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Abstract

Mesoporous silica supported cobalt oxide composites have attracted enormous attention
due to their wide range of applications, especially in the catalysis field. The focus of this
thesis concerns the preparation of mesoporous silica SBA-15 supported cobalt oxide species
and the evaluation of their catalytic activities for liquid phase oxidation of various alcohols
and olefins. The impact of different variables such as preparation method, metal precursor,
metal loading and dopant was investigated on the morphology and dispersion of the active

particles, the overall structure of the resulting composite materials and their catalytic activity.

The first section of the thesis concerns the use of Co(NO3),.6H,0 as a precursor. Various
amounts of Co(NO3),.6H,0 were deposited on SBA-15 using the “two-solvent” method. This
method accommodates cobalt oxide species exclusively inside the pores of SBA-15.
Analogous composite materials were also prepared using the more conventional methods of
impregnation and adsorption. Irrespective of preparation method, all the composite materials
were black. The two-solvent method resulted in the formation of crystalline cobalt oxide
(Co304) nanorods which filled adjacent mesopores to form patches incorporating all the
cobalt available. In the case of composites prepared via impregnation cobalt oxide particles
formed both on the external and internal surfaces of the SBA-15, also incorporating all the
available cobalt. When adsorption was used as a preparation method, cobalt oxide species
were predominantly formed inside the pores of SBA-15, however not all the cobalt available
in solution was incorporated. All the composites were characterised by N, adsorption-
desorption, XRD, XPS, TPR, ICP-MS, FTIR, DR UV-vis, SEM, TEM, STEM and elemental
mapping. The size of the crystalline Co30, patches was measured using the XRD diffraction
patterns and Scherrer equation. The lattice fringes of Co3O4 were also observed in HRTEM
images. The catalytic activity of the composite materials in liquid phase oxidation of various
substrates was determined by GC and GC-MS. It was found that for the composite materials
prepared by the “two-solvent” method, the catalytic activity varied in reverse proportion to
the cobalt loading and that the composite with the lowest amount of cobalt exhibited the
highest catalytic activity. This was attributed to the morphology of the cobalt oxide species
and the way they were dispersed throughout the SBA-15. As the cobalt loading increased,
more pores became blocked due to the elongation of the Co30,4 nanorods inside the pores and,
thus, a lower proportion of the cobalt was accessible by the reactants. The composite

prepared via adsorption also demonstrated high catalytic activity as a result of the relatively



good dispersion of CozO,4 and, hence, its accessibility by the reactants. The composite
prepared via impregnation exhibited the lowest catalytic activity compared to the analogue
composites with the same cobalt loading prepared either by the two-solvent method or
adsorption. This is attributed to the formation of large cobalt clusters (poor dispersion) mostly
on the external surfaces of SBA-15 on the aperture of the pores. The composites prepared via
the two-solvent method could be reused up to at least three times without significant changes

in their catalytic activities.

In the second section of the thesis SBA-15 was loaded with various amounts of CoCl,.6H,0
via the two-solvent method, impregnation and adsorption. Regardless of the preparation
method a blue coloration with intensity proportional to the cobalt loading was observed for
the composites. The suite of characterisation techniques (see above) was applied to
investigate the morphology, dispersion and chemistry of the incorporated cobalt as well as the
structure of the composites. The cobalt oxide species were found to exist as an amorphous
phase which was highly dispersed throughout the SBA-15, presumably due to the interaction
between Co®* ions and the silica surface. A comparison of composites shows that the
micropores became progressively more blocked as the cobalt loading was increased, but the
mesopore volume was reduced only marginally. For the series of composites prepared via the
two-solvent method, an unexpected morphological transformation was observed when the
cobalt loading was 30 wt% or beyond. This transformation happened during the calcination
step of the preparation and resulted in the collapse of the highly ordered mesoporous channels
of SBA-15. It is suggested that the interaction between incorporated Co*" ions and the
oxygen of the silica walls at high cobalt loadings, is what leads to this transformation during
calcination. The catalytic activity of these composite materials was evaluated for liquid phase
oxidation of cyclohexanol. For the series prepared by the two-solvent method, it was found
that the composite with lowest cobalt loading again showed the highest catalytic activity.
However, the composite which experienced the morphological transformation (Co 30 wt%)
showed only slightly lower catalytic activity compared to other composites. This suggests
that although the surface area decreased substantially, the catalytically active species
remained accessible to the reactants. It was confirmed that the oxidation reaction did not
occur in the absence of either cobalt or oxidant tert-butylhydroperoxide, TBHP. With this
series of catalysts, it was found that a small amount of cobalt could ‘leak’ into solution,
indicating that the catalytic activity for this series of composites might best be thought of as a

mixed ‘heterogeneous-homogeneous’ system.



Since ceria has been widely employed as a dopant, both for bulk and supported metal
oxides with promising results on their catalytic activity, the main objective of the third
section was to investigate the effect of ceria as a promoter on the morphology, dispersion,
crystallinity, leakage and catalytic activity of the SBA-15 supported cobalt oxide species.
Two series of composites were prepared via the two-solvent method using Co(NO3),.6H,0
and CoCl,.6H,0 with 5 wt% loading as cobalt precursors and Ce(NO3)3.6H,O with 0.5 wt%
loading as a dopant. It was found that the ceria-doped composite prepared from
Co(NO3),.6H,0 exhibited better dispersion of cobalt oxide species, with both Co3z0, single
nanorods and less extensive Co3O4 patches, than its non-doped analogue. Here the better
dispersion of the Co30,4 nanorods, the synergistic effect between cobalt oxide and ceria and
the improvement in redox properties result in higher catalytic activity of the composite in
liquid phase oxidation of various alcohols and olefins. Ceria-doped composites prepared from
Co(NO3),.6H,O was reusable up to four times without significant change in its catalytic
activity. However for the composites prepared from CoCl,.6H,O (5 wt%) and
Ce(NO3)3.6H,0 (0.5 wt%), the addition of the dopant did not improve the crystallinity of the
cobalt oxide phase. The XRD patterns did not indicate any trace of phase separated cobalt-
cerium mixed metal oxide. The dispersion of the cobalt oxide species in this specific case
appeared to be the same as for the undoped analogue. However the ceria-doped composites
demonstrated better catalytic activity. This can be attributed to the improvement in the redox
properties of Co®*/Co®* due to the presence of ceria. Ceria-doped composites prepared from
CoCl,.6H,0 still exhibited some slight ‘leakage’. The effect of the Co:Ce ratio on the
morphology and catalytic activity of the composites was also investigated. These composites
were prepared via the two-solvent method using CoCl,.6H,0 (5 wt%) and Ce(NO3)3.6H,0
(0.5-2 wt%) as metal precursors. The highest catalytic activity was obtained from composites
with 0.5 wt% and 1.5 wt% cerium loadings. It is speculated that these two compositions

facilitate better synergy between cobalt oxide species and ceria.

An in-depth study on the liquid phase oxidation of benzyl alcohol was carried out to
investigate the mechanism of the oxidation reaction. The amount of TBHP added was not
stoichiometrically sufficient to facilitate the ‘double oxidation’ of the substrate through
benzaldehyde and then to benzoic acid. Moreover, after the completion of the reaction TBHP
was still observed (by GC) to be present. This suggests that aerial oxygen was also behaving

as an oxidant and that TBHP behaved more as an initiator to the catalytic reaction. This was
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confirmed by carrying out the reaction under an inert atmosphere (N;) and also in the absence

of the TBHP with negligible conversion in both cases.

In summary, it was found that various preparation methods result in the formation of
cobalt oxide species with different morphology and dispersion. The two-solvent method
clearly facilitates the formation of the cobalt oxide species inside the pores of the SBA-15
and prevents their aggregation into inactive clusters on the external surface of the support.
The nature of the cobalt precursor, more specifically the nature of the counter ion, determines
the nature of the cobalt oxide species, its crystallinity and its interaction with the support.
This, in turn, impacts the overall structure of the composite. The amount of cobalt loading
also affects the morphology of the active species, the overall structure of the composite, the
degree of pore blockage and thus the availability of the active sites. Ceria, as a dopant, was
found to improve the dispersion of the Coz0,4 nanorods prepared from Co(NO3),.6H,0) and
the redox properties of the cobalt oxide species (prepared using either Co(NO3),.6H,0 or
CoCl,.6H,0 as cobalt precursor) supported on SBA-15. The Co:Ce ratio was also shown to
be important in improving the catalytic activity and is attributed to a synergistic effect
between the cobalt oxide species and ceria. It is suggested that the extent to which ceria
covered the surface of cobalt oxide species and the boundary between these two phases are
important in determining the catalytic activity. In conclusion there are many factors that were
shown to play critical roles in determining the catalytic activity of the composites prepared in

this study.
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Chapter 1

General Introduction




1.1 Catalysts

Catalysis has been used for thousands of years e.g. in the production of ethanol using
yeast, but the concept of catalysis was discovered and rationalized only about two hundred
years ago. In 1835, the Swedish scientist Jons Jakob Berzelius pointed out that some
reactions were initialized in the presence of certain substances which were not themselves
changed by the reaction; he called such substances catalysts. In the light of his discovery, he

could elucidate previous work of other researchers such as Faraday and Débereiner [1].

Catalysis can be simply described as an initiation or acceleration of chemical reactions by
substances (catalysts), which participate in the preliminary steps of the reactions but after
each reaction cycle are, in an ideal situation, left in a chemically unchanged state. The
intermediate interactions between reagents and catalyst result in the formation of active
complexes in a series of elementary steps. These steps in turn provide a new reaction pathway
more advantageous compared to the noncatalytic pathway [2]. Catalysis is important in many
chemical transformations in nature and different sectors of industry. There are no
stoichiometric relationships between the amount of catalysts and the amount of reagents
converted as catalysts are not incorporated in the final products. However, in the course of
catalysis, the catalyst is influenced by the reaction mixture and thus the ideal situation of a
chemically unchanged catalyst may not be found in practice; the catalyst composition or
structure may change. These changes might inactivate the catalysts during the course of the

reaction.

In the catalytic process, the free energy of the catalyst does not change, which means the
catalyst does not change the equilibrium constant of the chemical reaction. What the catalyst
usually does is to lower the energy barrier to reaction (Figure 1.1). Thus it permits the
chemical reaction to reach the final equilibrium state in a shorter time. In a chemical reaction,
the mass of the reactants does not have an essential role in attaining equilibrium rapidly.
However, the orientation of the reaction components and catalyst in the media in which the
reaction proceeds, affects the reaction rate. An appropriate space configuration facilitates
attaining equilibrium rapidly.

In many cases, catalysts accelerate reactions which are thermodynamically possible but
cannot proceed at a significant rate due to kinetic difficulties. Every catalyst is optimally
active for specific reaction(s). However, the rate of different even closely related reactions on

the same catalyst can vary [3]. If several reaction pathways are possible thermodynamically
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and all the paths lead to the same reaction, what is the advantage from the selectivity point of
view of a catalyst? Surely a catalyst, by its selectivity, tends to supress side-reactions. A
catalyst might selectively accelerate some or even one of the pathways preferentially, so that
the catalysts are often useful if a specific reaction is desirable.

/—\ E, (without catalyst)

fEﬁ (with catalyst) Figure 1.1. Energy profile for the reaction

Initial state Sl ‘ with/without catalyst
AG

:

Free energy ——>

Final state

Course of reaction ——>

1.2 Importance of catalysts

Since most industrial processes utilise catalysts to increase economical profitability,
catalysis is an intensively investigated field of applied chemistry and engineering [4, 5]. The
most important industrial reactions relying on catalysts include cracking of long-chain
hydrocarbons, synthesis of ammonia used in fertilizers, production of gasoline from naphtha,
the water-gas shift reaction, epoxidation of ethylene, oxidation of carbon monoxide (CO)
emitted in engine exhaust and oxidation of alcohols and olefins to valuable intermediates for

further use in the pharmaceutical and agricultural and food industry [6-11].

In some cases, the chemical reactions do not take place at all in the absence of the
catalysts, whereas in other cases the catalysts simply enhance the effectiveness of the process.
The improvement of the effectiveness of industrial processes can be beneficial both
economically and environmentally by reducing waste or undesirable by-products, using lower

pressure or temperature and utilizing the reactants more efficiently [12].

A survey of catalytic technologies that have been introduced into the USA market in the
1990s reported over 130 examples of new catalysts which are in an advanced stage of scale
up or have been commercialized [13]. This demonstrates the undeniable role of catalytic
technology in many industrial processes. It is noteworthy that in 1997, world catalysts sales
reached $ 7.4 billion and increased to $ 13 billion in 2004 [14].
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1.3 Heterogeneous and homogeneous catalysts

Catalytic reactions may take place in heterogeneous or homogeneous systems. In
heterogeneous systems the catalyst and the reactants are not in the same phase, for example
the catalyst may be solid whereas the reactants are gases or liquids [15]. In the homogeneous
system, however, the catalyst and the reactants are in the same phase and both uniformly
distributed in the system. In principle there is no limitation to the phase of a homogeneous
system. The first industrial catalytic reaction developed, the oxidation SO, to SO3 with NO as
catalyst, was carried out in a homogeneous gas phase system in 1750 by J. Roebuck.

However most of the processes using homogeneous catalysts utilize a liquid phase [16].

In homogeneous systems, the catalyst operates as single molecules, which are distributed
among the molecules of the reactants with the same mobility. This makes homogeneous
catalysts by nature more active and selective compared to heterogeneous catalysts [17]. In
these systems the concentration of the catalyst plays a significant role in the rate of the
catalytic reaction. In homogeneous systems the concentration, mobility and reactivity of the
molecules are different at the boundary of the reactants and catalyst compared to the bulk of

each component [18].

In heterogeneous catalysis, where the catalyst is usually solid the rate of the reaction
depends on the diffusion rates of the reactants to the surface of the catalyst and of the
product(s) from the surface of the catalyst [19]. This indicates that the rate of a heterogeneous
reaction is directly proportional to the surface area of the catalyst, whereas for homogeneous

catalysts the concentration of the catalyst is the key factor.

In terms of total tonnage and dollar value, the contribution of heterogeneous catalytic
processes in the chemical industry is significantly greater than that of homogeneous catalytic
reactions. Nearly 85 % of catalytic processes are based on heterogeneous catalysts. There are
also some limitations in using homogeneous catalysts operating in a liquid phase industrially
[20], such as relatively low boiling point of solvents, low thermal stability of the catalysts and
limited catalyst life time. Thus homogeneous catalysts cannot be in practice at above about
250 °C. In contrast, heterogeneous systems do not have the temperature restrictions and can
be operated at much higher temperature. In addition, homogeneous catalysts are known to
have, in general, a shorter life time compared to heterogeneous catalysts and it is more
difficult to recover them; both these factors increase the cost of recovery compared to that of

heterogeneous catalysts. This is of particular importance when expensive metals such as Rh,
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Pt or Pd are used as catalysts. The major advantages and disadvantages of homogeneous vs.

heterogeneous catalysts are summarized in Table 1.1.

