers, but small Au nanoparticles with low-
coordinated atoms helped overcome the energy demands and make the process
notably easier.

Cyclohexyl Hydroperoxide deperoxidation

On the other hand, the adsorption of cyclohexyl hydroperoxide was different
because of the reactivity of its O-O bond, which made fairly easy to dissociate
by Au. The activation barriers were not high, so both thermodynamically and
kinetically the process was not demanding. Deprotonation of CHHP was found
to be not favorable on Au nanoparticles.

Cyclohexanol formation

For the case of cyclohexanol, we studied two kinds of processes. The first type
involved the transfer of a H atom to a cyclohexoxy fragment (originated in
the dissociation of the hydroperoxide) from different sources: H atoms on the
surface of Au, OH groups and water molecules. Two of them were exothermic
and the other one slightly endothermic. All three of them did not exhibit high
activation barriers, so these routes would form cyclohexanol. It is via these
processes that cyclohexoxy fragments (coming from either cyclohexyl hydroper-
oxide dissociation or cyclohexane dissociation involving O atoms present in the
catalyst) turn into the final product.

The second type of process was the recombination of cyclohexyl fragments
and OH groups, the former coming from the dissociation of cyclohexane, and
it was the only route through which cyclohexyl fragments would turn into
the product. This process was exothermic, however the activation barriers
were fairly high as for the dissociation of cyclohexane, and in fact the process
got more endothermic for smaller nanoparticles, the contrary to what we saw
for the reactants. A tradeoff is to be chosen then: nanoparticles not too
small so that formation of cyclohexanol is not too difficult by recombination
of cyclohexyl fragments and OH groups.
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Cyclohexanone formation

Regarding the formation of the second product cyclohexanone, we studied the
process involving the transfer of a H atom from a cyclohexoxy fragment to
a OH group, which produces the ketone and a water molecule. The process
was exothermic but the activation barrier was slightly high, although not pro-
hibitive. There was no clear trend with system size or coordination of Au
atoms for this case, so the process could happen to some extent in all nanopar-
ticles. Finally, in terms of desorption of the products, it ranged approximately
from 5 to 20 Kcal/mol, being higher than 20 Kcal/mol in some specific cases.
Roughly speaking, high desorption values were obtained on the smaller systems
like the 5-atom cluster. The most costly desorptions were in processes where
H bonds between the products are formed, like H-transfer from OH groups
and water molecules. So in essence, desorption would not be a constraint for
the global process except in some cases, in which desorbing the products away
from the Au nanoparticles would require a similar energy as the activation
barrier for forming them.

CHHP deperoxidation and oxidation of cyclohexane by Au:
Experimental and theoretical insights

After the theoretical study on Au nanoparticles we went into the laboratory
with the aim of synthesizing efficient Au-based catalysts for the target reac-
tion. Several parameters like the role of the support and the particle size in
the catalytic activity of Au were explored. This was combined with a theo-
retical study taking into account the role of the support (T iO2). We found
then that Au/oxide catalysts are suitable candidates for replacing the current
homogeneous species used for this process, with high activity and reasonable
selectivity.

Experimental findings for supported Au nanoparticles

On the experimental side, we confirmed that small Au particles supported on
metal oxides are particularly active for coupling CHHP/TBHP deperoxidation
and oxidation of cyclohexane. Suitable supports for nanoparticles are oxides
like Al2O3, T iO2 and specially CeO2, being already active by itself. This
was the justification for additional studies shown in the later chapters of the
dissertation. Following what was found in the theoretical study on isolated Au
nanoparticles, we observed that neither too small particles nor too big ones
were efficient for activating and oxidising cyclohexane so a intermediate value
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should be used. Such value falls in the range of 2 to 5 nm of particle diameter.
We optimised the amount of Au for the catalyst and found a sensible value
of 1% wt for the most active ones. Finally we confirmed the activity of these
catalysts with CHHP and studied their recyclability, which after 10 cycles lost
little activity due to a light degree of metal leaching.

Theoretical findings taking into account the support

The experimental work was followed by a theoretical study of a model Au/T iO2

system. We observed that for the case of T iO2 alone the activation of the
C-H bond is exothermic, contrary to what we saw for isolated Au nanopar-
ticles. However, the formation of cyclohexanol and cyclohexanone are fairly
endothermic, and in fact the desorption of these products face a severe des-
orption energy, which could explain in part the poor intrinsic activity of this
oxide. Regarding the case of Au particles supported on this oxide, the the-
oretical study revealed that decomposition of the deprotonated CHHP into a
cyclohexoxy fragment is preferred over Au than on the support and the ac-
tivation of cyclohexane on the Au atoms of the metal-support interface than
directly on surface.

