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Abstract iii

ABSTRACT

The first examples of gold as the catalyst of choice were the hydrochlorination of
acetylene using gold on carbon catalysts and the oxidation of carbon monoxide, both
identified around 20 years ago. From that time most research interest has been focused
on the use of gold as a catalyst for oxidation reactions, whereas although gold can be an
excellent electrophilic agent is some of its oxidation states, few studies are available
which display this.

Chlorinated organic compounds are widely manufactured in industry for the production
of chemicals that can be used as solvents, glues, anaesthetics, and precursor for plastics.
However, the usual industrial conditions applied make use of high pressure and
temperature. By focusing attention on the production of commodities like vinyl chloride
monomer, and chloroethane we have seen that these kinds of products can be obtained
under mild conditions when gold is used as a catalyst, and with high selectivity.
Moreover, a tuneable effect can be obtained using different supports, or gold oxidation
states.

Although gold as a catalyst for the hydrochlorination of acetylene is known, no literature
is available on the effect of adding another metal, either as a bimetallic or an alloy
system, on final activity. For this reason, the effect of adding metals such as Pd, Pt, Ru,
Rh, Ir has been investigated. Gold alone gives the most stable performance. However,
when Au/Pd is used an initial promotional effect is observed. Although this effect is not a
long term effect, it has been possible to detect an influence of the gold oxidation state
and to identify clearly the gold oxidation state responsible for the hydrochlorination of
acetylene and the mechanism of catalyst deactivation.

Using carbon as a support, only carbon-carbon triple bonds are reacted and ethylene is
unreactive. For this reason selectivity to vinyl chloride monomer in excess of 99% is
achieved. This particular behaviour has been explained by postulating the formation of a
C,H,/AwHCI complex, and this hypothesis is supported by the use of deuterated reagents

and molecular modelling investigations.
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However, we have shown that this effect is unique to carbon, and other supports are
largely ineffective. Surprisingly, ZnO as support produces a catalyst that is inactive for
acetylene but active for the hydrochlorination of ethylene. Both Au supported on carbon
or different metal oxides are ineffective as oxychlorination catalysts. In fact the formation
of ZnCl, has been identified under reaction conditions, and it can be an active catalyst for
the hydrochlorination reaction of double C-C bond containing substrates.

In addition the solid state phase transition of a vanadyl orthophosphate species ©-VOPO4
has been investigated during n-butane oxidation. This solid phase has, up to now,
received little attention due to the difficulty in obtaining it in a pure form and because it
exists only at high temperature. It has been possible to demonstrate that reagents like n-
butane, acetic acid, and CO are able to induce a phase transition of ®-VOPO, to 3-
VOPO,, and this is possible by removal of surface lattice oxygen, but preserving the
polymorph nature of the two phases.
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SUMMARY

The low temperature CO oxidation is described and discussed, using doped Aw/TiO,
catalysts. It has been possible to demonstrate that the presence of trace amounts of nitrate
over Aw/TiO; can lead to enhanced and long term activity improvements, which are 20-
30% better than the undoped catalyst.

In addition hydrochlorination of acetylene using gold and bimetallic gold based catalysts
using Pd, Pt, Rh, Ir and Ru on carbon is described. It has been possible to identify an
enhanced initial activity for catalysts containing a small amount of Pd and Ir, and a long
term enhanced stability when Rh is used, while metals such Pt and Ru do not give
reproducible results or increased activity.

Investigations on reaction mechanism of hydrochlorination have been carried out using
different triple C-C bond containing substrates, deuterated reactants and molecular
modelling investigations. All the collected data suggest a reaction mechanism via
alkyne/AwWHC] complex, and this can explain the exceptional selectivity of gold
catalysts.

Moreover, hydrochlorination and oxychlorination of double C-C bonds containing
substrates using Au/ZnO catalysts have been studied. It has been possible to observe that
the reaction is not catalysed by gold, but by ZnCl, formation on the catalyst surface, and
it has been possible to obtain more efficient catalysts by dispersing ZnCl, on silica, and
the catalyst is effective for hydrochlorination only.

Finally, a phase transitions between two different vanadyl orthophosphate, ®-VOPO,
and 8-VOPOy, and their correlation with n-butane oxidation, are described and discussed.
It has been possible to identify a chemically induced fast solid state transition triggered

by removal of surface lattice oxygen.
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Chapter 1: CATALYSIS BY GOLD AND VANADIUM PHOSPHORUS OXIDES

1.1 Introduction

This chapter is focused on the description of gold chemistry with specific examples of
oxidation, hydrochlorination and oxychlorination reactions, as well as the uses and the

properties of vanadium phosphorus oxides towards oxidation reactions.

Both gold and vanadium have been used for heterogeneous catalysis applications, as a
consequence, elements of catalysis by surfaces, metal cluster structure, role and effect of
supports and catalyst preparation techniques are described

1.2 General aspects of catalysis by gold

Gold has been considered for long time a metal without any particular catalytic activity.
However, although this can be true for bulk material, when gold is used in clusters of
nanometer size range, it can display surprising catalytic activity [1, 2].

One of the main reasons considered for the absence of activity for gold as a catalyst was
the absence of oxidation of the bulk material. In fact, the only characterized oxide of gold
is Au,0;, but this oxide present a small formation enthalpy of —19.3 kJ mol™ and it is best
obtained by heating Au(IIl) hydroxide at 150 °C [3] and it decomposes to the elements
above160 °C [4], whereas oxygen does not react with bulk gold up to the decomposition
temperature of the oxide. Nevertheless, when gold clusters are used, gold can be an
excellent oxidation catalyst, and probably, the most investigated example is CO oxidation
to CO, that can occur at temperatures as low as —73 °C [1]. In order to evaluate the role of
promoters, this reaction has been investigated in this thesis (chapter 3).