Table 1.1 Advantages and disadvantages of heterogeneous catalysts vs. homogeneous
catalysts [20]

Properties Heterogeneous Homogeneous

Catalyst recovery Cheap & easy Expensive & difficult

Selectivity Good/poor — multiple Excellent/good-single active
active sites site

Thermal stability Good Poor

1.3.1 Heterogeneous catalysts

Since a large amount of waste is produced per kg of product in various segments of the
chemical industry (Table 1.2) [9], legislation is being increasingly used to lower the amounts
of dangerous compounds released into the environment. Catalysts are expected to be more
environmentally friendly by effectively reducing the amount of undesirable by-products.
Therefore the utilization of heterogeneous catalytic systems, known to be green and
environmentally friendly is growing rapidly [19]. Heterogeneous catalysts are greener,
because their simple recovery process and high reusability [21] reduces waste during
recovery and regeneration stages. They are also efficient because their long life-time
minimizes environmental problems and reduces plant maintenance. A good example of
introducing a heterogeneous catalyst is introduction of silver (Ag) as a catalyst in the
oxidation of ethylene in the petrochemical industry. The new catalyst, combined with O, as
oxidant, improved the atom utilization® from 25% (using Cl,, H,O and Ca(OH),) to 100%
and the E-factor, kg waste per kg product, decreased from 3 to zero.

Most heterogeneous catalysts being used in industry are metal-based catalysts, mainly
transition metals or metal oxides [22]. This makes transition metal/metal oxide of great
importance technologically, which motivates extensive investigations in this specific catalysis
field. These catalyst materials are either used as bulk materials or supported on mesoporous
metal oxides such as alumina [23-25], titania [25, 26], zirconia [27, 28], CeO, [28-30], clays
[31-33] zeolites [34, 35], carbon nanotubes [36], amorphous silica [37] or highly ordered
mesoporous silica [38-41]. The catalytic activity is due to specific active sites, so that, in

order to optimize the catalytic activity, it is crucial to maximize the accessibility of the active

sites to the reactants. This highlights the importance of high dispersion of the active sites on a

! Atom utilization = molecular weight of the desired product / molecular weight of all the products
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high surface area support with porous structure large enough to facilitate the diffusion of the

reactants to the active sites [42].

Table 1.2 Industrial waste [9]

Industry Product (tonnage) kg waste/kg product (E-factor)
Pharmaceuticals 10-10° <15

Fine chemicals 10*-10* 5->50

Bulk chemicals 10*-10° 25 - > 100

Oil refinery 10°-10° Ca.0.1

Generally speaking the rate of the catalytic reaction in heterogeneous systems in which the
active sites are dispersed on the support depends on the following rates: (i) diffusion rate of
the reactants through the porous network to the active sites (ii) diffusion rate of the reactants
to the surface of the catalysts, (iii) chemisorption rate of the reactants to the surface of the
active sites, (iv) formation rate of the active intermediates, (v) rates of transformation to the
product(s) (vi) desorption rate of the product(s) from the surface of the active sites, (vii)
diffusion rate through the porous structure and (viii) diffusion rate of the product(s) into the
bulk solution [19, 21].

Different factors could affect each step of the above mentioned catalytic process; the
molecular size of the reactants and the pore size of the catalyst/support could have impact on
step (i) and (vii) whereas the chemical nature of the reactants and product(s) together with
their chemical compatibility with the active sites could influence steps (iii) and (vi). The
accessibility and dispersion of the active sites and the catalyst particle size, as well as, the

concentration of the reactants/product(s), control steps (ii) and (viii).

The slowest of the eight steps determines the rate of the reaction. Hence, it is of utmost
importance to determine which step controls the reaction rate, in order to be able to optimize
the reaction conditions and thereby obtain the best catalytic performance. It is generally
accepted that due to the large number of diffusion steps, heterogeneous catalytic reactions are

often slower than their homogeneous analogues [43].

Despite the advantages of heterogeneous catalysts, they are susceptible to loss of activity.
The factors responsible for this include poisoning, fouling, aggregation of active sites leading
to a reduction in surface area, pore blockage and, last but not least, loss of active species by
leaching [44].
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1.4  Catalytic oxidation reactions

There is an intimate relationship between the petroleum and chemical industries since
large scale of the primary organic chemicals are derived from petroleum and natural gas
sources [45]. Selective oxidation of alcohols and olefins is a class of exquisite atom-efficient
molecular transformations (Figure 1.2). The resulting aldehyde, ketone, ester and acid
products are valuable intermediates for the fine chemical, pharmaceutical, food and
agrochemical industries [23, 46-55]. For example, allylic aldehydes are valuable components

used in the perfume and flavourings industries [49, 50].

Allylic oxidation
17 %

Figure 1.2, Heterogeneous oxidation

Ep oxid ati
P“dﬁ;i o Aromatic o xid ation

reactions in industry
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oxidation

Generally catalytic oxidation reactions represent one of the most important challenges in
green chemistry, since commercial oxidation reactions often utilize non-catalytic procedures
to oxidize alcohol and olefins [56]. These often rely on hazardous/toxic stoichiometric
oxidants such as chromates, permanganates and peroxides in the presence of mineral acids
[57]. In addition to safety considerations, these technologies are also atom inefficient due to
the poor selectivity and difficulty in separation of the products. Furthermore, large amounts
of wastes such as toxic metal salts are produced due to the additional treatment steps required
to purify and isolate the products. These additional purification steps are also economically
disadvantageous. Such problems make it a matter of urgency to replace conventional

homogeneous systems with oxidation reactions catalysed by solid materials.

It is generally accepted that oxidation reactions in the bulk and fine chemical industries are
quite different. Fine chemicals are multifunctional molecules, in which regio, chemo and
stereoselectivity may be required in producing the desired products [10]. Additionally the
catalytic process has to be designed to take into account the high boiling point and limited

thermal stability of the initial reactants and products and also the impact of the various
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oxidants on them. There are several different oxidants (H,O,, O,, Os, tert-butylhydroperoxide
(TBHP), sodium hypochlorite (NaClO) and iodobenzene diacetate (PhlO) that can be utilized
in oxidation reactions. The choice of oxidants is influenced by (i) their price, (ii) simplicity of
the operation, (iii) the nature of the by-products and (iv) the percentage available oxygen.

While oxygen is the most environmentally friendly oxidant, there are few selective
catalytic oxidation reactions that use O, as an oxidant [58]. H2O- is known to be the cleanest
oxidant since the generated by-product is water. TBHP is also relatively clean, because it
produces t-butanol as a by-product, which can be simply recycled to TBHP through oxidation
using H,O,. TBHP and H,0, can be utilized in liquid phase oxidation reactions via an oxygen
transfer mechanism [59, 60].

One of the first heterogeneous oxidative catalysts used to catalyse olefin epoxidation and
alcohol oxidation in the presence of H,O, was titanium silicate (TS-1) [61, 62]. Platinum and
palladium on charcoal were used for aerobic oxidation of gluconate to 2-ketogluconate [63].
Zeolite titanium beta (Ti-beta) was utilized for epoxidation of various alkenes in the presence
of H,0, [64]. While this catalyst showed effective results for small alkenes, for large alkenes

steric hindrance limited the effectiveness of the catalyst.

Vanadium was intercalated on montmorillonite, a mineral clay, and used as an effective
heterogeneous catalyst to epoxidize/oxidize olefins and benzyl alcohol [65]. Chromia-
montmorillonite was also reported to catalyse the oxidation of alcohols to their corresponding
aldehydes and ketones in the presence of TBHP [66]. Zeolite NaX with encapsulated Co?*
catalysed the oxidation of 2,6-dialkylphenols by TBHP [67]. It was also reported that due to
the steric hindrance inside the zeolite cage dimerization decreased drastically and the
selective product was 1,4-benzoquinone. Iron-modified ZSM-5 zeolite (FeZSM-5) was used
as a heterogeneous catalyst to oxidize benzene to phenol in the presence of nitrous oxide
(N20) as an oxidant [68]. It was shown that Bronsted acid centres (BAC) did not play a key
role in the oxidation mechanism and that it was governed by a redox mechanism. Through
this mechanism O, was formed on the Fe active sites via the decomposition of NO.
Vanadium silicate molecular sieves have been shown to catalyse alkane oxidation with H,O,
[69]. Nafion K was impregnated with Cr** and Ce** to catalyse the chemoselective oxidation
of a variety of unsaturated alcohols using TBHP as oxidant [70].
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15 Metal oxides

Metal oxides, more specifically transition metal oxides, are technologically and
industrially important compounds in material science, physics and chemistry [71-74]. Metal
oxides can be used as heterogeneous catalysts, either bulk or supported [75, 76]. Transition
metal oxides can be used in a wide range of applications, as electrodes in electrochemical
processes [77], in fabrication of fuel cells and microelectronics circuits, as anti-corrosion

coating, and as semiconductors and sensors in various sectors of industry [72, 78-82].

In the fine chemical and petroleum industries metals and metal oxides are used as catalysts
to generate valuable intermediates and products, which are worth billions of dollars each
year. It is noteworthy that many transition metal oxides are cheaper than noble metals. Due to
environmental legislation, the amount of pollutants produced by industry has to be more
strictly controlled than in the past and metal oxides are promising candidates to remove heavy
metals from industrial and other wastewater [83-85] and CO, NOx and SOx species from the

flue gas, generated during fossil-derived fuel combustion [86-88].
In catalysis applications some key properties of metal oxides are very crucial:

Q) The surface chemistry of the metal oxide. This indicates the co-ordination
environment. The interaction of various reactants (adsorbates) with the surface, the
possibility of lattice oxygen mobility, the oxygen mobility energy, the acidity or basicity of
the metal oxide surface, the occurrence of any vacancies on the surface and the likelihood of
adsorbing charged species on the surface of the metal oxides are important properties of the
surface of the metal oxide for catalytic applications. Due to the critical impact of the metal
oxide surface on catalytic properties, an enormous effort has been made to investigate and
understand the surface of the metal oxides [75, 89-97].

(i)  Redox properties of metal oxides. These are important characteristic of the transition
metal oxides and are due to the multiple possible oxidation state of many transition metal
cations. Thus the metal ions can undergo oxidation and subsequent reduction. As a result of
the redox cycle in metal oxides some vacancies are formed inside the crystal lattice, which in
turn facilitate catalytic reactions, more specifically oxidation reactions [98-100]. The redox
property of metal oxides is related to their acid-base properties. Cations in the metal oxides
are Lewis acids whereas the lattice oxygen anions are Lewis bases. The oxidation state of

cations affects their acidity and size.
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(iii)  Oxidation state of the metal oxide surface. The oxidation state of the metal cations on
the surface indicates their electronic properties, which in turn determine how adsorbates may
bond with the surface.

(iv)  The geometric structure of the oxide. Metal oxides commonly suggested as catalytic
materials come from many structural classes including corundum, rocksalt, wurtzite, spinel,
perovskite, rutile and layer structure [101]. One general structural property of transition metal
oxides is that the cation radius is smaller than the O radius. As a result oxygen ions are close
packed, with the cations located in the tetrahedral or octahedral holes in the O lattice.

1.5.1 Surface co-ordination in metal oxides

One the most important features in metal oxide surface chemistry, as discussed previously,
is the surface co-ordination. This has a crucial impact on the catalytic activity of the metal
oxide. Generally, it is an accepted concept in co-ordination chemistry that only a certain
number of ligands can be present within the co-ordination sphere of a metal ion, due to steric
and electronic reasons [102, 103].

In the bulk the O% anions have a saturated co-ordination sphere via M"™ cations. This is
attributed to the cations occupying the holes in the anion lattice (See 1.5, iv). On the surface,
however surface cations and anions have unsaturated co-ordination spheres. This normally
occurs during calcination of the metal precursor solution at elevated temperature, where
condensation of monomeric units results in the formation of a 3D network. The
dehydrogenation between two or more adjacent hydroxyl groups on the surface at high

temperature results in the existence of unsaturated cations and anions [104].

At ambient temperature these metal oxide surface sites are fully covered by water and
hydroxyl anions due to exposure to atmospheric moisture. At temperatures less than 100 °C,
the surface of the metal oxide is activated through the loss of weakly adsorbed water
molecules which are held to the surface via hydrogen bonding. As the temperature increases
to 200-300 °C, the metal oxide surface undergoes dehydroxylation. Finally at higher
temperatures above, 400 °C, the isolated hydroxyl groups are lost [105].

1.5.2 Types of adsorption on the surface

Generally there are four main types of adsorption on the surface of the metal oxide [21];

Q) Nondissociative adsorption in which the adsorbate molecule does not dissociate. The

adsorbate bonds with the surface mainly through = or lone pair orbitals.
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(i) Dissociative adsorption where the adsorbate molecule dissociates on adsorption on the
surface. For this process to occur, co-ordinatively-unsaturated cations and anions must exist
in pairs on the surface of the metal oxide. These are needed to accommodate the anions and
cations of the adsorbate, which are formed via heterolytic dissociation.

(iii))  Absorptive adsorption, where species on the metal oxide surface, typically protons,
are abstracted by the adsorbate. As a consequence, the adsorbate interacts with the surface
electrostatically.

(iv)  Reductive adsorption associated with the oxidation of the adsorbate molecules by the
lattice oxygen and subsequent reduction of the cations. This is a consequence of the multiple
possible oxidation states of the cations in the transition metal oxide. This type of adsorption
normally occurs on the surface of transition metal oxides. This phenomenon has been
observed for methanol [106], ethanol [105] and propanol [107] oxidation on the surface of

metal oxides.

1.5.3 Oxidation reactions on metal oxides surfaces

Selective hydrocarbon oxidation on the surface of metal oxides acting as heterogeneous
catalysts has received pronounced attention in the last three decades [108, 109]. In industry, it
is of utmost importance to produce desirable products such as alcohols, aldehydes, ketones
and carboxylic acids more selectively. Hence, it is essential to comprehensively understand
the nature of the catalyst, such as availability of the active sites, Kinetics of the redox cycle
and nature of the intermediates generating during the catalytic reaction to aid the
development of a catalytic system with high activity and selectivity [110, 111]. It is also
important to have an in-depth insight into the physical properties of the catalyst such as
thermal, hydrothermal and mechanical stability, the degree of porosity, pore size, pore shape
and surface area so as to be able to optimize the kinetics of the reaction. This knowledge also

facilitates to investigate the impact of these variables on the catalytic activity of the catalyst.