CHHP deperoxidation and oxidation of cyclohexane by CeO2

After finding out that CeO2 is active by itself for the reaction, we further
tested it experimentally. It was almost as fast in terms of deperoxidation as
Au nanoparticles, and possessed the same ability to oxidise cyclohexane into
oxygenated products.

Activity of CeO2 for TBHP and CHHP deperoxidation

We first tested the performance of CeO2 for TBHP deperoxidation, after which
we confirmed its activity with the target hydroperoxide CHHP. A catalyst
amount of 1% achieves good results both in terms of deperoxidation rate and
oxidation of cyclohexane. As expected, increasing the reaction temperature led
to a higher activity, however the selectivity worsened, and temperatures higher
than 100�C resulted in significant undesired decomposition of CHHP leading
to a lower yield for cyclohexane oxidation. The results also indicated that the
presence of species like carboxylic acids, which are present on the industrial
reaction mixture, decreased the activity of CeO2.
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Selectivity of CeO2 as a function of surface area

Additionally, a number of CeO2 catalysts were synthesised and tested. The
deperoxidation activity is proportional to the surface area, and does not seem
to depend of the preferential facets that the oxide may expose. Interestingly,
analysis of their catalytic performance evidenced that selectivity to the desired
products improved when decreasing the surface area of CeO2 particles, regard-
less of the preferential facets exposed. This finding suggested the existence of
a structure-activity relationship in this process, and points to a preferential
activation of cyclohexane at defective corner or edge sites, whose relative con-
centration increases upon decreasing particle size.

Mixed and doped CeO2

We also studied the performance of mixed Ce oxides presenting transition
metals in different ratios and the effect of doping. It was found that no im-
provement on the selectivity of the catalyst occurs for mixed oxides compared
to pure nanocrystalline CeO2, and that the deperoxidation rate is proportional
to the relative amount of Ce. Similarly, doping with 1% of transition metals
like La, Pr and Y did not lead to neither an improvement of the deperoxidation
activity nor the efficiency for cyclohexane oxidation.

Recyclability of CeO2

Finally, we tested the stability and reusability of nanocrystalline CeO2 by
performing repeatedly several reaction cycles. In all cycles it was found to
perform similarly without a loss in activity or selectivity. This is another
finding supporting its potential as a industrial-grade catalyst.

Theoretical and spectroscopic studies of CHHP
deperoxidation and cyclohexane oxidation by CeO2

We performed a theoretical study about the influence of Hubbard U corrections
in the properties of CeO2 nanoparticles in order to get a proper theoretical de-
scription of the model which we then use for studying CHHP deperoxidation
and cyclohexane oxidation. This mechanistic study was combined with spec-
troscopic studies to shed light into the catalytic activity of this oxide.
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Influence of DFT+U corrections in the modelling of CeO2

nanoparticles

In the study of the DFT+U corrections we investigated the interaction of CO
with Lewis acid centers, the adsorption and dissociation of H2O at acid-base
pairs, and the adsorption of molecular O2 at Ce4+ centers and oxygen vacancy
defects present in CeO2 nanoparticle models of ⇠1 nm diameter, with U= 0,
2, and 4 eV .The major influence of the U value was found in the stability of
the reduced nanoparticles. In this case, the energy of formation of an oxygen
vacancy defect decreased by ⇠0.8 eV when the value of U increased from
0 to 4 eV . However, once the oxygen vacancy defects were healed by O2

molecules, the resulting peroxide species were similarly described by the three
computational levels considered.

Mechanistic study of CHHP deperoxidation and cyclohexane
oxidation in CeO2 nanoparticles

Regarding the mechanism behind the catalytic activity of CeO2 nanoparticles,
a detailed theoretical study of the reaction mechanism showed that dissociation
of the C-H bond in cyclohexane was catalysed by bi-coordinated O atoms
present at the edges of small CeO2 nanoparticles. Cyclohexanol was formed in
this step as primary product, generating O vacancy defects that were healed by
the subsequent decomposition of CHHP, thus closing the catalytic cycle. On
the other hand, the main pathway for cyclohexanone formation was the direct
decomposition of CHHP at low coordinated Ce4+ Lewis acid centres present in
small CeO2 nanoparticles, in agreement with the experimental data showing
that cyclohexanone was also a primary product of the reaction.