Another parameter generally used to explain the absence of catalytic properties of bulk
gold is its electronic configuration, [Xe] 4f'* 5d'° 65, and the extremely high value of the
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first ionisation potential 888 kJ mol”'[5]. In addition, the electronegativity value of 2.54,
and the standard electrode potential of 1.38 V for the reduction of Au(IIl) to Au(0) are the
highest for all the metals. If this last parameter is used as a term of comparison to
evaluate the performance for the hydrochlorination reaction of acetylene among different
metal chlorides, gold is able to display the highest conversion values [2]. Investigations
into the effect of the simultaneous presence of a second metal with gold for the
hydrochlorination reaction have been carried out (chapter 4) as well as new proposal for
reaction mechanism (chapter 5).

Further important reactions that are possible to carry out using gold catalysts are:
selective oxidation of propene to propene oxide [6], water gas shift reaction [7], NO
reduction [8], selective hydrogenation of acetylene [9]. In addition, a gold based catalyst
is nowadays considered the best catalyst for the industrial manufacture of vinyl acetate
monomer [10], this catalyst is a bimetallic system comprising gold/palladium and its
success helped to promote interest in the use of gold as an effective catalyst for industrial
applications.

However, although the considerations given above can be useful to explain some
properties of gold as catalyst, many other aspects are still unclear. Further factors like:
particle size, type of support, structure, preparation methods, and promoters are crucial to
obtain a good catalyst. In fact, all these factors are important for every supported metal
catalyst, but in the case of gold their importance is higher. It is well known that small
variations in the method of synthesis can cause the difference between an excellent and a
poor catalyst, and this aspect has been demonstrated from a great number of experiments
[11,12]. In order to better understand the behaviour of gold as a catalyst, some effects of
these parameters are discussed in more detail in the following paragraphs.

1.2.1 Gold cluster size effect

In catalysis, the term cluster is used to identify aggregates of atoms where the bulk solid,
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different reactivity (fig 1.1). Moreover, of these surface atoms 60 are located at edges or
corners, leading to a further difference of reactivity. A real example of Wulff polyhedron
of Au cluster over MgO is reported in figure 1.2.

Concerning gold, the particle size range for which it can exhibit catalytic activity is still a
matter of debate. Indeed, it is possible to find examples of catalytic activity for gold in
the range 2 to 3 [19] or 3 to 5 [20] and 7 to 8 nm [21]. However, the proper size range is
also dependent on the investigated reaction, and it is possible to find examples of active
gold particles in the range 30 to 50 nm [22]. These discrepancies can be explained by
taking into account the fact that a reaction can be catalysed by different particle size
ranges, moreover it is also possible that cationic gold is participating in the reaction. In
this thesis a good example during the hydrochlorination reaction of acetylene will be
provided (chapter 4 and 5); although Au(0) is able to catalyse the reaction, and the
particle size is in the range of 10 nm, Au(Ill) is able to perform the reaction more
efficiently.

The only agreement among researchers concerning the range of gold particle sizes for
activity relates to the upper and lower limits, which are considered to be 50 and 2
nanometers respectively [23].

1.3 Reaction mechanisms over metal surfaces

The most common and accepted reaction mechanisms that can take place over a metal
surface are the Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) mechanisms [24].
Although they are limited conditions of kinetic process to a catalyst surface, they are
useful to give some indication on how a heterogeneous catalyst can operate. Examples of
these two different mechanisms are present in this thesis. The hydrochlorination of
acetylene over gold on carbon catalyst (chapter 4 and 5), supports the formation of a
complex with both reactants adsorbed on the catalyst surface. It is considered that
hydrochlorination reaction of ethylene over gold on zinc oxide catalyst takes place via an
ER mechanism.
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Large crystals are more stable than small crystals, and as a result, the clusters have the
tendency to aggregate with each other to reach a more stable thermodynamic condition;
this process is named sintering [26], and it is well known in heterogeneous catalysis,
because it can irreversibly affect catalytic properties, usually with detrimental results. The
crucial role of the support is to disperse the chemically active component to increase the
exposed surface area and consequently increase the catalytic activity, but at the same

time, to avoid sintering.

The choice of the support is largely determined by the nature of the reaction system. In
addition, it should be stable under reaction conditions, and it should not interact with

solvent, reactants, or reaction products.

The features required of a material to be a good support are: 1) chemically inert towards
secondary unwanted reactions, 2) good mechanical properties (resistant to abrasion, and
thermal expansion), 3) high surface area, 4) high porosity and 5) low cost [27].

Properties 2) and 5) are particularly important when industrial application is required.
Practically, few materials possess all, or the major part of, the points indicated above.
Si0,, Al,Os;, TiO, and activated carbons are examples of some commonly used supports
of precious metals for industrial applications.

1.4.1 Support effects for gold catalysts

In this section, most of the studies described concern the use of gold on supported metal
oxides, while specific examples and interactions of gold over carbon will be treated in
chapter 4 and its use towards hydrochlorination reactions. As well as the supports
mentioned above, other oxides particularly suitable for gold are: Fe,O3;, CeO;, ZnO and

MgO.

Different supports can have a dramatic effect on the final catalytic performance for both
activity and selectivity. A good example is provided in this thesis. Gold on TiO; is an
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excellent catalyst for low temperature CO oxidation (chapter 3), but it is ineffective for
any kind of hydrochlorination reaction (chapter 4 and 6). Similar phenomena are
observed when carbon is used as support, it is able to catalyse the hydrochlorination
reaction but not CO oxidation; in addition, for hydrochlorination it is effective towards
substrates containing triple C-C bonds only (chapter 4 and 6). Moreover, even in the
same class of support, if different kinds of carbon are used different results can be
obtained (chapter 4). Among carbons it is usually accepted that different carbons can lead
to a different cluster formation process, but it is possible to find examples in the literature
where, even with similar gold particle sizes different carbon supports can lead to different
results [28].

In the case of metals oxides as support, although the matrixes are easier to characterize,
they are from some points of view even more intriguing. Indeed it is possible to find
examples where not only the support influences the Au cluster final structure, but also Au
can affect the support by reducing it as in the cases of CeO, and Fe,O; [29, 30]. In
addition, and this is true for oxidation reactions, it is assumed that the oxygen necessary
for the reaction does not come from the oxidizing atmosphere, but form the support at the
interphase region with the gold metal cluster, and some authors consider this route
operates for CO oxidation [31].