Currently various metal oxides are used as oxidation catalysts in industry, for instance;
magnesium oxide (MgO) doped with lithium (Li) is a useful catalyst for oxidative coupling of
methane [112]. Titania supported vanadium oxide is also used for catalytic oxidation of O-

xylene to phthalic anhydrous [113-116].

1.5.4 Type of oxidation reactions

Basically there two main types of oxidation reactions;
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Q) Dehydrogenation reactions, where a saturated hydrocarbon molecule becomes
unsaturated [117]. This occurs through losing one or more hydrogen atoms. The by-product
of this catalytic reaction is water, if oxygen or hydrogen peroxide is used as an oxidant.

(i) Oxygen insertion into the hydrocarbon [118], followed by dehydrogenation. Various
types of oxygen can be used for these reactions such as the environmentally friendly
molecular oxygen and hydrogen peroxide. Alkoxy peroxides, which are converted to the

corresponding alcohols, can also be used.

1.5.5 Oxidation mechanism on the surface of metal oxides

In the presence of gaseous oxygen, the metal oxide surface is oxidised by adsorbing
oxygen as O, O, or as lattice oxygen, O% (Eq. 1.1). Subsequently the oxygen atom transfers
and incorporates into the products, which desorb from the surface in the next step. Upon
desorption of the oxidized products the surface acquires electron(s), which in turn reduce the
cations on the surface (Eg. 1.2). In other words, in one catalytic cycle a surface cation is
oxidized and then reduced over many cycles, facilitating the transfer of oxygen from one
entity to another. This phenomenon is known as a “redox cycle”[119]. The redox cycle may
be expressed by the following chemical equations: where Ox-O refers to the oxidant, Catal-O
indicates the surface of the catalyst and Red denotes reductant which is the substrate in most

oxidative reactions.

Catal + Ox-O — Catal-O + Ox Eq. 1.1

Catal-O + Red — Catal + Red-O Eq. 1.2

Figure 1.3 demonstrates the catalytic redox mechanism on the surface of the metal oxide.
This mechanism was first suggested by Mars and van Krevelen [100]. According to the Mars
and van Krevelen mechanism the oxidant does not directly oxidize the substrate, but
generates the oxygen which fills anion vacancies on the surface of the metal oxide lattice
[120]. The lattice oxygen, however, is responsible for the substrate oxidation. In order to
facilitate such a mechanism the existence of a cation with multiple oxidation states and high
lattice oxygen mobility is necessary [117]. The kinetics of the redox process depend on
various factors such as the reactivity of the substrates with oxygen, the concentration of the
substrate, electron transfer efficiency and the partial pressure of oxygen. However, it is

generally accepted that the redox process is faster than the oxidation of the substrate.
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Figure 1.3. Schematic redox cycle, Mars and van Krevelen mechanism, on the surface of the
metal oxide [100]

In oxidative catalysis some factors are known to play important roles in both catalytic
activity and selectivity;

Q) metal-oxygen (M-O) bond strength,

As discussed above it is the lattice oxygen which contributes the oxygen incorporated in
the product. As a result the strength of the M-O bond affects the catalytic performance. The
stronger the M-O bond, the less active the catalyst is expected to be [121].

(i)  availability of the active oxygen,

The availability of a moderate amount of oxygen for the oxidative reaction is important in
performance and selectivity of the catalyst. If there is too much active oxygen, the surface
may be over-oxidized. If the amount of active oxygen is insufficient, the oxidation reaction

may not proceed to completion [122].
(iti)  acid-base properties of the metal oxide surface,

The surface of the metal oxide contains a number of Lewis acid and base sites, which
interact with the reactants to activate them through adsorption [102]. However, once the
product is formed on the surface of the metal oxide it should be desorbed promptly. As a
result the strength of the acid-base sites is important in determining the rate of reactant

adsorption/activation the rate of product desorption.

(iv)  type of oxygen available on the surface of the metal oxide,
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As noted above several different oxygen species can occur on the metal oxide surface or in
the bulk [123]. Depending on the oxidation state and co-ordination environment of the metal
ion, the metal-oxygen (M-O) bond can be polarized to some extent, so that the oxygen can

possess electrophilic or nucleophilic properties.

Adsorbed oxygen species O, O, are classified as electrophilic. These are known to be
very active and participate in extrafacial reactions, in which only adsorbed surface oxygen
involves in the catalytic reaction. The lattice oxygen, O®, however, is classified as
nucleophilic, and participates in interfacial reactions, which tend to be slower and give partial

rather than complete oxidation.

1.6 Different types of supports

Various type of supports, more preferably of high surface area, have been used to either
heterogenized the homogeneous catalysts or highly disperse bulk metal, metal oxides or
organometallic complexes [11, 124]. Supported systems also improve poison resistance,
therefore tending to increase the life-time of the catalyst. There are advantages in depositing
catalytically active metal/metal oxides on supports with high surface area. Through this
process the active sites can be highly dispersed, possibly as small particles throughout the
porous system of the support [125]. Consequently, a large active metal surface is produced

relative to the volume of the active catalyst due to its high dispersion [126].

Porous materials such as zeolites and mesoporous silicas are favourable as supports for
depositing catalytically active materials due to their high surface area [127]. The advantages
of mesoporous silicas over zeolites are attributed to their larger and adjustable pore size [128,

129], various pore shapes [130] and highly ordered and uniform pore structure [131, 132].

There are basically two types of pores: (i) open pores with a connection to the surface of
the material and (ii) closed pores which are isolated and have no connection to external
surface of the particle. The first group of porous materials are more useful in catalysis,
adsorption, filtration, membranes and sensing applications [133]. Various shapes have been
suggested for pores, such as cylindrical, spherical and slit-like and also more complicated

structures, for instance, cage-like and cubic [130].

The International Union of Pure and Applied Chemistry (IUPAC) has classified pores into

three classes based on the pore diameter [134]:

0] Micropores, with pore diameter smaller than 2 nm

(i) Mesopores, with pore diameter in the range 2-50 nm and
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(iii)  Macropores, with pore diameters more than 50 nm.

In addition to the advantage of large surface area discussed above, metal/metal oxide
catalysts supported on porous materials, compared to their bulk analogues have the additional
advantage of having the individual catalyst particles isolated from each other in the pores.
This hinders the sintering of active particles into larger particles of reduced active surface
area during calcination at high temperature [39, 135-138].

This property of supported active catalyst is also important because the size of the
particles plays a key role in their catalytic activity. Particles with a size range of 1-50 nm
exhibit physical and chemical properties that are intermediate between those of the single
molecules and those of the bulk material [139]. Catalytic performance can be sensitive to the
particle size as the surface structure and electronic properties can alter greatly in this size
range. Gold (Au) nanoparticles supported on titania are reported to show the highest catalytic
activity for oxidation of CO to CO, where the Au particle size is 2-3 nm [140].

Various approaches have been investigated for depositing the metal ions (active sites) onto
a solid material, support, (see section 1.6.5). However, it is noteworthy that the support
should be chosen after careful consideration, since the nature of the support (pore size, pore
shape, surface area and surface properties) plays a crucial role in the catalytic performance of
the final catalysts.

1.6.1 Zeolites

The term zeolite describes the family of crystalline aluminosilicates, with the structure
based on an infinitely extending, 3D, network of AlO, and SiO, tetrahedrons linked together
via shared oxygens [141]. The structural formula of a crystallographic unit cell of zeolite is

expressed in terms of the oxides.
Muin[(AlO2)x.(SiO2),]mH,0

where M is a cation of valence n, m is the number of water molecules and the sum of x

and y is the total number of tetrahedrons in the unit cell.

The framework contains channels and interconnected voids, which are occupied by cations
and water molecules. In addition, having micropores of diameter in the range of molecular
dimension, zeolites are known to possess valuable properties of shape selectivity [142]. The
cations in zeolite can be replaced to a varying degree through exchanging them with other
cations [143]. The intracrystalline water can be removed but doing this may affect the

channel system, since many zeolites after dehydration contain very small channels. These
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small channels may contain a diffusion block, which means they are not interpenetrating. The
structure of many zeolites is collapsed after complete dehydration as a result of disturbance of
the metal cations [144].

Few zeolites have been studied scientifically in enough detail to be employed in industry
[145]. The main criterion for suitability for commercial application has been structural
stability [146, 147].

The size of the zeolite pore has been used to classified zeolites [148];

. large-pore zeolites: X, Y and L

o small-pore zeolites: A and erionite

Industrially, the first group is used in hydrocarbon conversion catalysis whereas the
second group is of interest in shape selective catalysis [127].

1.6.1.1 Zeolite Xand Y

The framework structure of types X and Y is related to that of the mineral faujasite. These
types of zeolites have a cubic unit cell, with the very large lattice parameter of 25 A, which
contains a total of 192 SiO, and AlO, tetrahedra [149]. Their framework structure leads to the
presence of largest void space among zeolites, 50 vol % of the crystal. The SiO,/Al,O3; molar
ratio is between 2 and 3 for type X and between 3 and 6 for type Y. The unit cell contains
eight large cavities with diameter of 13 A, which are interconnected by apertures of twelve-
membered oxygen rings with 7.4 A free diameter [150].

1.6.1.2 Zeolite A

The unit cell of type A is formed by truncated octahedra joined by double four-membered
rings. The three-dimensional channel system includes large cavities with a free dimension of
11 A, which are separated by apertures formed by eight-membered oxygen rings, with free
dimension of 4.2 A. Some of the cations in type A are located close to the apertures and thus
any change in the nature of these cations is likely to change the adsorption characteristics of
the zeolite [151].

1.6.1.3 Erionite

The framework of this zeolite consists of repeat units of two six-membered rings and a
single six-membered ring in parallel planes, which are perpendicular to the hexagonal axis.

This arrangement produces a 3D pore system containing cavities of 15.5x6.3 A in dimension.
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The SiO»/Al,O3; molar ratio of 6 makes it one of the most siliceous zeolites. This zeolite is

thermally very stable [151].

1.6.2 Carbon nanotubes

Graphite is a carbon allotrope with a two-dimensional (2D) structure, in which sp®>-bonded
carbon sheets interact with each other by Van-der-Waals interactions. As a result of this weak
inter-layer interaction, graphite is a mechanically soft material which is used among other
places in pencil. Due to its high melting point [152] and good electrical conductivity [153-
155] it is also used in the electrodes of arc lamps and arc furnaces. A simple way to describe
carbon nanotubes (CNT) is by imagining that a small sheet of a graphite monolayer is
isolated and rolled into a nanometer-scale diameter tube [156]. The CNTs are among the
most resilient and strongest materials known to exist in nature. The electronic properties of
the CNT are completely determined by the tube geometry, resulting in semiconducting or

metallic character [157].

Generally, due to their favourable mechanical properties, large surface area and high
electrical conductivities CNTs have tremendous potential for a wide range of applications
such as composite materials [158], hydrogen storage [159], and as catalyst supports [160].
Ceria nanoparticles were supported on CNTs and reported to show high adsorption capacity
for Cr(VI) from drinking water [161]. Zeng et al. demonstrated that CNT can be used as a
primary support to prepare binary, ternary and even more complex metal oxide
nanocomposites. In these nanocomposites the particle shape, size and distribution can be

controlled by varying processing time and the ratio of metal oxide nanoparticles/CNT [162].

CNT supported metallic cobalt was prepared using Co(NO3),.6H,0 as the metal precursor.
The resulting materials were used as a catalyst for FTs [163]. It was reported that the cobalt
particle size played a key role in the activity and selectivity of the catalyst. The optimum size
of the cobalt nanoparticles was determined to be 6-8 nm since smaller particles showed lower
activity and selectivity, whereas larger particles demonstrated lower activity.

1.6.3 Mesoporous metal oxides

Ordered mesoporous metal oxides have been the basis of extensive research efforts over
the last decade [41, 164, 165]. In this respect mesoporous transition metal oxides, specifically
those with crystalline frameworks have unique physicochemical properties [166]. These can
be attributed to their high surface area, porous structure as well as optical and electronic
properties compared to bulk transition metal oxides. The porous structure facilitates the mass
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transfer of the reactants whereas the high surface area provides a large number of accessible
active sites with which the reactants can interact. In addition, transition metal oxides are
capable of existing in various oxidation states due to availability of empty d orbitals, which
facilitates electron transfer between reactants and active sites [167, 168]. All the above
mentioned factors have a crucial impact on catalytic performance of the mesoporous metal

oxides.

These materials have an immense number of applications in catalysis, molecular sorption,
sensors, electrode materials and nanodevices [169-173]. It was shown that transition metal
oxides with highly crystalline walls are more efficient in photocatalysis and this is attributed
to the more efficient charge transfer in crystalline materials [174]. This is an important

incentive to produce crystalline mesoporous metal oxides.
A common method to fabricate a mesoporous metal oxide is as follows:

(i) Preparation of any type of mesoporous silica such as MCM-41, SBA-15 or SBA-16 as a
hard template.

(i)  Nanocasting of the metal oxide inside the pores of the mesoporous silica via various
methods such as the multiple impregnation solid-liquid method for specific metal
precursors [175], the “two-solvent” method [176] and the evaporation method [177].
Finally calcination at high temperature facilitates oxide formation through
decomposition of the metal precursor, during which crystallization of the metal oxide
takes place to some extent.

(iti)) Removal of the hard template by using HF (10 % aqueous solution) at room
temperature.(RT) or NaOH (2M) at 70-90 °C [178].

Mesoporous metal oxides can also be fabricated using an organic template, but these
mesoporous oxides are either amorphous or semicrystalline [179]. This is attributed to the
fact that if the temperature exceeds 400 °C, the organic template decomposes, which leads to

the collapse of the structure of the mesoporous silica.

Mesoporous Co3z0,4 was prepared using KIT-6 silica as a hard template via the two-solvent
method and exploited to catalyse CO oxidation. The catalytic performance was reported to
depend on the texture of the mesoporous Co30,4. The samples with higher surface area and a
more open porous system showed higher activity due to the accessibility of more active sites
for the reactants [178].

Xia et al. fabricated 3D mesoporous Co30,4 using KIT-6 and SBA-16 as a hard template. It

was shown by low-angle XRD that the structure of the resulting Coz04 resembled the
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mesoporous structure of KIT-6 and SBA-16. In addition, it was demonstrated that
mesoporous Coz04 had higher catalytic activity than bulk CozO4 for toluene and methanol
oxidation even at low temperature. It was suggested that, due to higher surface area, there are
more active sites on the surface with adsorbed oxygen (O,, O°), which can accordingly
facilitate the catalytic reaction [180].

Mesoporous CeO, was prepared using KIT-6 as a hard template via impregnation. This
CeO, was used as a catalyst for CO oxidation, where it demonstrated higher catalytic activity
than CeO, prepared simply via direct decomposition. It was also shown that CuO can be
homogeneously dispersed on the mesoporous CeO,, which increased the -catalytic
performance in comparison with neat mesoporous CeO, [181].