In-situ infrared studies on CeO2

The theoretical proposal that cyclohexane oxidation follows a Mars-van-Krevelen
mechanism involving the oxygen atoms of the catalyst surface was confirmed
by in-situ IR spectroscopy. Surface cyclohexoxy intermediates were identi-
fied by IR after cyclohexane adsorption on CeO2, and desorbed CHHP were
detected in the gas phase. The combination of the knowledge gained in this
chapter helped to rationalise the experimental findings of the previous chapter.
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Chapter 9

Resumen en castellano

El presente trabajo se centra en el estudio y desarrollo de catalizadores het-
erogéneos para la desperoxidación de ciclohexil hidroperóxido y la oxidación
de ciclohexano, basados en óxidos metálicos y nanopartículas de Au. Para lo-
grar tal objetivo se ha usado un enfoque multidisciplinar, que combina química
teórica y estudios cinéticos, a la vez que síntesis y caracterización de materiales.

El candidato inicial para llevar a cabo el proceso consiste en partículas de Au
soportadas. El camino a seguir pasa primero por modelizar el mecanismo de
descomposición de ciclohexil hidroperóxido y oxidación de ciclohexano medi-
ante cálculos teóricos, y utilizar el conocimiento generado por este estudio para
dictar la síntesis de catalizadores heterogéneos, comprobando y optimizando
posteriormente su actividad de forma experimental. Sin embargo, como será
visto a lo largo de este trabajo, algunos óxidos metálicos dejan de lado su papel
como mero soporte físico para las partículas de Au y son activos por sí mismos.
Tal hecho será estudiado tanto teórica como experimentalmente.

Cada capítulo tiene un objetivo específico, y es a su vez una parte del objetivo
global de esta investigación:

• El capítulo 1 provee al lector de una breve introducción a los temas sobre
los que yace este trabajo: oxidación de ciclohexano, catálisis heterogénea
y catálisis mediante Au y óxidos metálicos.
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Chapter 9. Resumen en castellano

• El capítulo 2 expone de una forma breve y concisa los objetivos de esta
investigación, formulando la hipótesis de partida y los correspondientes
experimentos para su validación.

• El capítulo 3 describe la metodología utilizada junto a una explicación de
los fundamentos en los que se basa cada técnica.

• El capítulo 4 es el primer capítulo que discute los resultados obtenidos
en esta investigación. Se trata de un estudio usando la teoria del fun-
cional de densidad para investigar el mecanismo de reacción del proceso
sobre diferentes modelos teóricos de Au, con el objetivo de comprender
la influencia de diversos factores en la actividad catalítica, tales como el
tamaño de partícula, la coordinación de los átomos de Au y la presencia
de especies adicionales como átomos de O y agua.

• El capítulo 5 hace uso de los resultados obtenidos en el estudio anterior, y
los utiliza para dirigir la síntesis de nanopartículas soportadas de Au. Se
trata de un estudio experimental en el que se investigan diversos factores
que pueden afectar a su actividad catalítica. Este estudio se combina a
su vez con uno de tipo teórico en el que se tiene en cuenta la influencia
del soporte en la actividad catalítica de las particulas de Au.

• El capítulo 6 se basa en uno de los resultados obtenidos en el capítulo
5. Uno de los soportes utilizados para anclar las partículas de Au resulta
de por sí activo: el CeO2. Su notable actividad para catalizar este pro-
ceso exige un estudio en mayor profundidad, el cual se lleva a cabo en
este capítulo. Parámetros como el tamaño de particula, la morfología de
superficie y el dopaje entre otros se investigan en este punto.

• El capítulo 7 sigue la estela del trabajo anterior sobre CeO2, pero ahora
desde el punto de vista de la química teórica. Presenta primero un estu-
dio sistemático de parámetros relacionados con la mecánica cuántica que
afectan al CeO2, con el objetivo de alcanzar una descripción satisfactoria
de los modelos teóricos para este óxido. Tras esto, se lleva a cabo un
estudio del mecanismo de reacción en dichos modelos de CeO2, a fin de
comprender el origen de su actividad catalítica. Finalmente, un estudio
de espectroscopía infrarroja confirma que el mecanismo de descomposi-
ción de ciclohexil hidroperóxido y oxidación de ciclohexano catalizado por
CeO2 es de tipo Mars-van-Krevelen.