Nevertheless, although these data indicate clear evidence of the support effect, the matter
is far to from being understood. Nerskov and co-workers [32] have recently generated
much debate by analysing the results from many other studies concerning the use of Au
catalysts for CO oxidation. The effect of the support has been considered in terms of
conducting and insulation properties, and this led to the conclusion that although the
support can have an influence on catalytic properties this effect has to be considered as
minor. Instead the most important parameter is the gold particle size, which governs the
number of low-coordinated gold atoms available for reaction (fig. 1.6):
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1.5.1 Impregnation technique

The impregnation technique is a simple way to prepare a catalyst, due to the limited
number of parameters to control. Substantially, this method consists of dissolving a metal
precursor, as a salt, in a solvent with the desired metal loading. This solution is
impregnated onto the support, present in the form of powder, pellets, or granules.
Afterwards it is possible to follow different procedures. The simplest is to dry the sample
at a temperature and for a time sufficient to eliminate the solvent, or to proceed with
calcination in the usual temperature range between 200 and 500°C. The calcination
temperature is often a crucial parameter. Several publications report that highly active
gold catalysts have to be calcined at temperatures above 300 °C [35]. However, other
examples are available were increasing calcination temperature leads to a decrease in
catalytic activity [36].

An important variation of the impregnation technique is the °‘incipient wetness
impregnation’ [37], which has been used extensively in the present work. In this
variation, the amount of solvent is the minimum amount necessary to fill the pore volume
of the support. A useful aspect of this method, when compared with the usual
impregnation is that the metal loading can be carefully determined and obtained.
However, the method can be more affected by gradient phenomena, which can lead to an
inhomogeneous product (chapter 4). It is worth mentioning that for industry the wetness
impregnation method is preferred due to economic reasons, since only the amount of
precious metal needed to reach the desired loading is used [37].

1.5.2 Deposition precipitation technique

The deposition precipitation technique consists of introducing the metal precursor
solution, in a slurry containing the support, under stirring. The cluster formation process
over the support, is induced by changing the pH value and temperature of this
heterogeneous mixture often leading to contradictory results [38, 39].
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If compared with impregnation, the deposition precipitation technique is able to lead to a
final homogeneous product, if the same batch of catalyst is considered. However, the
number of parameters to control is higher, and more difficult to control, especially the pH
during the precipitation step, which can lead to more difficult comparison among
catalysts from different batches. Moreover, using the wetness impregnation method, the
final metal loading can be assumed to be equal to the nominal loading, this is not true
when deposition precipitation is used. In this case, only a fraction of the introduced metal
really contributes to the formation of the supported clusters, the other fraction stays in
solution, with a proportion sometimes equal to 50 %. [40]. For this purpose, it can be
useful to observe the following plot (fig 1.7), illustrating the real amount of gold
deposited as a function of precipitation pH when TiO; is used as support [40].

80
4
= 60 - a
5“ & “‘ a e
s &
2 20 1
[y
0 T
4 5 6 7 8 9 10 1"

Fig. 1.7: Fraction of gold determined by ICP-AES to be
incorporated in samples depends on the pH during
precipitation for AuwTiQ, catalysts with a nominal gold
loading of 2.4 wt.% [40].

Low pH values are insufficient for precipitation, and too high values are able to deposit
only a small fraction of gold. For this reason, the most common value used to prepare a
supported catalyst is around 9. In addition, changes in pH can have a massive effect on
the final cluster size as displayed in figure 1.8 below [40] for XRPD analysis of Au/Al,05
samples.
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The diagram of fig 1.9 is relative for a Au/SiO; catalyst, and it is evident why calcination
temperatures above 500 °C are not generally used for gold catalysts. Beyond this limit

gold melts and complete loss of catalytic properties was observed.

1.6 Chemistry of gold

Although the role of gold clusters has been mainly investigated, it has been possible to
demonstrate that Au(IIl) is involved in hydrochlorination reactions and probably also
Au(l) (chapter 4 and 5). Moreover, concerning the hydrochlorination reaction of
acetylene all the data collected support the hypothesis of C,H,/AwHC! complex
formation. For this reason, considerations concerning gold chemistry are reported

independent of whether they are supported species or not.

The precursor used to prepare gold solutions was gold tetrachloroaurate, HAuCl,-xH,O,
independent of the technique used to deposit it on the support, it is an orange crystalline
solid and highly hygroscopic. This salt can be considered the best precursor since it is
possible to obtain it in high purity, its solubility in water or acid solutions is high and the
high stability of the AuCly” anion [44].

Gold tetrachloroaurate can be directly obtained from bulk gold using concentrated HCI
and an oxidizing agent. Usually the oxidizing agent is HNO; and the resulting mixture is
the well known aqua regia. However, the halogen can also display this effect [45]
although with very little intensity. Experimental evidence from the behaviour of Au/C
catalyst for the hydrochlorination reaction, indicated a regenerative effect by HCI in the
gas phase (chapter 5) and the described behaviour could be in agreement with oxidation
by HCI on reduced gold after reaction.

Au(III) has a d® electronic configuration and so it is isoelectronic with Pd(II) and Pt(Il).
Both Pd and Pt are well known for their high field energy and so they form tetra-
coordinated complexes with square planar geometry [14]. Also Au is able to display this
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properties, but in a less marked manner. In fact, the square planar geometry is achieved,
but usually the symmetry is lower [46]. Moreover, Pt can reach the oxidation state IV,
while for gold the oxidation state III can be considered the limit, therefore Pt can accept a
higher number of ligands, which lead to square pyramid or octahedral geometry.
However, it is possible to find in the literature some examples of penta-coordination for
Au(IIl), like the Au(dimphen)X; (X = Cl, Br) as reported in figure 1.10 below [47]:

Fig. 1.10: Au(lll) complex with square

pyramidal geometry: Au(dimphen)X; [47]

It is expected that penta-coordination is quite unstable and in fact, in the organometallic
complex in fig 1.10 a ngid bidentate ligand coordinating the axial and the equatorial
position has been used. Nevertheless, it is an allowed coordination and the existence of a
penta-coordinate gold intermediates explains the reactivity of Au(Ill) towards alkynes as
postulated in the present work (chapter 5). More detailed aspects of further coordination
chemistry towards alkynes and alkanes will be treated in chapter 5 [48].