Recently, a simple method for fabricating highly crystalline mesoporous titania (TiO,) and
niobium oxide (Nb,Os) was reported [182]. These methods use polystyrene block-
poly(ethylene oxides)s, PS-b-PEQOs, as a structure directing agent. It was shown that various
mesoporous TiO, and Nb,Os samples, all with highly crystalline structure and a range of
average pore sizes could be successfully synthesized. This was attributed to the template
characteristics. Using PS-b-PEOs as a template provides the possibility of tuning the pore
size of the final materials by varying polystyrene chain length. This in turn increases the
hydrophobicity differences inside each block, which affects micelle formation [183]. The
template was reported to decompose during heat treatment to amorphous carbon, which in
turn acted as a hard template to prevent structural collapse of the mesoporous material at high

temperature and also facilitated crystallization [82].

There are some potential disadvantages in using metal oxides as supports. For instance,
there might be a strong interaction between the support and the active site, which could
decrease the catalytic performance [184, 185]. Additionally the formation of mesoporous
metal oxides as a support is a multistep process and might result in either the formation of
materials with less crystallinity or a complete collapse of the mesoporous structure.

1.6.4 Ordered mesoporous silica (OMS)

There are some severe limitations involved in using zeolites as supports, mainly due to the
small pore diameter of less than 2 nm [186]. This is especially problematic when large
molecules need to be immobilized inside the pores. This is often the case in liquid phase
reactions due to limitations in mass transfer inside the micropores [187]. Because of these

shortcomings of zeolites, there is a requirement for supports with larger pore size, which will
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allow larger molecules to enter the pores, process there and leave the porous system

afterwards.

Ordered mesoporous silicas with high surface area and adjustable pore size were first
described by scientists in the Mobil Oil Corporation in 1992. They discovered a family of
materials (M41S) with highly ordered hexagonal arrays of mono-dispersed pores with a very
narrow pore size distribution (PSD). The first ordered mesoporous material synthesized was
MCM-41 which stands for Mobil Composition of Matter No. 41 [41, 128]. Over the next few
years more robust materials were synthesised. In 1998, researchers at UC Sanata Barbara,
discovered a new family of mesoporous silicas SBA-X, where SBA stands for Santa-Barbara
Amorphous Material and X refers to the material code [40, 129].

The formation of mesoporous materials is generally based on a liquid-crystal template
(LCT) mechanism [128], by which the organic templates, effectively surfactants, form
micelles. Upon adding a silicate precursor, the amorphous walls are generated on the micelles
through hydrolysation and polymerization of the silicate precursor. The elongation of the
micelles and polymerization of the silicate precursor continue during the hydrothermal
treatment process and finally the as-synthesized mesoporous silica is recovered by filtration.
To obtain the final mesoporous silica the template should be removed from the pores, which

can be done in several ways (see section 1.6.4.3.2).

The organic templates (surfactants) are mostly cationic, such as cetytrimethylammonium
bromide in basic environment for the formation of M41S families. In contrast to this, non-
ionic triblock copolymers, amphiphilic templates, are used to synthesize SBA-X families in a
highly acidic environment.

Non-ionic triblock copolymers were patented in 1973 [188] and contain both hydrophilic
(polyethylene oxide, PEO) and hydrophobic (polypropylene oxide, PPO) chains with various
PEO/PPO ratios and different molecular weights. The commercial names of these polymers
start with a letter followed by two or three numbers. The letters describe the polymer
appearance, for instance, F (flake), P (paste) and L (liquid). The first one or two numbers
multiplied by 300 give the PPO block molecular weight, whereas the last number refers to the
PEO weight fraction [189]. Since the hydrolysis of methyl groups in both PEO and PPO
blocks is temperature dependant, the properties of the PEO and PPO blocks are highly
dependent on the applied temperature [190, 191].

Generally, for the ordered mesoporous silica to be formed, the interaction between the

organic surfactant and the inorganic silicate (S/I interaction) is critical. This interaction is
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summarized in Table 1.3. These chemical interactions are referred to as electrostatic (S*I") or
(S*X1%) [192, 193], hydrogen bonding (S°I°) [194-196] and hydrogen-bonding electrostatic
interactions ((S°H(X'1")) [129, 197].

Table 1.3 Organic surfactant/inorganic silicate precursor interaction type for various

mesoporous silicas

S/l Interaction Type of mesoporous S:I precursor Reaction
silica environment
Sr MCM-41 CTAB! : Sodium silicate Basic
STXI* SBA-3 CTAB : TEOS? Acidic
sor° HMS Dodecylamine : TEOS Neutral
(S°HY(X 1 SBA-15 Pluronic P123% : TEOS Acidic

Icetytrimethylammonium, or hexadecyltrimethylammonium bromide
2 tetraethylorthosilicate

¥ HO-poly(ethylene oxide)zo-poly(propylene oxide)7o-poly(ethylene oxide),o
1.6.4.1 Hexagonal mesoporous silicas (HMS)

Hexagonal mesoporous silicas (HMS) are prepared by a neutral S°I° templating route in
which the neutral organic surfactants (S°) are primary amines [132]. In the course of
synthesis hydrogen-bonding interactions between S° and a neutral inorganic precursor (1°)
take place in the self-assembly step [194, 198]. The organic phase can be easily removed
from the HMS by solvent extraction due to the absence of strong electrostatic interactions.
This prevents the partial degradation of the HMS structure which would otherwise occur
during the calcination process. HMS exhibits a wormhole-like pore structure and compared to
MCM-41 is less ordered. However it also shows more thermal stability and faster diffusion
rate of the reactants due to shorter length mesopores [41]. These materials have strong
potential for applications in catalysis due to their high surface area and uniform mesoporous
structure [132].

1.6.4.2 MCM-41

As mentioned previously in section 1.6.4, MCM-41 belongs to the first group of ordered
mesoporous silicas, which was invented by Beck et al [128]. This material has a high surface
area of up to 1400 m? g* [199] and hexagonal arrays of cylindrical pores with narrow PSD.
The pore diameter and the wall thickness of MCM-41 can be varied between 3-4 nm and 1-2

nm respectively, and so can be tailored to the specific application required (Figure 1.4) [200].

38



MCM-48 is another mesoporous silica reported by the same group with cubic
mesostructures srycture [41]. It has a 3D channel network [201], interwoven cubic pore
structure [202, 203], a pore volume of 1.2 cm® g* [204]. This favours mass transfer and high
accessibility of the active sites when the material is used as a support for larger guest
molecules. However the complexity of MCM-48 preparation process makes it less favourable
as a support than MCM-41.

Figure 1.4. TEM images of MCM-
41[205]

1.6.4.3 SBA-15

The development of the OMS family SBA-X was another breakthrough in the mesoporous
silicas field [40, 129]. This family of mesoporous silicas is prepared mainly by using non-
ionic triblock copolymer surfactants (Pluronics) comprising of poly (ethylene oxide)x-poly-
(propylene oxide)y-poly(ethylene oxide)y, (PEO)x(PPO),(PEO)y, in an acidic environment.
Various triblock copolymers have been employed to synthesize different SBA-X frameworks
such as SBA-11 using C16EO;9, SBA-12 and SBA-14 using C16EO;9 and C1,EQ, respectively
and finally SBA-15 and SBA-16 from EO,)PO70EO,, and EO10sPO70EO1¢s respectively [129,
206, 2071].

Among these mesoporous silicas, SBA-15, with its highly regular mesoporous structure,
has been the subject of many studies, due to its simple preparation procedures and various
applications in drug delivery and heterogeneous catalysis. SBA-15 has a high surface area of
600-1000 m? g%, It has thicker pore walls (3-7 nm), higher thermal and hydrothermal stability
and also larger tuneable pore sizes, in the range 6-30 nm than the M41S families. The pore
size of SBA-15 can be tuned by changing the time and temperature of the hydrothermal
process [208], using a swelling agent [209], using co-surfactant [210] or by using alkenes
[211].

The triblock copolymer which has been used as an organic template for SBA-15 synthesis
is relatively inexpensive and nontoxic [208, 212-214]. Another interesting feature of SBA-15
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is the presence of micropores, small mesopores, in the mesopores walls. These are formed
randomly and interconnect the cylindrical mesopores. Lukens et al. first demonstrated the
presence of micropores inside the walls of mesopores using quartz as a reference [215].
Subsequently systematic investigations using N, adsorption-desorption, inversion platinum
replicas and high resolution transmission electron microscopy (HRTEM) studies [216] have
proved that SBA-15 is composed of uniform hexagonal arrays of primary pores, which are
interconnected by a number of smaller pores with a broad PSD. These secondary pores are in
the range of micropores or smaller mesopores (1-3 nm) and are sometimes referred to as

complementary pores.

Imperor-Clerc suggested that a “corona” region (see section 1.6.4.3.1) is formed during
the formation of spherical micelles. In the next step silicate precursor is added and deposited
on the corona region. Upon hydrolysis and polymerization of the silicate the corona is

trapped in the walls and forms micropores when the template is removed [217].

Presence of these micropores in SBA-15 walls enhances the mass transfer, typically in gas
phase catalytic reactions. The presence of micropores in the SBA-15 thick walls also makes it
more thermally and hydrothermally stable than MCM-41. The surface of the micropores
inside the walls is covered with numerous =Si-OH groups. During thermal treatment at high
temperature =Si-OH groups are cross-linked and dehydrolyze to =Si-O-Si= groups [212].
This process consequently results in formation of thicker and more robust walls. Since SBA-
15 has been widely used in various applications it is essential to fully understand the

mechanism of its synthesis and also the formation of the micropores.

Although both MCM-41 and SBA-15 have highly ordered honeycomb mesopores, the
pore size and moreover the wall structure makes for marked differences between these two
materials [218]. In addition, micropores contribute a substantial proportion of the surface area
to SBA-15 overall surface area. The microporous surface area can be varied based on the
synthesis route [219].

1.6.4.3.1 Micelles/Corona formation

As the template (surfactant) made up of cationic or non-ionic triblock copolymers
dissolves in a basic or acidic aqueous solution, aggregation of the surfactant into micelles
occurs due to the amphiphilic nature of the surfactant. Different concentrations of the
surfactant result in various forms of the micelles. Low surfactant concentration results in

spherical micelles. The largest concentration giving spherical micelles is referred to as the
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“critical micelles concentration” (CMC). By increasing the concentration of the surfactant to
10 times more than the CMC, rod-shaped micelles form and finally by further increasing the

surfactant concentration close-packed cylinders result [220].

The micelles are stable due to electrostatic interaction of charges or hydrophilic-
hydrophobic interactions. It is noteworthy that when spherical micelles are forming
hydrophobic moieties of the surfactant aggregate in the centre and form the core of the
micelles. Hydrophilic polar moieties move towards the outside and form the corona, where

they can interact with aqueous solution [221].

Figure 1.5 demonstrates the spherical micelles of SBA-15. It can be clearly seen that the
surfactant chains are arranged into a spherical shape such that the polar groups can easily
interact with the aqueous solution. Since SBA-15 is made up of the amphiphilic surfactant, a
“V” shaped structure is required to be formed with hydrophobic moieties (PPO) towards the
centre and hydrophilic ends (PEO) towards the outside. This is because at low pH the
surfactant folds to expose its hydrophilic moieties to the aqueous surroundings [40]. Several
of these V-shaped molecules aggregate to form spherical micelles. The external, hydrophilic

is referred to as the “corona”.
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Figure 1.5. Micelles formation mechanism

Upon adding the silicate precursor such as tetraethyl orthosilicate (TEOS) or tetramethyl

orthosilicate (TMOS) to the surfactant solution, the precursor hydrolyses and deposits on the
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micelles to form a silica network. This will form the amorphous silica walls during the
preparation process. The hydrolysis and polymerization of the silicate precursor on the
micelles occurs in various steps based on the precursor’s hydrophobicity and the degree of
hydrolysis. In the first step, the silicate precursor penetrates to the core of the micelles. This
is because the silicate precursor, like the micelles’ cores, is hydrophobic and this facilitates
the hydrolysis process [222]. As the hydrolysis of the silicate precursor progresses the silicate
precursor becomes more hydrophilic. In the next step the precursors diffuse into the corona,
where PEO groups are present. At this stage polymerization of the silicate precursor begins,
at the interface of hydrophobic core and hydrophilic corona of the micelles, and
simultaneously the micelles elongate. While the hydrolysis process is in progress, the
polymerization of the silicate only occurs in the corona. Through this polymerization and
condensation the PEO moieties are entrapped in the silica walls and as the reaction proceeds

precipitation of the flocculents begins to occur [223].

After the formation of SBA-15, the hydrothermal process begins by increasing the
temperature. Since the properties of PPO and PEO are temperature dependent (section 1.6.4)
by increasing the temperature the hydrophilicity of the PEO chains, which have already been
trapped in the silica walls, will change. As a result they retract from silica walls to the core of
the micelles, resulting in pore size expansion and at the same time a reduction in the
microporosity.

By increasing the hydrothermal process temperature from 35 °C to 130 °C the
microporosity and consequently the surface area noticeably decreased. The pore size
however, increases by several nanometers and the silica walls become more condensed [217,
224]. The micropores remain intact during calcination up to 900 °C, but they probably
disappear at 1000 °C and as a result a structure similar to that of MCM-41 is obtained [225].

1.6.4.3.2 Template (surfactant) removal

Several different methods have been suggested in the literature to remove the template
(surfactant) after the formation of the mesoporous silica. These are listed below:
Q) Calcination

Calcination is the most common way to remove the template (surfactant) from as-
synthesized OMS. Conventionally calcination is performed in air starting with slow heating
rate (1-2 °C min™) from RT up to 550 °C. The sample is then held at this temperature for 5-6

h after which it is cooled down to RT at the same rate at which it was heated. The initial
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decomposition of the surfactant occurs at 150-250 °C [226, 227]. It has been reported that the
organic surfactant moieties (PPO) within the mesopores are decomposed before the PEO
chains inside the intrawall micropores [226]. The shrinkage of the framework due to
condensation and water release occurs at above 300 °C. During this shrinkage the
mesoporous volume decreases but the microporous volume remains intact. This is indicative
of continuous decomposition of the surfactants from micropores during framework shrinkage
[228].

(i) Ethanol extraction

Ethanol can be used as an alternative to calcination for removing template (surfactant)
from the OMS pores. This method, in which mesoporous silica is refluxed in ethanol for 24 h
[40], has advantages and disadvantages over calcination. Advantages are that the surfactant
can be recovered and reused and, furthermore the surface of the OMS becomes highly
hydroxylated. The disadvantage of this method is that it generates large amounts of waste
(ethanol) and also a small amount of the surfactant usually remains in the micropores [229].
(iii)  Hydrogen peroxide

Hydrogen peroxide, which is known to be an environmentally friendly oxidant, can be
used to completely remove the template (surfactant) from as-synthesised SBA-15. This is
done by treating the SBA-15 in H,O, for 24 h at 100 °C. The resulting mesoporous material
will have slightly larger mesopores and higher micropore volume, which results in a
correspondingly higher surface area. One of the advantages of this method is the high number
of silanol groups formed in the silica walls, which benefits any subsequent functionalization
process [230].