• El capítulo 8 presenta de forma estructurada y concisa todas las conclu-
siones que se han sacado a raíz de los resultados obtenidos. Aún a pesar
de que cada capítulo presenta sus correspondientes conclusiones al final,
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aquí se presentan de una forma agrupada a comodidad del lector, para
que pueda obtener de forma ágil una visión global de los resultados de
esta investigación.

Los resultados de este trabajo contribuyen a expandir el conocimiento actual
sobre catálisis heterogénea para la oxidación de ciclohexano, una de las reac-
ciones químicas industriales mas importantes a nivel mundial, y la cual con-
tinua siendo un desafío. Aún a pesar de que el objetivo central es desarrollar
un catalizador eficiente para dicho proceso, este trabajo es una muestra de la
simbiosis que se puede dar entre los métodos computacionales y la química ex-
perimental, y como los primeros son capaces de guiar la síntesis de materiales
noveles a la vez que ayudar a entender el mecanismo de reacciones químicas a
nivel atómico.
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Chapter 10

Resum en valencià

Aquest treball es centra en l’estudi i desenvolupament de catalitzadors hetero-
genis per a la desperoxidació de ciclohexil hidroperòxid i la oxidació de ciclo-
hexà, basats en òxids metàl·lics i nanopartícules de Au. Per aconseguir aquest
objectiu s’ha utilitzat un enfocament multidisciplinari, en el qual es combinen
química teòrica i estudis cinètics amb síntesi i caracterització de materials.

El candidat inicial per dur a terme el procés consisteix en partícules de Au
suportades. El camí a seguir passa primer per modelitzar el mecanisme de
descomposició del ciclohexil hidroperòxid i la oxidació de ciclohexà mitjançant
càlculs teòrics, i utilitzar el coneixement generat per aquest estudi per dirigir
la síntesi de catalitzadors heterogenis, comprovant i optimitzant posteriorment
la seua activitat de forma experimental. No obstant això, com es veurà al llarg
d’aquest treball, alguns òxids metàl·lics deixen de costat el seu paper com a
suport físic de les partícules de Au y són actius per si mateixos. Aquest fet
s’ha estudiat tant teòrica com experimentalment.

Cada capítol té un objectiu específic i és al mateix temps una part de l’objectiu
global d’aquesta recerca:

• El capítol 1 proporciona al lector una breu introducció als temes tractats
en aquest treball: oxidació de ciclohexà, catàlisi heterogènia i catàlisi
mitjançant Au i òxids metàl·lics.
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Chapter 10. Resum en valencià

• El capítol 2 exposa d’una forma breu i concisa els objectius d’aquesta
investigació, formulant la hipòtesi inicial i els corresponents experiments
per a la seua validació.

• El capítol 3 descriu la metodologia utilitzada conjuntament amb una ex-
plicació dels fonaments en els quals es basa cada tècnica.

• El capítol 4 és el primer capítol que discuteix els resultats obtinguts en
aquesta investigació. Es tracta d’un estudi usant la teoria del funcional
de densitat per investigar el mecanisme de reacció del procés en difer-
ents models teòrics de Au, amb l’objectiu de comprendre la influència en
l’activitat catalítica de diversos factors, com ara la grandària de partícula,
la coordinació dels àtoms de Au i la presencia d’espècies addicionals, com
àtoms de O i aigua.

• El capítol 5 fa ús dels resultats obtinguts en l’estudi anterior, i els utilitza
per dirigir la síntesi de nanopartícules suportades de Au. Es tracta d’un
estudi experimental en el qual s’investiguen diversos factors que poden
afectar a la seua activitat catalítica. Aquest estudi es combina amb un
altre de caràcter teòric en el qual es té en compte la influència del suport
en la activitat catalítica de les partícules de Au.

• El capítol 6 es basa en un dels resultats obtinguts en el capítol 5. Un dels
suports utilitzats per fixar les partícules de Au resulta de per si actiu:
el CeO2. La seua notable activitat per catalitzar aquest procés demana
un estudi de major profunditat, el qual es duu a terme en aquest capítol.
Paràmetres com la grandària de partícula, la morfologia de superfície i el
dopatge, entre altres, s’investiguen en aquest punt.