1.6.1 Aurophilicity and relativistic effects

A property, which is nowadays accepted to make gold peculiar, when in the cluster state
in organometallic compounds, is the so called ‘aurophilicity’. This term was used for the
fist time by Schmidbaur [49] to indicate the experimental evidence that in many
organometallic complexes comprising gold clusters it is possible to observe a short Au-
Au distance compared with the homologous compounds obtained from Ag or Cu. In other
words, gold tends to lead to a packed structure with its atoms causing distortion of the
whole organometallic structure to respect this trend.
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The phenomenon is present also in the case of Au(I) complexes. Au(l), after Au(Il) can
be considered the most unstable gold species and if Au(I) salts are dissolved in water it
gives an immediate disproportionation reaction leading to Au(0) and Au(IIl) [45].
Moreover, only arsine and phosphine Au(I) complexes can be considered stable and
isolable. However, when ligands such as halogens are used, it is possible to observe a
polymerisation process due to the aurophilicity which leads to more stable oligomers, as
shown in the figure below (fig 1.13), [51, 53, 54] with short Au-Au distance.

R
(R 2 i A W s
X x X x X x X X
a b c

Fig 1.13: Au(l) complexes a) L-Au-X with small ligands L and X (halide)
oligimerise to give b) dimers c) chain polymers [51, 53, 54]

1.7 Carbon monoxide oxidation over gold surfaces

Carbon monoxide is well known for its ability to form metal-carbonyl complexes with
CO terminally bonded to a single metal atom, or with a bridging structure with two or
even three metal atoms (fig. 1.14) [55]:

g ;
? M M7 M

f
M a b M

Fig. 1.14: Different modes of CO adsorption on metal surfaces: a) terminal,
b) bridge and c) bridge with hollow

In any case, it is accepted that the interaction between CO and metal occurs via a dative
bond from CO to an available orbital on the metal, and a reciprocal n-electron donation
from occupied metal orbitals to an unoccupied n-antibonding orbital of CO (Fig. 1.15)
[14]:
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different particle size distributions. However, in literature examples are reported of
catalysts prepared over different supports like TiO, and ZrO,, but with same gold particle
size distribution, leading to an active catalyst in case of TiO, but to a poor catalyst in case
of ZrO, [59].

Taking into account that it is not possible to adsorb oxygen on gold, the usual explanation
for this effect is that the support is responsible for oxygen dissociation. Behm and co-
workers [60] classified supports suitable for CO oxidation as ‘reducible’ such as
Au/Fe;0; and AwTiO,, and ‘non-reducible’ such as Au/Al,Os;; observing enhanced
activity over reducible supports. In this context, a support is defined as reducible if it
supplies oxygen to form active oxidic gold sites. In addition, among the non-reducible

supports, the activity is lower, but the cluster size effect appears to be dominant.

In closing, although the CO oxidation reaction can be considered relatively simple to
investigate due to the simplicity of the substrate and the reaction conditions, an
unambiguous answer to explain all the observed variations in activity is far from being
reached.

1.8 Gold as a hydrochlorination catalyst

A detailed description of this reaction and the use of bimetallic gold based catalysts will
be provided in chapters 4 and 5, while in this paragraph general aspects will be described.
In the 1980s Hutchings and co-workers [61] demonstrated that gold can display catalytic
activity towards the hydrochlorination reaction of acetylene and that gold supported
catalysts can display the highest activity towards acetylene.

Different chlorinated metal species are able to carry out the hydrochlorination of
acetylene and, on this concern, one of the most detailed investigations has been
performed by Shinoda and co-workers [62]. In this study, 20 metal chlorides supported
on carbon were investigated for acetylene hydrochlorination (Fig. 1.16), and it was
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In this case a single curve is obtained, moreover it can be used as a predictive model. In
fact, metals with higher standard electrode potentials than Pd(II) and Hg (II) should lead
to an enhanced activity, and this hypothesis has been confirmed using supported Au(III)
catalysts [2].

However, although gold can be considered the best catalyst in terms of initial activity, it
is affected by deactivation phenomena, the most important has been identified as Au(IIl)
reduction [64]. This aspect has been investigated in the present thesis, and for catalysts
made by gold only it can be considered the main deactivation route. A second
deactivation pathway involves oligomer formation, indeed previous observations [64]
show that the deactivation rate is minimum at 100-120 °C (fig 1.18), but at this
temperature the catalyst is not sufficiently active compared with temperatures of around
180 °C, although reduction can occur. Oligomer formation has been identified as one of
the deactivation phenomena for bimetallic catalyst containing Au and Pd (chapter 4).

Fig. 1.18: Deactivation rate for the
hydrochlorination = reaction  of
acetylene over Au/C catalyst with
reaction temperature [64].

Deactivation rate/less HC1 %
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0 30 60 90 120 150 180
Reactien temperature /°C
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Nevertheless, catalysts containing gold only have the interesting properties of being
reactivated on line by Cl,, NO and NO, [63]. This experimental evidence also indicates
how the reaction can take place. In fact, among all metals and, especially when compared
with HgCl,, gold catalysts are able to display the highest selectivity.

Investigations of the kinetics of the hydrochlorination reaction using different metal
chlorides lead to the conclusion that the rate determining step is the addition of HCl to a
preformed surface acetylene complex, a process that is shown schematically below [65]:

MC],, + HC=CH + HC] -» MCl,- HC=CH - HCl

However, it is worth noting that up to now no direct evidence is available for gold. In this
thesis the evaluation of the effect of each reactant using inert gas on the catalyst, as well
as the use of different substrates and molecular modelling investigations, strongly support
this hypothesis (see chapter 5), rejecting the possibility of eventual carbocation formation
between Au and acetylene. Moreover, AwC,H, interactions cannot simply be
electrophilic-nucleophilic, as in the case of HgCl,, but a concerted approach involving
HCl is needed to form the right activated complex geometry.