(iv)  Sulphuric acid

Sulphuric acid can also be used to remove template (surfactant) from the pores in as-
synthesized SBA-15. Sulphuric acid removes the surfactant selectively by decomposing the
PPO moieties but not PEO [231]. It is known that the cleavage of PPO and PEO moieties by
sulphuric acid proceeds at a similar rate in the absence of spatial constraints. This suggests
that the selective decomposition of PPO over PEO using sulphuric acid is attributed to the
fact that the PEO maoieties are trapped in the silica walls. And so the interaction between PEO
units and sulphuric acid is hindered. Sulphuric acid surfactant removal, like that using
hydrogen peroxide, results in mesopores expansion [231]. Since the PEO units remain in the
micropores, the surface area of the resulting mesoporous material is not as high as the cases

in which calcination or H,O, was used to remove the surfactant.
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(V) Microwave

Microwaves have been suggested as a way to speed up the removal of the template
(surfactant) from as-synthesized SBA-15 by ethanol or H,O,. The mesoporous silica (SBA-
15) can be mixed with H,O, or ethanol and exposed to microwave radiation for 2 minutes.
This results in the complete removal of the surfactant. With this method no shrinkage of the
framework has been reported and the pore size is reported to be larger than those from the
calcination method. Another advantage of this method is the high concentration of silanol

groups on the mesoporous walls [232].

1.6.5 Supported metal oxides

Metals/metal oxides are among the most significant catalysts in industry. They are used on
a large scale in various sectors of industry such as petroleum, hydrogenation of CO [233],
hydrogenation of fat [234], selective oxidation reactions [235, 236] and many other
processes. Most metal/metal oxide catalysts are expensive, suggesting that using smaller

amounts of the catalyst would be economically and industrially favourable.

Bulk metal/metal oxides are not very active as catalysts due to their low surface area and
low availability of active sites for the reactants. Moreover at high temperature they tend to
aggregate and form large particles which are not catalytically active. As discussed previously
(see section 1.6) to circumvent these disadvantages the active sites can be deposited on a
support preferably of high surface area. The porous framework of mesoporous materials with
uniform pore size and narrow PSD are appropriate for deposition of nanoparticles with high
dispersion [237].

The degree of dispersion of the active sites is of great importance for the catalytic
performance. It has been accepted as a general concept that once the particles are confined
inside the pores, their aggregation at high temperature will be hindered due to the barrier set

up by the pore walls.

Catalytically active metals can be deposited on various supports such as metal oxides,
zeolites, clays or various mesoporous silicas [28, 238-240]. The nature of the support [241,
242], preparation method by which the active metal particle is deposited on the support [176,
243] and the nature of the metal precursor [37, 243] all affect the catalytic performance of the
supported metal/metal oxide. This is discussed in section 1.7.2.

According to IUPAC, deposition is defined as “the application of the catalytic component
on to a separately prepared support.” It is important to mention that the properties of the
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solution in the pores of a support are different from those of the solute in bulk. There are

several different methods of deposition which are listed below:
1.6.5.1 Impregnation

Impregnation is a conventional and the most common method of depositing active metal
particles on a support [244]. In impregnation the porous solid support is brought into contact
with a metal precursor solution. Metal species from these solutions are then deposited onto
the surface of the support. Generally, the impregnation method consists of three steps: (i)
contacting the metal precursor solution with the support over certain period of time, (ii) a
drying process to remove the adsorbed solvent and (iii) catalyst activation through
calcination, reduction or other appropriate methods [245].

Several processes take place during the impregnation with various rates:

Q) Adsorption of the metal species from the solution onto the surface of the support
through dispersion, hydrogen-bonding or electrostatic forces.

(i) Partial dissolution of the support surface in the solution [246].

(iti)  Hydrolysis, polymerization or depolymerisation of the species attached to the surface.

(iv)  lon exchange between the support surface and the cations or anions of the solution.

The type of product obtained after the impregnation process is affected by the nature of the
metal precursor solution [37], support and also the reaction conditions [247, 248]. The nature
of the metal precursor solution depends on various factors such as the pH of the solution, the
nature of the solvent and finally the nature and concentration of the metal precursor, which
affect the solvation of the metal precursor in the solvent [249]. The pH of the solution has a

large impact on the ionisation and the nature of the cations and anions.

As for supports, the texture of the support such as the degree of porosity, size of the pores
[250] and the specific surface area, the properties of the functional groups such as their
concentration [138], the strength of acidic and basic centres [251], the isoelectric point and
the presence of accessible exchangeable ions and also the reactivity of the surface [137] are
influential elements in the impregnation process. They also help to determine the composition
of the final product.

Impregnating the support with metal precursor solution can be achieved through different

methods;

45



1.6.5.1.1 Impregnation with an excess amount of the metal precursor solution, soaking

The desired amount of metal precursor is dissolved in an excess amount of a solvent [246].
This solution is added to the support and the mixture is stirred from several hours to several
days based on the rate of the deposition process. After stirring the extra solvent is evaporated
under reduced pressure. The advantage of this method is the possibility of controlling the
distribution of the active sites by controlling the contacting time of the support with the
solution. However, the disadvantage of the method is that a fraction of the support can be

dissolved in the solution over the long contact period.
1.6.5.1.2 Dry impregnation

In dry impregnation the volume of the solvent used to dissolve the metal precursor equals
the pore volume of the support. This can be determined via N, adsorption-desorption in the
case of porous supports. This method is known to result in a better distribution of the metal
precursor on the support and is also highly recommended for species which might have weak

interaction with the support [252].
1.6.5.1.3 Wet impregnation

The principle of wet impregnation is very similar to that of dry impregnation except that
the volume of the solution is slightly higher than the exact pore volume. On adding the metal

precursor solution the support looks wet. This is followed by drying and activation processes.
1.6.5.1.4 Successive impregnation

Two or more metal precursor solutions are introduced to the support successively [253,
254]. After each impregnation the support may be dried and activated. It is important to bear
in mind that in the second and the following impregnations, the surface chemical and
physical properties are not the same as that of the support in the first impregnation due to the
presence of either metal or metal oxide particles. Sometimes successive impregnation is used

for a single metal precursor solution to ensure the optimum uptake of the active particle.
1.6.5.1.5 Solid-solid / solid-liquid impregnation

This specific method is known either as the solid-solid and or the solid-liquid method,
because the desired amount of the metal precursor is added to the support and together they
are heated to the melting point of the metal precursor [246, 255]. At the melting point of the
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metal precursor it liquefies and moves into the pore by capillary action. This method has
some limitations. For instance, it cannot be used for metal precursors with melting points
equal to or higher than decomposition temperature of the support. Another drawback of this

method is the poor distribution of the metal precursor.
1.6.5.2 lon exchange

lon exchange is a specific type of impregnation, which involves mixing the support with
an aqueous solution of the desired amount of metal precursor [244]. In this technique the
surface of the support is charged due to the pH of the metal precursor aqueous solution. This
suggests that if the point of zero charge (PZC) of the support occurs at a lower pH than that
of the aqueous solution, then the hydroxyl groups of the surface will be deprotonated such
that the surface of the support becomes negatively charged [249]. This increases the ability of
the support to adsorb the cations of the metal solution electrostatically. Conversely, if PZC
occurs at a higher pH than that of the solution the hydroxyl groups of the support surface will
become protonated. As a result the surface becomes positively charged and tends to adsorb

the anions of the metal solution.
1.6.5.3 Adsorption

Adsorption from an aqueous solution of the metal precursor is another conventional
method of depositing metal/metal oxides onto various supports. In this method the support is
mixed with the aqueous solution of metal precursor with a certain concentration for a known
period of time after which the support with its adsorbed metal is recovered by filtration [176].
This method is very similar in many respects to impregnation except for the recovery process
of the solid product. The composite then dries and goes through calcination process in air to
form a supported metal oxide. This method results in poor uptake of the metal precursor,
since only a proportion of the metal cations from the solution are deposited on the support.
The rest is ‘lost’ (washed out) upon filtration. This is attributed to the weak interaction

between the support and metal precursor.
1.6.5.4 Ammonia method

This method was first reported by Barbier et al. to highly disperse Co(NO3),.6H,0 on a
silica surface [256]. It was reported that the desired amount of Co(NO3),.6H,0 was dissolved
in water. To prevent Co®* oxidation, the system was protected from air by using an Ar

blanket. A solution of ammonia (28 wt%) was added to the cobalt aqueous solution, which
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resulted in precipitation of Co(OH),. In the next step the precipitate was dissolved in a large
excess of ammonia. Next, silica was added to this solution, which decreased the pH of the
solution to 11.6. After constant stirring the mixture reached equilibrium with a pH of 12.
Then mixture was stirred for a further 1 h and centrifuged and washed repeatedly with water.
The solid product was dried under vacuum at 80 °C overnight. Finally to obtain metallic
cobalt, the dried solid was reduced under hydrogen flow to 650 °C at a very slow rate of

temperature increase.
1.6.5.5 Solvent-free deposition

It is important in catalytic applications of supported metal oxides to obtain aggregation-
free particles with high dispersion, which results in high active surface area. Tang et al.
reported a solvent-free method in which the pre-calculated amount of metal precursor was
added to SBA-15 in the absence of any solvent. In the next step, the two solids were ground
manually in a mortar for 10 min and then calcined in air at 450 °C for 4 h after being heated
to temperature at 1°C min™. It was demonstrated that compared to the conventional
impregnation method the solvent-free method results in highly-dispersed metal oxides on the
interior surface of the SBA-15 without any aggregation on the external surface [136]. These
composites are reported to be thermally stable and catalytically active by virtue of the high

dispersion and small particle size of the active sites.
1.6.5.6 Molecular design dispersion (MDD)

Among new techniques recently reported for depositing metal precursors on the support,
MDD is known to result in extensive formation of the active particles inside the pores of the
mesoporous silica. This method requires two steps. In the first step an organometallic
complex of the desired metal is added to the support, typically mesoporous silica with a
sufficient amount of hydroxyl groups on the surface. In this step the silanol groups of the
support interact with the metal complex, which facilitates the adsorption of the metal on the
surface. In the next step, the adsorbed complex is thermally decomposed through calcination
at high temperature in air and as a result the metal oxide species deposit on the surface of the
support [257].

Metal acetylacetonates are known to be very efficient organometallic complexes for this
purpose. This is attributed to the small size of the complex, which facilitates its migration to

the pores of the mesoporous silica supports. These complexes also have planar geometry
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which enables them to interact with the surface without steric hindrance [257]. Another
advantage of metal acetylacetonate complexes is their high reactivity towards silanol groups

on the surface of the support [251].

Two possible interaction mechanisms between metal acetylacetonate molecules and the
silanol groups of the support have been reported in the literature [257]. One possible
mechanism is a hydrogen bonding mechanism, through which the proton of the silanol groups
interacts with the m-electrons of the acetylacetonate ligand. Another possible mechanism is a
ligand exchange mechanism, whereby the deprotonated silanol groups of the surface interact

with the metal ions of the acetylacetonate complex and form a covalent bond (Figure 1.6).

The preparation of silica/alumina supported copper, vanadium and molybdenum oxides by
the MDD method has been reported. It was demonstrated that the geometry of the metal
precursor had a great impact on the interaction of the metal complex with the support and in

turn on the final deposition of the active metal particles on the support [257].

It has also been reported that aluminium and titanium modified SBA-15 have been used as
supports for the deposition of copper and iron oxide via the MDD method [251]. It was
claimed that modification of silica with Al and Ti increased the catalytic performance of the
final catalysts for the DeNOy process, because the MDD method generated strong Lewis acid
sites.

O —:’.

Hydrogen bonding mechanism Ligand exchange mechanism

Figure 1.6. Schemes of interaction mechanisms between silanol groups and metal precursor
1.6.5.7 Supercritical fluid deposition

Supercritical fluids have been successfully used to deposit metal/metal oxide nanoparticles
on porous supports [258-260] and carbon nanotubes [261]. This method includes the
dissolution of an organometallic precursor in the supercritical fluid (SCF) to make the metal
precursor solution. This solution is then used to impregnate the support with the
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organometallic precursor. A subsequent decomposition of the metal precursor in air results in
formation of the metal oxide or with a further reduction at elevated temperature metallic

nanoparticles.

Supercritical CO; (scCO;) is most commonly used as a supercritical fluid since it is non-
flammable, non-toxic, non-reactive and financially affordable [139]. scCO, has intermediate
properties between those of a gas and liquid. The gaseous properties of high diffusivity and
low viscosity of scCO, facilitate its rapid diffusion into the porous network of the support.
However, due to its liquid-like density a wide range of organometallic precursors are soluble
init.

The morphology and dispersion of the nanoparticles can be easily controlled by small
changes in either the pressure or temperature. In addition, scCO, has zero surface tension,
suggesting that it can easily penetrate the pores and increase the degree of support wetness. It

can also be easily removed from the reaction media by controlled decompression.

Deposition of cobalt, copper and iron oxide in the pores of mesoporous silica using scCO;
has been reported [262]. Aspromonte et al. reported deposition of cobalt oxide nanoparticles
on MCM-41 and Al-MCM-41. They demonstrated that the concentration of the metal
precursor had a large impact on the morphology of the metal oxide particles. If the
concentration of metal precursor was higher than the solubility of the oxide in scCO,, large
metal oxide particles formed on the external surface of the support with low catalytic activity
[263].

The disadvantages of using this technique are the complexity and the cost of the metal
complexes which are normally used as metal precursors, as well as the high temperature and

pressure needed to apply in this process.
1.6.5.8 Functionalized supports

Selective functionalization of the mesoporous silicas has been used for deposition of both
metal and metal oxides inside the pores of the support. Chao et al. reported synthesis of
highly dispersed platinum and gold on the internal surface of the aminofunctionalized SBA-
15. They demonstrated that the nature of the metal nanoparticles was a crucial element in
determining the size and the shape of the particles. The process resulted in formation of
spherical (5 nm) gold nanoparticles as opposed to disk-like (1.2-3 nm) platinum nanoparticles
[264].
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Escalera et al. reported formation of highly dispersed cobalt and cobalt oxide nanoparticles
inside the pores of aminofunctionalized SBA-15. They selectively functionalized internal
hydroxyl groups by silylation of the external hydroxyl groups before adding the metal
precursor. Highly dispersed cobalt and cobalt oxide were formed inside the pores after heat

treatment in an N, atmosphere or air, respectively [138].
1.6.5.9 Two-solvent method

The two-solvent technique is another new method which seems to disperse metal oxide
nanoparticles exclusively inside the pores of mesoporous silica [176]. This method consists
of three steps: (i) the desired amount of a metal precursor is dissolved in water of volume
equal to the pore volume of the support determined by N, adsorption-desorption, (ii)
mesoporous silica, typically SBA-15, is dispersed in an alkane such as n-hexane to form a
hydrophobic solution, (iii) the aqueous solution of metal precursor is added to the
hydrophobic solution dropwise and the mixture stirred for 2 h. The support is calcined in air

after being filtered and dried at room temperature (Figure 1.7).