• El capítol 7 continua l’estudi anterior sobre el CeO2, però ara des del
punt de vista de la química teòrica. Presenta en primer lloc un es-
tudi sistemàtic de paràmetres relacionats amb la mecànica quàntica que
afecten al CeO2, amb l’objectiu d’aconseguir una descripció satisfactòria
pels models teòrics d’aquest òxid. Després, es duu a terme un estudi
del mecanisme de reacció en aquests models de CeO2, a fi de com-
prendre l’origen de la seua activitat catalítica. Finalment, un estudi
d’espectroscòpia infraroja confirma que el mecanisme de descomposició
de ciclohexil hidroperòxid i oxidació de ciclohexà catalitzat per CeO2 és
de tipus Mars-van-Krevelen.

• El capítol 8 presenta de forma estructurada i concisa totes les conclusions
que s’han extret arran dels resultats obtinguts. Encara que cada capí-
tol presenta les seues corresponents conclusions al final, ací es presenten
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d’una forma agrupada per a la comoditat del lector, per què puga obtindre
de forma àgil una visió global dels resultats d’aquesta investigació.

Els resultats d’aquest treball contribueixen a expandir el coneixement actual en
relació amb la catàlisi heterogènia per a l’oxidació de ciclohexà, una de les reac-
cions químiques industrials més importants a nivell mundial, i la qual continua
sent un repte. Encara que l’objectiu central és desenvolupar un catalitzador
eficient per aquest procés, aquest treball constitueix a més un exemple de la
simbiosi que es pot obtindre entre els mètodes computacionals i la química ex-
perimental, i com són capaços els primers de guiar la síntesi de nous materials
i al mateix temps ajudar a entendre el mecanisme de les reaccions químiques
a nivell atòmic.
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Chapter 11

Summary

This dissertation focuses on the assessment and development of heterogeneous
catalysts for the deperoxidation of cyclohexyl hydroperoxide and oxidation of
cyclohexane, which will be based in metal oxides and gold nanoparticles. For
this endeavour a multidisciplinary approach will be used combining theoretical
chemistry, kinetic studies and synthesis and characterisation of materials.

The starting choice for the catalyst to carry out the process is supported gold
nanoparticles. The approach of this dissertation is to first model the mecha-
nism of cyclohexyl hydroperoxide decomposition and oxidation of cyclohexane
on gold nanoparticles by theoretical calculations, and use these findings to
synthesise efficient heterogeneous catalysts which will be subsequently tested
and optimised experimentally. But as it will be seen, some metal oxides are
active rather than acting as mere supports, which will also be studied both
theoretical and experimentally.

Each chapter has a specific focus and constitutes a strand of the overall goal:

• Chapter 1 provides an introductory background on the topics that this
dissertation lies upon: oxidation of cyclohexane, heterogeneous catalysis
and catalysis by gold and metal oxides.

• Chapter 2 outlines the objectives of the thesis, formulating the relevant
hypotheses of this research and the subsequent validation tests.
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Chapter 11. Summary

• Chapter 3 exposes the methodology with a brief conceptual background
that has been used to carry out this work.

• Chapter 4 is the first chapter dealing with results. It consists in a theo-
retical study using density functional theory of the reaction mechanism
over different models of gold nanoparticles, in order to study the influence
of several parameters on their catalytic activity: the particle size, atom
coordination, and presence of additional species like oxygen atoms and
water.

• Chapter 5 uses the findings found in chapter 4 to drive the synthesis of
supported gold nanoparticles. It consists in a experimental study of gold-
based catalysts, which is combined with a theoretical study which takes
into account an additional variable: the support.

• Chapter 6 exploits one of the findings of chapter 5. One of the sup-
ports used for anchoring the gold nanoparticles is active by itself, namely
cerium oxide. This chapter comprises an experimental work about its ac-
tivity, studying parameters like particle size, morphology and the effect
of doping.

• Chapter 7 continues with the catalytic activity of cerium oxide-based
materials, but now from a theoretical point of view. It first presents
a systematic study of the parameters relevant for the proper quantum
mechanical description of cerium oxide, which is followed by a mechanistic
study on different models.

• Chapter 8 outlines the conclusions obtained in this dissertation, present-
ing them in a summarised way. Even though each chapter presents its
corresponding conclusions at its end, this chapter groups them all in a
structured way for the reader’s convenience, so a global view of the project
can be swiftly grasped.

The results herein further the knowledge of heterogeneous catalysis for the
oxidation of cyclohexane, one of the most important industrial reactions, and
which continues to be a challenge. Although the ultimate goal is to develop
an industrial catalyst, the dissertation also aims to show how computational
chemistry can drive the design of novel materials, and how it can help to
understand catalytic reactions at the atomic level.
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