1.9 Gold as an oxychlorination catalyst

Oxychlorination is a particular class of hydrochlorination reaction, which leads to
chlorinated products if oxygen is used the reaction mixture. Specific examples will be
treated in chapter 6; in fact the hydrochlorination product vinyl chloride monomer can be
obtained by thermal cracking of 1,2-dichloroethane, obtained using an oxychlorination
route. Up to now there are very few examples in the literature concerning the use of gold
for this reaction, while it is possible to find extensive studies concerning copper [66].

This absence of literature can be related with the circumstance of a substantial inactivity
of gold, which can be maybe related to the already mentioned inability of gold to adsorb
oxygen directly. In addition to economic aspects, it is possible to find copper based
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catalysts able to give conversion and selectivity values above 98% [67] under industrial
conditions, which discourages research into alternatives, apart from the identification of

routes able to minimize the formation of deleterious by-products [68].

1.10 Catalysis and solid-state phase transitions on vanadium phosphorus oxides

In contrast to the descriptions so far, involving the use of dispersed metal on a support as
the active catalyst, some properties of a class of materials named vanadium phosphorus
oxides (VPO) will be described, where the bulk material displays catalytic properties.

Vanadium phosphorus oxides are materials that have been extensively studied due to
their importance in the selective catalysis of hydrocarbons, especially n-butane to maleic
anhydride [69] and the inter conversion of several crystalline phases [70]. Detailed
aspects of phase ftransitions between two different polymorphs of vanadium
orthophosphate, ®- and 8-VOPQ,, and their correlation with n-butane oxidation, will be
reported in chapter 7. In the following paragraphs, general aspects concerning the nature
of this material and solid-state phase transitions will be described.

1.10.1 Phase transitions among VPO phases

Among VPOs the most investigated phases are the V(IV) species vanadyl hydrogen
phosphates VOHPO,-2H,O, VOHPO,0.5H,O, VO(H,PO,), and the vanadyl
pyrophosphate (VO),P,05; as well as the V(V) species vanadyl orthophosphates VOPO,
which can exist in seven different polymorph phases named oy, ag, B, v, §,€ and ®
(chapter 7) that can be considered as VOg distorted octahedra linked by PO, tetrahedra.
The interest in this phase is related to the fact that the pyrophosphate is considered to be
the active species of the industrial catalyst for maleic anhydride manufacture, which is
actually a mixture of (VO),P,07, au-VOPQ;, and 3-VOPO4 [71].
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v-VOPO4 [74]. Moreover, if the precursor is treated with oxygen at 680 °C is possible to
obtain B-VOPO, [75]. In addition, it is worth noting that if the V(V) vanadyl dihydrate
VOPO,4-2H,0 is used as precursor, it is possible to obtain, using a thermal treatment in air
between 200 and 600 °C, o;-VOPO, and afterwards a-VOPO, at 750 °C, a phase which
can irreversibly convert to y-VOPOj, at 780 °C. Further phase transitions observed at high
temperature are: o;- to op- to p-VOPO, and the §- to y- to B-VOPO, [76] and the phase
transition of 8-VOPOQ, to ag- VOPO, during n-butane oxidation [77].

A significant and reversible transformation has been observed between B-VOPO, and
(VO),P;0;, indeed by treating B-VOPO4 at 500 °C using a 2% mixture of butane in air is
possible to obtain (VO),P,05, which can be reoxidised to -VOPO, using O, [78]. These
phase transitions are summarized in the scheme below (fig. 1.21):

B-VOPO4 \ Air or N2
Y-VOPO4 «—— ¢1-VOPO4
Butane/Air Air A
0:
S-VOPO4 Butane/Air Air
4
0: (VO)2P2:07 a1-VOPO4
4
Air
N: Air
VOHPO4+0.5H20 VOPO4+2H20

Fig. 1.21: Phase transitions from precursors VOHPO,0.5H,0 and VOPO,2H,0 to
(VO),P;0; and vanadyl! orthophosphates by different reaction mixtures at high temperature.

The last phase transition between B-VOPO, and (VO),P,0; has some common aspects
with the phase transition of ®- to 8-VOPO, described in chapter 7, since it is a reversible
process. However, there is the crucial difference in that the transition B-VOPO, to
(VO),P,07 is a redox process involving a change in stoichiometry, while for the ®- to 8-
VOPO4 this does not occur, as it is necessary to preserve the polymorph nature of the two
phases 0— and 6-VOPO;,.
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1.10.2 Bulk and surface oxygen in metal oxides catalysts

Vanadium is not unique in giving such kind of products and structures, molybdenum is
another metal that is well known to display similar behaviour [79]. However,
investigations of these materials show some general aspects: the preparation and the
activation of the catalyst involves reaction of the catalyst bulk and although most
reactions in heterogeneous catalysis proceed on the surface of a catalytically active phase,
this active phase and its surface may be influenced, or even determined by, the
underlying catalyst bulk [80]. Concerning vanadium phosphorus oxides for partial
oxidation of butane, recent observations [81] lead to conclusion that the active oxygen
species responsible for the reaction is the surface lattice oxygen and that the contribution
of either the surface adsorbed oxygen or the bulk lattice oxygen is negligible. Extraction
of oxygen from surface lattice oxygen is well known in catalysis, and is called the Mars
van Krevelen mechanism [82]. In this case the organic substrate reduces the surface
lattice oxide by removal of oxygen, which is subsequently replaced by dioxygen
dissociation from the reaction mixture, regenerating the original catalyst form (fig 1.22)

MO;
S
02/< X S(0)

Fig. 1.22: Scheme for Mars — van Krevelen
mechanism over metal oxide catalysts: the
organic substrate S reduces the metal oxide
MO, which is regenerated by O, from the
reaction mixture.