It has been reported that several factors can affect the dispersion of the metal oxide
nanoparticles inside the pores of the support, including the type of hydrophobic alkane
solvent used [265]. It is known that the interfacial tension between water and n-hexane, water
and cyclohexane and water and heptane is 50.4 mN m™, 50.3 mN m™ and 50.7 mN m¥,
respectively [265]. This suggests that smaller droplets of the aqueous solution of metal
precursor form on the surface of the n-hexane compared to heptane, which in turn results in
formation of smaller particles. Another important factor is the adsorption enthalpy of various
alkanes on the surface of the mesoporous silica. These are reported to be 27.4 J g-1 [266] and
25.9 J g-1 [267] for n-hexane and cyclohexane, respectively. In addition the evaporation
temperatures (boiling points) for the n-hexane, cyclohexane and heptane are 68 °C, 80.7 °C
and 98 °C respectively. These have been all reported to have an impact on the preparation

procedures as well as the size of the final particles.

The mechanisms by which these properties act have been postulated to be as follows. It
has been suggested that as the mesoporous silica SBA-15 is dispersed in the alkane the trace
of water which is present in the system adheres to the silica walls due to their hydrophilic
nature created by the presence of hydroxyl groups. This phenomenon makes the silica walls
even more hydrophilic and increases their affinity for the metal aqueous solution upon its

addition to the mixture. At this stage, the interfacial tension comes into account such that
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smaller droplets are formed when using alkanes with a smaller interfacial tension with water.
During the drying process alkanes with lower adsorption enthalpy and lower evaporation
temperature are removed from the pores at lower temperature. As a result highly dispersed
small metal oxide particles form inside the pores of the support after calcination [265].

SBA-15 dispersed

in n-hexane Cobalt oxide species

formation after
calcination

Cobalt precursor
aqueous solution

Figure 1.7. Schematic diagram of two-solvent method technique for cobalt oxide

nanoparticles formation inside the pores of SBA-15
1.6.5.10 Framework incorporation

The previous methods are associated with the post-synthesis procedure in which the
mesoporous silica is first prepared followed by preparation of active metal or metal oxides
inside the pores. However, transition metals can be incorporated in the framework of the
mesoporous silica by introducing the metal precursor into the initial synthesis mixture [132,
268]. The advantage of this method is that the active particles are highly dispersed throughout
the support. However, the disadvantage of this method is that the transition metal centre is
buried in the framework and therefore is inaccessible for the reactants for any catalytic
activity [269].

1.7 Cobalt chemistry

The history of cobalt goes back four thousand years to Persia and Egypt. Here it was used
as a component in blue dyes. They called the cobalt compound something, presumably.
Cobalt was first isolated by Brandt in 1735, but it was not confirmed as an element until
1780, when it was recognised by Bergman. Later on, in the early 1900s, Elwood Haynes
patented the use of metallic cobalt [270]. Even nowadays, nearly 30 % of the cobalt produced
is used in the paint and ceramic industries [271]. Cobalt is a brittle, hard, silvery transition

metal with magnetic properties similar to that of iron and a close packed hexagonal crystal
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structure. It is also not highly reactive and quite stable in air at normal temperature. However
upon heating, it oxidises to CozO4 which breaks down to CoO at 900 °C [272].

Various formulation of cobalt with other oxides or sulphates is used in producing pigments
industrially [273]. This mixture is then calcined at 1100-1300 °C and finally ground to a fine
powder. Cobalt is also added to glass as a colour [274] or decoloriser [275]. In the former
application cobalt at low levels (2 ppm) gives a blue tint and by increasing its concentration a
dark blue colour is obtained. As a decoloriser, it supresses the yellow tint from iron

contamination.

Cobalt is used as a constituent in various metal alloys along with nickel, iron and
vanadium. There are several factors that make cobalt-based alloys a favourable material in
industry. Some of these factors are (i) their increased high temperature strength, through the
mechanism by which this occurs is not fully understood [276], (ii) their higher melting point
compared to that of nickel or iron based alloys [277], (iii) their superior hot corrosion
resistance to gas turbine atmospheres, which is attributed to their high Cr content [278] as
well as (iv) their superior thermal fatigue resistance [279] including their weldability
compared to nickel based alloys. Cobalt-based alloys are used in various industries. For
instance, Co-Cr-Mo alloys are used in dental prosthetics [280] and the cobalt-based alloy

HS21 is used in gas turbine applications [281].

In the field of catalysis, there is a wide range of applications for cobalt both as a
homogeneous and heterogeneous catalyst for example cobalt is used, in the plastics [282],
sensors [283] and petrochemical industries [284]. Hydrodesulphurisation is a common
process in petroleum refining; the crude oil fraction and hydrogen are passed over catalysts,
typically cobalt (Co)-molybdenum (Mo) supported on alumina, at high temperature and

pressure, to transform organic sulphur to hydrogen sulphide [284].

Cobalt salts are also known as promising homogeneous catalysts for oxidising p-xylene to
terephthalic acid [285] and dimethyl terephthalate [282], which are used to manufacture
resins for plastic bottles. In 2005 nearly 3000 tonnes of cobalt were used for this purpose.
Various cobalt complexes and cobalt oxides, more specifically Co3O4 have been used as both
homogeneous and heterogeneous catalysts for the oxidation of alcohols and olefins to their
corresponding aldehydes, epoxides and carboxylic acids (discussed in section 1.7.2).
Furthermore, metallic cobalt is known as a promising catalyst for Fischer-Tropsch synthesis
(FTs) [286].
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In the human body cobalt is a vital trace element. It is found in the core of vitamin B12
and some other co-enzymes [287]. Although the body contains only 2-5mg of vitamin B12,

its contribution in the formation of the red blood cells makes it essential to life [288].

All the above mentioned applications of cobalt demonstrate its importance to various

segments of industry and also to human life.

1.7.1 Cobalt oxides

Five cobalt oxide species have been reported in the literature, CoO,, C0,03, CoO(OH),
Co30,4 and CoO [283, 289]. Since their discovery, they have been the subject of interest both
in academia and industry due to their unique electric, magnetic and catalytic properties [290,
291]. Cobalt oxides contain two cations, Co®* and/or Co**, which are thermodynamically
competitive under ambient conditions [272]. Cobalt oxide with a cobalt oxidation state higher
than three is unstable and readily decomposes with liberation of oxygen. CoO is reportedly
formed during the preparation of Co,03[292].

Cobalt hydroxide, CoO(OH), has a hexagonal structure, in which Co?* is located at an

octahedral site and coordinated to six hydroxyl groups [293].

The two main cobalt oxide species, CoO and Co30,, are generally stable and therefore
found in nature [294, 295]. Generally CoO is stable at higher temperatures, but the CoO
particles can exist under ambient temperature and oxygen partial pressure, while Co3z0, is
stable at lower temperature. It is known that it is difficult to obtain pure CoO, with small
amounts of Co3zO,4 and metallic cobalt always present as impurities [296].

CoO is an antiferromagnetic material and is metal deficient. It has been suggested that the
cation deficiency is due to cation vacancies in the crystal lattice. CoO exhibits p-type semi-
conducting properties due to its 1.4-1.8eV energy band gap [297]. The oxygen partial
pressure governs the concentration of cationic vacancies [298]. As a low valence transition
metal oxide, CoO can form a rocksalt faced-centred cubic structure, where the Co?* is in an
octahedral co-ordination environment (Figure 1.8a) [272]. The unit cell length of the rocksalt
structure is 4.267 A and the unit cell contains four atoms [294]. CoO can also form a
hexagonal wurtzite structure with the Co®* in a tetrahedral co-ordination environment [299,
300]. Wurtzite CoO was reported to be less stable than rocksalt [300].
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@ Co* Co** (Oh) — Co** (Td)

Figure 1.8. (a) Unit cell of rocksalt-structure CoO, with Co?* in octahedral sites and (b) unit

cell of spinel Co304, with Co?" in tetrahedral and Co®" in octahedral sites.

Co304 has a normal spinel structure, with a cation distribution known to be
Co?*[C0,*"104*. Generally the spinel structure contains two metal oxidation states in
different co-ordination environments. The cation sites are only partially occupied such that
the unit cell of length 8.084 A contains 56 cations and anions. In the unit cell of spinel half of
the octahedral sites are occupied with Co®* and one eighth of the tetrahedral sites are
populated with Co®* in a well-ordered manner (Figure 1.8b). In this structure Co®*" (3d°) is
diamagnetic in the octahedral crystal field whereas Co®* (3d") at the tetrahedral sites form an

antiferromagnetic sublattice, with the diamond structure below the Neel temperature [301].

Spinel Co30, is stable up to 800 °C, decomposing to CoO above this temperature [302,
303]. Structurally, rocksalt CoO and spinel Co3O,4 both have oxygen atoms in a face centre
cubic arrangement (Figure 1.8b). The closest O%- O packing distance in rocksalt is ~ 5 %
larger than that in spinel. Thus the complexity of the spinel structure of course is not due to
its anions (O%) but to the distribution of its cations (Co?* and Co®*) [304].

In an oxidising environment, cobalt cations in the near surface region are mobile. This
suggests that the cations which undergo oxidation will remain in their octahedral positions.
However, Co* cations transfer to tetrahedral sites. This is considered to be the main reason
for the spontaneous transformation of CoO to spinel Co3zO,4 even at relatively low oxygen

partial pressure (Figure 1.8).

Cobalt oxides have wide range of applications, such as in rechargeable batteries [305],
lithium ion batteries [306], as a magnetic material [290] , as a CO sensor [283], as an oxygen

evolution catalyst [307], and, due to its low oxygen mobility energy, it can also be used as
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oxidising catalyst [28, 308]. In addition, Co304 is chemically stable over a wide range of
temperatures and has a high mechanical strength, with a Young’s modulus of 116-160 GPa
which makes Co304 a potential field emitter [309, 310].

The range of possible uses for cobalt and its oxides make it easy to see why an enormous
amount of attention and effort have been devoted to investigate the properties of cobalt for
different applications.

1.7.2 Catalytic performance of cobalt oxide species, bulk or supported

Bulk or supported cobalt oxide species have been used in a wide range of catalytic
applications, such as treating aqueous wastewater containing acetic acid and acrylic acid
[311, 312], methane combustion [313], propane oxidation [314], phenolic contamination
removal from wastewater [37, 315], CO oxidation [11], styrene epoxidation [238], ammonia
oxidation [316], ethylbenzene oxidation [317], NO oxidation [87], water oxidation [239] and

toluene oxidation [318].

Bulk cobalt oxide catalysts have shown lower catalytic activity than their supported
analogues. This is generally attributed to their low surface area. It is also accepted that the
shape and size of the metal/metal oxide particles in either bulk or supported materials are

critical for improving their catalytic activity [319-322].

As noted above in section 1.6.4 and 1.6.5, OMSs are considered to be promising supports
for metal/metal oxide particles. Their particular advantages can be explained in terms of their
structure (see section 1.6.4). These advantages include: (i) their high surface area which
facilitates the dispersion of the active sites, (ii) the presence of the silica walls which hinders
the aggregation of the supported particles during calcination at high temperature as well as
(iii) a large concentration of surface silanol groups (-OH) which expedites the introduction of
the metal precursor onto the surface of the support.

Supported cobalt oxides can be synthesized via different techniques using various supports
and different cobalt precursors, as discussed in section 1.6.5. A wide range of factors can
influence the catalytic activity of the supported cobalt oxide species. These includes
preparation methods [238], the nature of the support such as the metal-support interaction,
surface area, pore size and surface acidity/basicity [247, 248], the presence and type of a
dopant [323-325], nature of the metal precursor [37], nature of the solvent, calcination

temperature [185, 326], the degree of dispersion and also the particle size [327-329].
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Zhou et al. investigated the catalytic performance of Co3O,4 nanocrystals for the aerobic
oxidation of cyclohexane. In their study, the catalyst was prepared by a precipitation method
using Co(NOs),.6H,O as the metal precursor and N-cetyl-N,N,N-tri-methyl ammonium
bromide (CTAB) as a stabilizer. It was shown that the Co3O, nanocrystals were more
catalytically active than nanocrystals prepared by more conventional methods or alumina
supported cobalt oxide (Co3O4/Al,03) under the same reaction conditions [330]. The new
catalyst was also reported to be easily recovered and could be reused up to five times with
only a small decline in its catalytic performance.

Several groups have investigated the preparation, morphology and catalytic performance
of mesoporous Co030,4.They have studied in detail the impact of the various mesoporous
silicas as hard templates on the morphology and the catalytic performance of the resulting
mesoporous Coz04 [177, 331]. The mesoporous system was demonstrated to play a major
role on the morphology and the crystal growth of Co3O,4. This was attributed to the
confinement effect of the mesoporous silica on the decomposition of the cobalt precursor,

thus leading to the formation of various intermediate phases [177].

Garcia et al. reported the synthesis of a range of mesoporous silicas KIT-6 obtained by
varying the aging and calcination temperatures and incorporated cobalt oxide into them. It
was demonstrated that the various KIT-6 templates influenced the degree of crystallinity and
the morphology of the final mesoporous Co30,4 [331]. These mesoporous Coz0, (prepared at
aging and calcination temperature 100 °C and 500 °C, respectively) were catalysed propane
and toluene oxidation with high catalytic performance. This was mostly attributed to the high

concentration of Co®" on the catalyst surface.

Mesoporous Co30, replicated from KIT-6 and SBA-16 was demonstrated to catalyse low
temperature toluene and methanol oxidation. These catalysts showed better catalytic
performance than non-porous Co304. This was attributed to the higher active surface area and
high concentration of adsorbed oxygen species [180]. Jaio et al. reported the synthesis and the
catalytic performance of mesoporous Co304 replicated from SBA-15 in the water oxidation
reaction. It was demonstrated that the catalytic activity was inversely proportional to the
cobalt content. This was because as the cobalt content increased, large patches of CozO4 were
formed with less active surface area [239].

Cobalt oxide species supported on Al,O3; were synthesized via wet impregnation (see
section 1.6.5.1.3) using Co(NO3),.6H,O as a metal precursor. They were then used as a

catalyst for the aerobic oxidation of benzene. In addition, palladium and cerium were used as
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dopants to investigate their impact on the catalytic performance. It was reported that adding
both Ce and Pd improved the catalytic performance. This was attributed to the increase in
active surface area due to the high dispersion of the Co30,4 species on the support, and the
reduced size of the Co30, crystallites. It was the higher surface area that enhance the catalytic

performance of the modified composites [235].

Yan et al. investigated the nature of the various active species of cobalt oxide supported on
Al,O3 and their involvement in the selective catalytic reduction of NOy [184]. They prepared
their samples using wet impregnation (see section 1.6.5.1.3) and deposition-precipitation.
They suggested that the only cobalt species that could be dispersed on the surface would be
Co?* ions, small CozO, clusters, large CosO, clusters and CoAl,O,, which is known to be
catalytically inactive due to the high interaction between cobalt and support. They proposed
that surface-dispersed Co®" ions are responsible for NO reduction. They also suggested that
the catalytic performance of the catalyst depends on the Co-loading and on the calcination
temperature, which in turn determines the concentration of each active site. It was also
reported that using Pd as a promoter in Al,O3; supported Co3O,4 increased the catalytic
performance of the supported cobalt oxide. It does this by creating extra active centres for
adsorbing oxygen. The extra active sites decreased the activation energy of the catalytic
reaction by 39 kJ mol™, which facilitated the initiation of the reaction. Addition of Pd as a

promoter was also reported to increase the dispersion of the Co3040n Al,03[324].

Liquid phase aerobic oxidation of alcohols was catalysed by supported CozO4 on various
supports such as activated carbon (AC) and a covalent trizaine framework (CTF) using a wet
impregnation method (see section 1.6.5.1.3) [236]. It was demonstrated that the nature of the
support had significant impact on the catalytic activity of the cobalt modified composites.
This was attributed to the size and dispersion of the Co3O4 nanoparticles depending on the
nature of the support. The CTF had an additional effect, in that oxygen stability was higher
on the surface of the CTF such that the surface oxygen could not participate in the catalytic

reaction.

Cobalt-based catalysts supported on titania (TiO,) and zirconia (ZrO;) were prepared
using both sol gel and impregnation techniques (see section 1.6.5.1.3). These materials were
then used as heterogeneous catalysts in the oxidation of NO to NO; in the presence of excess
oxygen [332]. It was reported that the nature of the support, the preparation method and the
pre-treatment conditions had a high impact on the catalytic performance. The best catalytic

performance was obtained from Co3O,4 supported on zirconia by impregnation. This was
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attributed to the higher dispersion of the cobalt oxide species on the surface of the zirconia
than on titania. It was also reported that the size and orientation of the active sites on different
supports could account for differences in the catalytic performance of the catalysts. Kim et al.
demonstrated that titania supported cobalt oxide was a promising catalyst for wet oxidation of
trichloroethylene to HCI and CO; [333].

Mesoporous FSM-16 supported Co3zO4 was reportedly prepared using Co(NO3),.6H,0 via
wet impregnation (see section 1.6.5.1.2) [334]. The authors investigated the catalytic
performance of the Co-composites with various cobalt contents for methane oxidation to
formaldehyde. It was shown that low cobalt content facilitated the dispersion of the cobalt

oxide species, thus improving the catalytic performance.

Todorova et al. reported the preparation and catalytic activity of cobalt oxide supported on
SiO; and synthetic kenyaite for benzene oxidation [329]. Here they used Co(NOs),.6H,0 as a
metal precursor. It was demonstrated that the preparation method affected the size and
dispersion of the active catalyst particles on the supports. The wet impregnation method (see
section 1.6.5.1.3) results in formation of larger CosO, particles when compared to the
ammonia method (see section 1.6.5.4) [256]. This affected the catalytic performance in that
the catalyst with higher dispersion and smaller particle size showed the highest catalytic
activity.

The effect of particle size, dispersion and composition of supported cobalt oxide catalysts
was also investigated by Tang et al. [238]. They demonstrated that the deposition of
Co(NO3),.6H,0 on MCM-41 by wet impregnation (see section 1.6.5.1.3) resulted in
formation of large Co3O, particles with poor dispersion. This catalyst did not show high
catalytic performance in the aerial epoxidation of styrene due to the low available active
surface area. By changing the preparation method to template ion exchange (TIE) while using
the same support and metal precursor, a cobalt-based catalyst with better dispersion was
reported to be obtained. This method is similar to the ion exchange (see section 1.6.5.2) with
a slight modification. In this method the as-synthesized MCM-41 which contained 50 wt% of
the original amount of template was added to transition metal ethanolic solution. This
facilitated the ion exchange between the cationic template and transition metal cations. This
catalyst showed better catalytic performance for the same reaction than the catalyst prepared
by wet impregnation, which was attributed to the higher dispersion of the active particles on

the support.
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It was reported that the type of the support and its surface chemistry can affect the
dispersion of the Co3O,4 particles as well as the interaction between the support and cobalt
oxide species [247]. Co(NOs3),.6H,0O was deposited on MCM-41 via wet impregnation (see
section 1.6.5.1.3) and resulted in formation of large Co30O, particles. This catalyst was highly
active for toluene hydrogenation due to high reducibility of the active sites. However, Co**
with strong interaction with the support was reported to be the dominant phase when SBA-15
was used as a support. This was attributed to the presence of highly accessible silanol groups
in SBA-15. This catalyst did not show promising results in toluene hydrogenation, since the
active sites were hard to reduce. It was also suggested these catalysts could potentially use for

oxidation reactions.

Supported cobalt oxide species using various cobalt precursors and SiO; as a support were
reported to catalyse the oxidation of phenolic compounds [37]. These catalysts were prepared
via wet impregnation (see section 1.6.5.1.3). The nature of the cobalt precursor, more
specifically the nature of the anions, affected the catalytic performance, probably because the
nature of the precursor influenced the relative concentration of different cobalt species, as
well as the interactions between cobalt and SiO,. When CoCl,.6H,0 (5 wt%) was used as a
metal precursor, a better catalytic performance was reported than when Co(NOj3),.6H,0 or
Co(CH3CHOO0),.4H,0 (5 wt%) was used as metal precursor. This was attributed to the cobalt
leakage when CoCl,.6H,O was used as metal precursor and the formation of a
heterogeneous-homogeneous system rather than a purely heterogeneous system. No cobalt
leakage was reported when the other two cobalt precursors were used. The Co-composites
prepared from Co(NOs),.6H,O and Co(CH3CHOO),.4H,0 had the advantage of being

reusable up to three times without any significant decrease in their catalytic performance.

The aerobic oxidation of ethylbenzene was reported to be catalysed by SBA-15 supported
cobalt oxide species. Here the cobalt-based catalyst was prepared via wet impregnation (see
section 1.6.5.1.3) using cobalt acetate Co(CH3C0O),.4H,0O as metal precursor [317]. The
blue coloration and UV-vis investigation of the Co-composite confirmed that the dominant
phase was Co”" in tetrahedral co-ordination. The catalyst was reported to show promising

performance in ethylbenzene oxidation.

It was demonstrated that the catalytic performance of Co-composites for
hydrodesulfurization of thiophene depended on the nature of the support. Higher dispersion
of Co30,4 was reportedly obtained via deposition of Co(NO3),.6H,0 by wet impregnation (see
section 1.6.5.1.3) on OMSs such as MCM-41 and HMS than on amorphous SiO; [335]. It was
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also claimed that using Pd as a dopant hindered the strong interaction between cobalt and the
support, hence facilitating the reduction process and improving the catalytic performance of

the Co-composites.

Mesoporous silica supported Co3z0,, prepared at different calcination temperatures, was
investigated as a catalyst for NO oxidation. These composites were prepared using wet
impregnation method (see section 1.6.5.1.3) and Co(NO3),.6H,0 as a metal precursor. It was
shown that the catalyst prepared at lower calcination temperature had better catalytic activity
due to the higher dispersion of the CozO,4 on the support as well as less aggregated inactive
clusters. It was concluded that smaller particle size with higher active surface area resulted in

better catalytic performance [326].

Explosive methane combustion can be a problem in industrial combustion processes [336].
Hence, it is crucial for industrial safety to find efficient catalysts to completely oxidise
methane at low concentration as well as at low temperature. Palladium-based catalysts are
known to be active catalysts for methane combustion. The use of these catalysts is limited,
however, due to their high cost and low thermal stability. It is therefore of great interest to

find an efficient alternative, such as supported cobalt or manganese oxides.

Supported Co3O, was reported to show promising catalytic performance for low
concentration methane combustion. The catalysts were prepared using a two-solvent method
(see section 1.6.5.9) with Co(NO3),.6H,0 as the metal precursor [313]. It was demonstrated
that the Co-composite with the lowest cobalt content showed the best catalytic performance.
This was attributed to high dispersion, and low aggregation of the active sites into large
inactive Co304 species. It was also noted that the two-solvent method provides a route to

produce size-controlled metal oxide species inside the pores of the mesoporous silica [337].

Su et al. reported liquid phase oxidation of 1-hexene, styrene and benzene using Co-
MCM-41. Two catalysts were prepared via direct incorporation (see section 1.6.5.10) of the
Co(NO3),.6H,0 in the mesoporous framework and also wet impregnation (see section
1.6.5.1.3). In both cases H,O, was used as an oxidant. The incorporated catalyst showed
higher catalytic performance than the impregnated one. This was attributed to the low cobalt

content, low dispersion and large particle size of the impregnated catalyst [338].

Cobalt oxide species are also known to be promising catalysts for carbon monoxide (CO)
oxidation, which is of great importance in environmental pollution control. A handful of
literature articles has been published on the catalytic oxidation of CO using various cobalt-

based catalysts. The high catalytic activity of Co3O,4 can be attributed to the relatively low
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enthalpy of oxygen vaporization, implying that the Co-O bond strength of Co3Q; is relatively
weak. This facilitates more desorption of lattice oxygen [339]. Therefore, Co30,4 substitute
for precious metals, which have higher sensitivity to sulphur poisoning in exhaust gas

emission control.

Mesoporous Co3z0, was synthesised using a two-solvent method (see section 1.6.5.9),
which KIT-6 as the hard template and Co(NO3),.6H,0 as a metal precursor. The catalytic
activity of the mesoporous Coz0, was evaluated for the oxidation of CO at low temperature
[178]. It was shown that two types of template were obtained by changing the hydrothermal
conditions during the preparation of KIT-6. Applying high temperature (130 °C) during the
hydrothermal treatment resulted in formation of KIT-6 with a higher concentration of
micropores. These micropores were reported to interconnect two sets of mesopores in KIT-6.
This mesoporous silica was used to obtain a coupled Co3QO4 replica, which had a high degree
of porosity and connectivity. However the KIT-6 prepared at low hydrothermal temperature
(40 °C) has less micropore connectivity between the two sets of mesopores. Thus the Co3O4
replica prepared from this hard template was referred to as uncoupled Co304. The uncoupled
Co30, replica demonstrated higher surface area and more open pores than the coupled one
and therefore better catalytic performance in CO oxidation. This better catalytic performance
was attributed to the availability of more active surface area.

Cobalt oxides, Co304, with various surface areas were prepared by different methods to
catalyse CO oxidation. It was reported that the catalysts with high surface area
accommodated smaller particles, with consequent better catalytic activity [185]. Wang et al.
also reported that the nature of the supports, such as Al,O3;, TiO, and SiO,, and the
calcination temperature applied in the synthesis of the supported cobalt oxide significantly
affected the catalytic performance of the Co-composites in CO oxidation [340]. This was
attributed to the formation of different cobalt species in interaction with the support. It was
demonstrated that the calcination temperature had no effect on the dominant phase, Co30,,
when SiO, was used as a support. However, when Al,O3 and TiO, were used as supports,
increasing the calcination temperature changed the dominant phase from Co304 to CoAl,Q4
or CoTiOg, respectively. The latter two species, due to the strong interaction with the support
were reported to show low catalytic performance in CO oxidation. The dominance of inactive
species, Co-O-Al, was believed to be the main reason for the poor catalytic performance of
Co30,4 supported on Al,O3 [314]. It was also demonstrated that by increasing the Al,O3

surface area the proportion of inactive species was increased.
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A simple method for fabrication of highly dispersed Co3O,4 on the surface of SiO, was
reported by Chen et al. This method modified the support surface by using ethylene glycol
before the impregnation process. The Co-composite demonstrated high catalytic performance
for CO oxidation, which was attributed to the presence of more Co®* on the surface [341].

Xu et al. reported the formation of fine gold nanoparticles less than 5 nm in diameter on
SBA-15 supported Co3O4. This composite demonstrated high catalytic performance in low-
temperature CO oxidation. The high catalytic activity of this composite was attributed to the
strong interaction between the supported cobalt oxides and gold nanoparticles [308]. The
oxidation of CO was also catalysed by SBA-15 supported Cos0,4 prepared by the two-solvent
method (see section 1.6.5.9). It was demonstrated that increasing the cobalt content lowered
catalytic activity, due to the increasing inaccessibility of the active sites to the reactants, O,
and CO [11].

Cobalt-based composites are also widely known as promising catalysts for FTs. The FTs
has attracted enormous attention recently due to strict regulations on sulphur levels in
transportation fuels. Various supports including mesoporous silicas, have been employed to
improve the low surface area of bulk Co30..

Prieto et al. investigated the effect of pore diameter and length on the catalytic activity of
SBA-15 supported Co30,4 for FTs [342]. They showed that the pore length had a greater
effect on catalytic performance of the Co-composites than pore diameter. This was attributed
to the greater restriction of mass transfer of the reactants through long channels than through
short ones. It was shown that as the length of the pores decreased, more highly dispersed
Co30,4 was obtained, which was attributed to the shorter residence time of the generated gas
during the decomposition of cobalt precursor. This in turn was claimed to improve the

catalytic activity of the Co-based catalysts for FTs.

In addition, a complementary study was conducted on the extent of the influence of cobalt-
support interactions and of the addition of Pt on the reducibility of cobalt oxide species and
also on their catalytic performance in FTs [343]. It was found that cobalt oxide species
supported on Al,O3 had stronger interactions with the support compared to those supported
on SiO,. The reducibility of these species and thus their catalytic performance was shown to
be increased by (a) increasing the cobalt content, resulting in the formation of larger particles
with less interaction with the support, and (b) using Pt as a promoter, which improves the
reducibility through H, spill-over. However the mesoporous structure of the support was

shown to have much more impact on the final dispersion, size and the catalytic activity of the

63



supported Coz0, particles than the cobalt content [254]. It was shown that SBA-15, with its
narrow PSD, resulted in the formation of Co30,4 with less aggregation and more dispersion
than Co30,4 deposited on commercial SiO, with a broader PSD. The less aggregated more
dispersed Co30,4 was reduced more easily and gave better catalytic performance in FTs.