This is a pure redox mechanism, and a fast change in oxidation state of the metal centre is
necessary in order to carry out the catalytic reaction. In addition, the removal of oxygen
from the metal oxides is not limited to the top most layer, but also internally due to
migration of oxygen species from the bulk to the surface. Some authors assume that this

mechanism could be operating when (VO),P,0; is used for n-butane partial oxidation
[83].
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However, the case of extraction of surface lattice oxygen without a redox pathway but
involving surface oxygen mobility, it can be even more complicated. If the process is
accompanied by a solid state transition of the bulk, and if the final form is the active
catalyst, the kinetics of the solid state transition process involved can affect the selectivity
of the catalysed reaction

The extraction of surface lattice oxygen will be treated specifically in chapter 7, and it is
considered responsible for the observed phase transition of ®-VOPQO,4 to 8-VOPO,.
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Chapter 2: EXPERIMENTAL TECHNIQUES

2.1 Introduction

Several techniques have been used to characterize the catalysts and the reaction products.
In this chapter a brief description of the methods used in this thesis work are reported.
The techniques include:

1) X-ray photoelectron spectroscopy for surface analysis

2) X-ray diffraction for bulk structured analysis

3) Transmission electron microscopy for particle size determination and morphology

4) Temperature programmed methods for acid/base properties of surfaces and

oxidized centres
5) Surface area determination using the Braunauer, Emmett and Teller method
6) Atomic absorption for the determination of the catalyst metal loading

7) Nuclear magnetic resonance for characterization of reaction products

In this chapter the theoretical principles of these instrumental techniques only are
described, while catalyst preparation, source of starting materials and the specific
instruments used are described in the introduction and experimental sections of chapters
3,4,5, 6, and 7. These chapters concern: low temperature CO oxidation, gold based
catalysts for the hydrochlorination of acetylene, hydrochlorination reaction mechanism,
hydrochlorination of C-C double bond containing substrates and phase transitions in
vanadyl orthophosphates respectively.

2.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is among the most frequently used surface
chemical characterization techniques [1, 2] and it provides information on the chemical
composition and the oxidation state of the atoms present on the external layers of a solid

material.
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And Eg as:
Eg =Ep-E; (eq 23)

Where the index i can have different values, denoting different electron energy levels, as
displayed in figure 2.1

The most commonly employed X-rays are the Mg-K, (1253.6 eV) and the Al-K, (1486.6
eV), which are produced from a standard X-ray tube and the peaks detected in XPS
spectra correspond to the bound core-level electrons of the sample. The intensity of each
peak is proportional to the abundance of the emitting atoms in the near-surface region,
while the precise binding energy of each peak depends on the chemical oxidation state

and local environment of the emitting atoms.

2.2.1 Bulk and surface detection

In paragraph 2.3.1 it will be shown that the use of X-ray radiation as an incident beam is
not peculiar to XPS if Cu is used, since it is also possible to carry out X-ray diffraction.
In the first case we have a surface technique, while in the second case a bulk technique.
Apart from the different energy of the incident beam, the main difference between these
two techniques is the radiation analysed after interaction with the sample. In XRD this
radiation is again an X-ray, while in XPS only the photoemitted electrons with enough
energy to escape from the solid can be analysed, and this last aspect makes XPS a surface
method. Photoemitted electrons can be generated in deep solid layers, but due to the low
free electron pathway, only photoemitted electron close to the surface can escape to the
vacuum and be detected.

In addition, to collect information on the external solid layers, it is necessary to operate at
high vacuum, usually of the order of 10'° Torr and at room temperature, which are

conditions quite far from the usual reaction conditions of a catalyst. Nevertheless, the
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information obtained using XPS analysis is quite useful to give an indication of the metal
oxidation state involved in a catalytic process, and to provide some indication of the

structure of a catalyst when more than one metal is used in its preparation.

2.2.2 Labelling of photoelectron peaks

Photoelectron peaks are labelled according to the quantum numbers of the level from
which the electron originates [3]. An electron coming from an orbital with the main
quantum number n, orbital momentum / (0, 1, 2, 3, ... indicated as s, p, d, f, ...) and spin
momentum s (+1/2 or —1/2) is indicated as n/; ; ;. For every orbital momentum / > 0 there
are two values of the total momentum: j =/ + 1/2 and j =/ — 1/2, each state filled with 2;
+ 1 electrons. Most XPS peaks come in doublets and the intensity ratio of the components
is ( + 1)/I. When the doublet splitting is too small to be observed, the subscript / + s is
omitted.

In the case of gold the most intense peak is from the 4f orbital, which leads to the
components Au 4f;» and Au 4fs, located for metallic gold at 84 eV and 88 eV
respectively. In the case of metal nanoparticles, differences in the expected position can
be related to particle size effects and interaction with the support. As a consequence, it is
very important to carry out calibration of the XPS spectra. However, it is possible to
demonstrate [4] that each surface is contaminated by carbon, which can be detected even
in very low amount on the C 1s component at 284.7 eV and this adventitious carbon can

be used as an internal standard.

2.3 X-ray diffraction

X-ray diffraction (XRD) is one of the most used bulk techniques that finds a wide range
of applications such as [5]:
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- Identification of single-phase materials such as minerals, chemical compounds and
ceramics

- Identification of multiple phases in microcrystalline mixtures (i.e., rocks)

- Determination of the crystal structure of identified materials

- Identification and structural analysis of clay minerals

- Recognition of amorphous materials in partially crystalline mixtures

As well as:
- Crystallographic structural analysis and unit-cell calculations for crystalline materials
- Determination of crystallite size from analysis of peak broadening

In this thesis the technique has been applied for phase identification of the support
(chapter 3 and 6), phase transitions at high temperature (chapter 7), and attempts at
particle size determination (chapter 5). However, in this last case the technique has not
been informative due to the high surface area of the support (carbon) compared with the
low metal loading.

XRD has been developed as a technique to investigate materials in the single crystal
state; however, it can also be successfully applied to powder crystalline materials as in
this thesis.

2.3.1 X-ray generation and Bragg’s law

X-rays can be obtained using three different procedures: 1) by impact of high energy
electrons to a metal target, usually made of Cu or Mo, 2) induced X-ray fluorescence
(XRF) by a primary X-ray radiation usually on a Pb target and 3) by radioactive decay
processes [6]. In this thesis the first method using a Cu target source has been always
used. X-ray generation is displayed in figure 2.2 [7]:
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An X-ray beam encounters a three dimensional lattice array of atoms, the X-rays
scattered by adjacent atoms can lead to constructive interference only if they have a path
difference equal to a whole wavelength number nA, while for all the other values
destructive interference is present. The path difference can be calculated as 2d sin 6,
where d is the spacing among crystal planes and 0 the incident angle of the radiation,

therefore Bragg’s law (eq. 2.4) can be written as:
nA=2d sin © (eq. 24)
The equation can be applied to both single crystals and crystalline powders. In this last

case, due to the random orientation of the crystallites the resulting total diffraction is not
a single diffracted beam, but a diffraction cone, as displayed in figure 2.4 below [7]:

Fig. 2.4: Diffraction cones from a powder crystalline sample P. The primary beam
from the source F crosses the sample from R to D

As a consequence of the diffraction pattern being a two dimensional plot, it is actually a
section of the generated diffraction cones.

2.3.2 Indexing and crystal planes

Bragg’s law immediately introduces the problem of how to identify the different crystal
planes and this is solved using the so called Miller indices [5].

Imaging a crystal like an imaginary pattern of points, it is possible to identify points by
choosing a point in the lattice as the origin defined as 000, while orthogonal a, b, and ¢
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microscopy is a diffraction technique in which the material diffracts electrons in
agreement with the Bragg’s law (paragraph 2.3.1).

In a conventional transmission electron microscopy (TEM) an electron beam travelling
through the sample is used. The interaction between the electron beam and the sample
leads to elastic scattered electrons that can be used to generate an image, which is a 2-
dimensional projection of the 3-dimensional sample in the direction of the beam as well
as a diffraction pattern [8].

If only the primary electron beam is used the resulting image is a so called bright field
image, and such analysis has been used in chapter 4 and 6 on Aw/C and Aw/ZnO samples
as well as TEM diffraction pattern for phase identification.

Bright fields images can be used not only to collect information on catalyst morphology,
but particularly for cluster size determination and size distributions. This technique
provides useful information on the gradient phenomena concerning the preparation of

gold on carbon catalyst using the impregnation technique (chapter 4).

During the electron-sample interaction, X-rays can be obtained as a consequence of
inelastic scattering of the electrons [9]. The X-rays obtained have an energy which is
characteristic of the elements present in the sample, and this property can be used for
chemical composition analysis leading to the so called energy dispersive X-ray
spectroscopy (EDX) which can be used to create a chemical map of the sample. Such
chemical analysis has been used to determine the structure of a Au/Pd catalyst (chapter
4).

The samples are usually analysed at room temperature in high vacuum. The samples can
be examined without any particular pretreatment; however, the method usually requires
grinding of the sample in high purity ethanol, and depositing a drop of the obtained

suspension on a holey carbon grid after evaporation.
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2.5 Temperature programmed methods

Temperature programmed methods for thermal analysis are also defined as transient
response methods because they can be used for the investigation of kinetics of
heterogeneous catalytic reactions. Instead of the reaction system being driven to a steady
state, the system is perturbed in a controlled way using a temperature programme. Among
the thermoanalytical techniques, temperature-programmed desorption (TPD),
temperature-programmed reduction (TPR) and temperature-programmed oxidation (TPO)
are the most commonly used tools for heterogeneous catalyst characterization [10, 11]. In
this thesis TPD and especially TPR have been used.

In the following table [12] the most common applications for these techniques are
reported:

Table 2.1: Types of information obtainable from temperature programmed techniques.

TPD, Temperature-programmed desorption | Characterization of adsorptive properties of materials
Characterization of surface acidity

Temperature range of adsorbate release, temperatures of rate
maxima

Total desorbed amount, adsorption capacity, metal surface
area and dispersion

Surface energetic heterogeneity, binding states and energies
of adsorbed molecules

Mechanism and kinetics of adsorption and desorption

TPR, Temperature-programmed reduction | Characterization of redox properties of materials,
fingerprints of sample

Temperature range of consumption of reducing agent,
temperatures of rate maxima

Total consumption of reducing agent, valence states of metal
atoms in zeolites and metal oxides

Interaction between metal oxide and support

Indication of alloy formation in bimetallic catalysts
Mechanism and kinetics of reduction

TPO, Temperature-programmed oxidation | Characterization of redox properties of metals and metal
oxides
Characterization of coke species in deactivated catalysts
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2.5.1 Temperature programmed desorption

Temperature programmed desorption (TPD), also called thermal desorption spectroscopy
(TDS), provides information about the surface chemistry such as surface coverage and
the activation energy for desorption [13]. In TPD, a clean surface is first exposed to a
gaseous molecule that adsorbs. The surface is then quickly heated and the desorbed gas
analysed via mass spectrometry, or using a thermal conductivity detector as in the present
work. TPD thermograms can give different information such as: 1) identification of the
desorbed species if a mass spectrometer is used as analyser 2) the amount of adsorbed
species by measuring the area of the TPD peak, and 3) information on the kinetics of the
desorption.

In this thesis an example of TPD is described (chapter 4) using gas probe molecules such

NH; and CO; in order to determine acid and basic sites respectively on a carbon matrix.

2.5.2 Temperature programmed reduction

Temperature programmed reduction (TPR) has been used extensively in this thesis, and
in this case hydrogen is used to induce reduction of the metal. The method has been used
to collect information on the oxidation state of species of supported metals, and to
identify metal mixing in the case of alloy formation using bimetallic catalyst (chapter 4).

In fact, using TPR for a metal in an oxidized state the following processes occur: firstly
metallic nuclei are generated; afterwards the nuclei then grow until coalition occurs to
produce metallic shells encasing cores of unreacted oxide, and finally reaction then
proceeds at the metal/metal oxide interfaces until all the oxide in the cores is reduced
[14].

This is obtained by submitting the oxidic catalyst precursor to a programmed temperature

rise under a flow of hydrogen and the consumption of the reducing agent is continuously
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monitored. Multiple reduction rate maxima (or minima) appearing in a thermogram are
commonly attributed to occurrence of a multi-step reduction mechanism or to multiple

reducing species [12].

2.6 Surface area determination, the Braunauer, Emmett and Teller method

The Braunauer, Emmett and Teller (BET) model is a refinement of Langmuir adsorption
in which multiple layers of adsorbates are allowed [15]. In order to measure the surface
area, the physical adsorption of a gas is used, and it requires in the determination of the
volume of gas, usually N, , which leads to monolayer formation over the solid surface.
By knowing the surface area of the adsorbed molecule, and the total volume adsorbed it

is possible to determine the surface area of the solid.

This method is widely used in catalysis, however the main limit action is the assumption
of only having a monolayer of adsorbed species, a condition that sometimes cannot be

respected.

The analysis is usually carried out at a temperature close to the boiling point of N, (77K),
and using a pressure range P below 35% of the Py vapour pressure of N, at the working
temperature.

In these conditions the adsorption isotherm of the volume V versus P can be written as
[16]:

V= Vucl P (eq. 2.5)
(% -P)1 +(C—l)?]

Where Vy, is the volume of the monolayer and c is a constant correlated with the AH of

the adsorption process.
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This equation can be rearranged as:

P 1 +c—1_1_’_
V(g-P) V,c V,P

(eq. 2.6)

Knowing P, and since P and V are experimental data, it is possible to plot a linear

correlation of _r versus Ed , and from the intercept and the slope to calculate
V(F, - P) £

V. If the assumption of the method is not respected, deviation form linearity can be
present, and the exploration of a different pressure range in order to identify a linear
correlation is necessary. This has been the case for the surface area determination of gold
on carbon catalysts (chapter 4).

2.7 Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) is used to determine the amount of a metal in a

solution.

In this method the sample is converted to an atomic gas, using different atomisation
sources such as: air/acetylene flames, inductively coupled plasma, electric arc, and
graphite furnaces [6]. In the present thesis the flame method has been used.

Using a hollow cathode lamp as the source of radiation and made of the same metal to be
analysed, it is possible to determine the amount of metal by measuring the absorbance of
the sample and comparing with the absorbance of standard solutions.

The main limitation of this technique is that it requires liquid samples. Consequently, if
the amount of precious metal on a catalyst has to be determined the whole catalyst has to
be dissolved using HF, or the metal dissolved using an appropriate solvent, usually aqua
regia. In addition, it is necessary that the properties of the standard solutions, like acidity

and viscosity are as similar as possible to the properties of the sample to analyse to
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reduce systematic errors in the determination of the metal. Moreover, particular care is
necessary in the case where more metals are present on the same catalyst, a circumstance

that can lead to interference phenomena.

2.8 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is an experimental technique useful to obtain
structural information of a compound, especially organic species, and it has been used in
this thesis to identify reaction products.

The principle of the technique is the resonant absorption of radio frequency radiation by
nuclei exposed to a magnetic field. In order to be NMR active the nuclei has to have a
non zero spin angular momentum /, as for 'H which has /=1/2 as well as 1*C, '°F, *'P; and
N which has /=1. Nuclei like '2C and '°0 are not NMR active since =0 [17].

The nuclei most widely used in NMR are 'H and "°C, in fact these two nuclei are the most
abundant in organic compounds, and what is more important is they posses a significant
magnetogyric ratio y which leads to an high NMR signal, and so the possibility of

detecting compounds even in trace amounts.

Taking into account the case of a 'H nucleus, if a magnetic field of intensity B, is applied,
a splitting of the energy level of the population of nuclei with angular momentum m, +1/2
(population o) and my-1/2 (population P) is observed, (fig 2.6) [18].

in=-1
ET Spin = 2,[3

Fig. 2.6: The magnetic field Bo
induces energy level splitting between
the two populations a s=1/2 and B
s=1/2 in a 'H nucleus

TR
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The energy splitting is described by the equation:

AE = —h—B (eq.2.7)
27

o

The resonance condition, i.e. the nuclear magnetic absorption for the transition o to B is
reached when the energy separation of the levels is equal to the energy of the photons in
the electromagnetic field. Denoted as vy, , the resonance nuclei frequency, and with v, the
frequency of the applied magnetic field, the resonance condition can be expressed by the
equation (2.8):

AE=hV=ﬂBo =hvy, (eq.2.8)
2z

However, and most importantly, the property that nuclear magnetic moments interact

with the local magnetic field due to the nucleus environment. In other words the local

field can be different from the applied field by an amount called the shielding constant,

and it is due to this property that it possible to identify chemical shift, in the specific case
of 'H when it is present in different functional groups.

In addition, coupling among nuclei is possible leading to further energy level splitting
which can be a useful diagnostic tool. Determination of coupling constants has been
performed also in this thesis (chapter 5) to identify products from different possible

isomers.
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Chapter 3: LOW TEMPERATURE CARBON MONOXIDE OXIDATION OVER
SUPPORTED GOLD CATALYSTS

3.1 Introduction

Low temperature CO oxidation is one of the most widely investigated catalysed chemical
reactions on a metal surface, and probably the most studied, when using gold as a
catalyst. This is due not only to the fact that the reaction finds a number of industrial
application such as automotive emission control [1] and fuel cells applications [2], but
also because with the hydrochlorination of acetylene [3] was one of the first two chemical

reactions discovered, where gold was able to display catalytic activity [4].

In this chapter, the effect of doping agents, including nitrate ions on a AwTiO; catalyst, is
investigated, supporting that the presence of trace amounts of nitrates can lead to
enhanced activity.

3.1.1 Carbon monoxide oxidation over gold surfaces

In order to find rational explanations of the observed activity of gold for CO oxidation,
several mechanisms has been proposed. The most widely known are those of Haruta [5],
Bond [6] and Kung [7]. None of these mechanisms alone are able to explain the activity
of gold and effects due to promoters or poisoning, but each of them can explain some
experimental evidence. These three mechanisms are briefly reported here; in order to
have an inclusive view of this reaction, and to allow insight into the nitrate promotion

effect reported here.

3.1.2 Mechanism proposed by Haruta

In this mechanism a crucial role is played by the gold/support interface. Experimental


























































































































































































































































































































































































































































































































































