It is generally accepted that to improve the catalytic performance of the Co-based
catalysts, it is of utmost importance to minimize the interaction of the cobalt with the support.
Weaker interaction results in easier reduction of the active sites and possibly better
dispersion. These properties of the active sites in turn gave higher catalytic activity for FTs
by virtue of the higher active surface area [327]. Van de Water et al. reported that using
CoCOs in the presence of citric acid as opposed to Co(NOs),.6H,O as metal precursor
minimized the formation of CoAl,O,4. These species are hard to reduce and had an adverse
impact on catalytic performance in FTs. The decline in the formation of CoAl,O, was

attributed to the formation of cobalt citrate complexes.

The effect of ruthenium (Ru) addition to SBA-15 supported metallic cobalt on catalytic
activity for FTs was investigated [344]. The catalyst was prepared using Co(NO3),.6H,0 via
wet impregnation method (see section 1.6.5.1.3). It was demonstrated that upon adding Ru
the catalytic activity of the SBA-15 supported cobalt for FTs increased, probably by adding
Ru the reduction of cobalt oxide species was facilitated due to H, spill-over. The resulting

high concentration of metallic cobalt on the surface improved the catalytic performance.

SBA-15 with various pore diameters was synthesized and used as supports for nanocasting
cobalt oxide species via wet impregnation (see section 1.6.5.1.3) [345]. Co(NO3),.6H,0,
Co(CH3C00),.4H,0 and Co(CH3COCHCOCHS;3),.2H,0 were used as metal precursors to
investigate the effect of the cobalt precursor on the crystallinity of the final products. The
composite prepared from Co(NOj3),.6H,0 demonstrated the best crystallinity. It was thought
that this was because there was less interaction between nitrate ions and the support than
between acetate or acetylacetonate ions and the support. Wang et al. investigated the effect of
pore regularity on the dispersion, particle size and aggregation behaviour of the cobalt oxide
species supported on amorphous SiO, and SBA-15. It was also demonstrated that Coz0,4 was
more homogeneously dispersed on SBA-15 relative to amorphous SiO,. Irrespective of cobalt
content, no aggregation was observed for Co-SBA-15, which was not the case for Co-SiO;
[346]. The authors attributed the higher catalytic performance of Co-SBA-15 compared to
Co-SiO,, to the higher dispersion, lack of aggregation and smaller particle size of Co on
SBA-15.
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Confining attention to supported catalysts, the general opinion implied by the papers
reviewed above is that the catalytic activity of cobalt depends on the size distribution of the
metal-containing particles, their dispersion on the catalyst surface, and the cobalt species
present, the strength and nature of the interaction between the cobalt species and support are

also important.

The value of these quantities in their turn depend on the nature and physical properties
(surface area, PSD and geometry) of the support, the counter anion and the cobalt compound
used to introduce cobalt on the support. The preparation method used to introduce the cobalt
compound, the post preparation treatment of the support (e.g. calcination temperature) and
the amount of cobalt loaded per unit volume of the support are also play significant role in

the morphology of the catalytically active particles and the catalytic activity.

The promoters added are reported to act by increasing the number of oxygen adsorbing
sites, assisting in reduction of the cobalt species, increasing the dispersion of the cobalt

species and changing the interaction between the cobalt species added and the support.

Often the authors’ aim is directed towards obtaining an active catalyst rather than
explaining in more than cursory detail why it is active. This thesis aims to not only to produce

an active catalyst, but to look carefully to the factors that determine its activity.

1.8 Scope of the present study

Designing sustainable heterogeneous systems to catalyse a wide range of reactions is of
utmost significance. The success depends on the development of evenly dispersed active sites
on a high surface area support. If this can be achieved more active surface area can be
available for the reactants to interact under mild conditions with resulting high catalytic
activity and selectivity towards the desirable products. The stability of the heterogeneous

catalysts is also important due to new laws mandating reduction in waste.

The objectives of this work are to engineer Co-based composites and investigate their
catalytic performance for liquid phase oxidation reactions. To fulfil our aims, mesoporous
silica SBA-15 was used as a support due to its high surface area, tuneable pore size and high
thermal and hydrothermal stability.

The effect of different cobalt precursors and various preparation methods on the
morphology and catalytic performance of the resulting composites was investigated in detail.
The impact of Ce(NO3)3.6H,0 as a dopant on the morphology and dispersion of the cobalt
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oxide species, as well as on the catalytic activity of the resulting composites, was also
studied.

A wide range of characterisation methods were applied in this thesis to obtain
comprehensive understanding of the structural and chemical properties of the Co-based
composites. Low-angle XRD, N, adsorption-desorption, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), scanning transmission electron microscopy
(STEM) and elemental mapping profiles were exploited to investigate the morphology of the
composites. Additionally, to investigate the composition and chemical properties of the
composites, wide-angle XRD, Fourier transform infrared (FTIR), diffuse reflectance ultra
violet-visible (DR UV-vis), temperature programmed reduction (TPR), X-ray photoelectron
spectroscopy (XPS), 2°Si magnetic angle spinning nuclear magnetic resonance spectroscopy
(**Si MAS NMR) and inductively coupled plasma mass spectroscopy (ICP-MS) were
employed. In order to evaluate the catalytic activity of the composites, various organic
substrates were used in the presence of TBHP as an oxidant. The products were identified
using gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS).
These investigations shed light on the mechanism of the oxidation reaction which we

proposed in our publications.

1.9 Thesis overview

This thesis is presented in a “thesis by publication” format. It is made up of two published
journal articles, two submitted articles and four drafted articles. Each chapter contains a brief
introduction in which the articles are placed within the context of the thesis as a whole. The

outline of the present PhD thesis is as follows:

Chapter 1 (this chapter) provides a literature review on the importance of catalytic
reactions, with the main focus on the heterogeneous catalysis. This chapter also provides
information about the various supports, typically OMSs and various techniques of depositing
active species on these supports. This chapter contains information about supported
cobalt/cobalt oxide species, their properties as well as their catalytic performance for a wide
range of catalytic applications.

Chapter 2 describes the experimental and characterisation methods used in this thesis. This
chapter also contains the basic principles of the characterisation methods with the main focus

on the surface area analysis and electron microscopy.
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Chapter 3 is concerned with the synthesis of Co-based composites from Co(NO3),.6H,0
as a cobalt precursor. The impact variation of two variables, Co-loading and preparation
methods, on the final morphology and catalytic performance of the resulting composites was
thoroughly covered in this chapter. The results were reported in three journal articles: This
chapter also contains an appendix with supplementary information which is not included in

the articles.

% Publication 1 - Preparation and characterization of mesoporous silica supported cobalt

oxide as a catalyst for oxidation of cyclohexanol

X/
°e

Publication 2 - Mesoporous silica SBA-15 supported Co3O4 nanorods as efficient
liquid phase oxidative catalysts
%+ Publication 3 - Impact of low cobalt loading on the morphology and dispersion of the

crystalline Co3O, patches supported on SBA-15

Chapter 4 focuses on the effect of the cobalt precursor on the morphology of the
composites, as well as on the dispersion of the cobalt oxide species throughout the support,
SBA-15. This chapter also presents the catalytic performance of these composites in liquid
phase oxidation of cyclohexanol. The results of this work are summarised in two journal
articles. This chapter also comprises an appendix with supplementary information which is

not included in the articles however validates the results presented in them.

+¢ Publication.1- Cobalt precursor impact on the dispersion and morphological
development of SBA-15 supported cobalt oxide species

% Publication 2- SBA-15 supported cobalt oxide species: preparation, morphology and

catalytic activity

Chapter 5 contains a brief literature review on the properties and applications of ceria in
catalysis. It also focuses on the effect of ceria as a dopant on the dispersion, size and catalytic
activity of bulk or supported metal oxide particles. Two series of composites using
Co(NO3),.6H,0 and CoCl,.6H,0, prepared via the two-solvent method, were investigated. In
both cases Ce(NO3)3.6H,O was used as a dopant. The findings of these studies are presented

in the following publications:

% Publication 1- Effect of Ce-doping on the dispersion of Co3zO4 nanorods supported on
SBA-15

¢+ Publication 2- Effect of Ce-doping on the structure and redox properties of SBA-15
supported cobalt oxide species in catalytic oxidation reactions
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% Publication 3- The impact of Co:Ce ratio on the dispersion and catalytic activity of

cobalt-cerium oxides supported on SBA-15

Chapter 6 This chapter provides a summary of the concluding remarks in this work and

discusses some possible avenues for future research.
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Chapter 2

Experimental




An experimental section is given in each of the papers that follow but the detailed
experimental methods have been collected together in this chapter for the completeness and

convenience.

This chapter is divided into three sections. The first second section deals with the
preparation of the mesoporous silica SBA-15 and SBA-15 supported cobalt oxide species
preparations. The main focus of the second section is on the characterization techniques
employed during this thesis. The last section is associated with the catalytic evaluation of the
Co-composites, Ce-doped Co-composites, the identification of the products as well as the

conversion percentage to the products.

2.1 Catalysis synthesis

2.1.1 Synthesis of mesoporous silica SBA-15

SBA-15 was prepared using the method first described by Zhao and co-workers [129].
Typically, tri-block copolymer, EO20PO70EQ,, 49, was dissolved in aqueous hydrochloric
acid, 2M, with vigorous stirring. A clear solution indicated the complete dissolution of the
surfactant. TEOS, 8.5g, was then added dropwise to this solution at 40 °C with vigorous
stirring. Gelation was allowed to proceed for 24 h at 40 °C, after which the mixture was
transferred to a sealed Teflon flask for hydrothermal treatment at 100 °C for 24 h. The
precipitate was filtered, washed several times with distilled water and dried at RT. Finally,
the template was removed by heating in air at 1°C min™ from RT to 550 °C, then holding at
550 °C for 6 h and finally cooling to RT.

2.1.2 Supported cobalt oxide catalyst preparation
2.1.2.1 Two-solvent method

In this method, SBA-15 was first dispersed in dry hexane, a hydrophobic solvent [337].
Co(NO3),.6H,0 and CoCl,.6H,0 were used as cobalt precursors to investigate the impact of
metal precursor on the resulting composites. The desired amounts of either Co(NO3),.6H,0
or CoCl,.6H,0 to obtain the nominal 1 wt%, 5 wt%, 10 wt%, 20 wt%, 30 wt% and 40 wt%
Co-loading were dissolved in distilled water. The volume of water used corresponded to the
pore volume of the SBA-15 in the mixture, determined previously using N, adsorption-
desorption (see section 2.2.1.1). In the next step the hydrophilic solution was added dropwise
to the hydrophobic solution and the mixture stirred for 15 min. The mixture was then

sonicated for 15 min and further stirred for 2 h. The solid was recovered by filtration and
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dried at RT overnight. A pink powder was obtained regardless of the nature of the cobalt
precursor. Finally, the samples were calcined by heating in air at 2 °C min™ from RT to 700

°C and holding for 6 h before they were cooled down [337].

After calcination two different Co-composites were obtained. A blue coloration was
observed when CoCl,.6H,O was used as the precursor, with the intensity of the color
increasing with color content. A black powder was obtained from Co(NOs3),.6H,0.

For comparison commercial CozO4 nanopowder (50 nm particle size) was purchased from
Aldrich.

2.1.2.2 Impregnation

Impregnation with an excess amount of the cobalt agqueous solutions was applied (section
1.6.5.1.1) to synthesize Co-composites using Co(NOj3),.6H,O and CoCl,.6H,O as metal
precursors. In all cases, the nominal Co-loading was calculated to be 1 wt% and 5 wt%.
Typically, SBA-15 was dispersed in cobalt aqueous solution and the mixture stirred for 6 h to
ensure the maximum deposition. Then a pink solid was recovered under reduced pressure for
approximately 1 h. The composites were then dried overnight at RT and calcined using the

procedure of section 2.1.2.1.

Interestingly, the same coloration behaviour (blue for CoCl,.6H,0, black for
Co(NO3),.6H,0) was observed when impregnation was employed to synthesize Co-

composites as was observed for the two-solvent method (see section 2.1.2.1).
2.1.2.3 Adsorption

Finally, a series of Co-composites were prepared via adsorption [176]. The desired
amounts of cobalt precursors to obtain the nominal 5 wt% Co-loading were dissolved in an
excess amount of distilled water relative to the pore volume of the SBA-15. Next SBA-15
was dispersed in the cobalt aqueous solution and the mixture was stirred for 6 h to ensure the
maximum interaction between the cobalt precursor and support. The resulting solid was
recovered by filtration as a very light pink powder regardless of the nature of the cobalt

precursor. The drying and calcination processes were the same as in section 2.1.2.1.

2.1.3 Supported Ce-doped Co-composites

The two-solvent method was also employed to prepare a series of catalysts using
Co(NO3),.6H,O and CoCl,.6H,O to introduce cobalt to the pores of SBA-15 and
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Ce(NO3)3.6H,0 as a dopant. In all cases the composites were calculated to have 5 wt% Co
and 0.5-2 wt% Ce. Here the cobalt aqueous solution was first added to the hydrophobic
solution dropwise and the mixture stirred for 15 min before the addition of cerium aqueous
solution. It is noteworthy that the total volume of these solutions corresponded to the relevant
pore volume of the SBA-15 in the mixture, which was determined previously by N
adsorption-desorption (section 2.2.1.1). The final mixture was then stirred for 15 min,

sonicated for 15 min and further stirred for 2 h.

The solid was then recovered by filtration. It was light pink irrespective of the nature of
the metal precursor. The solid material was then dried at RT, and then calcined using the
same procedure of section 2.1.2.1.

2.2 Characterization techniques

These techniques are classified into four main groups:

Q) adsorption based methods,
(i)  x-ray based methods,
(iii)  electron microscopy based methods
(iv)  vibrational spectroscopy based methods.
The gas chromatography, gas chromatography-mass spectrometry and elemental analysis

will be discussed separately.

2.2.1 Adsorption
2.2.1.1 N, adsorption-desorption

One of the most common characterization methods in heterogeneous catalysis is the

determination of the texture of the porous material, typically the OMS support. This involves:

(i) specific surface area (m? g*), which includes both the geometric surface of the
structural units (grains, spheres or sub-particles) and the surface area provided by
pore walls (m? g™

(i)  specific pore volume (cm® g?), which included the volume of micropores,
mesopores and/or macropores (see section 1.6)

(ili)  pore shape

(iv)  pore size distribution, PSD

The evaluation of all the above mentioned parameters can be obtained by gas

physisorption on the porous solid. In this process, the force between adsorbent, solid material,
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and adsorbate, gas, is considered to be of Van-der-Waals type [347-351]. The interaction
energy between a solid and gas approximates the condensation energy of the gas in the
absence of chemisorption. This suggests that the electronic state of the gas atom or molecule

does not alter through physisorption [134].

Physisorption is generally quantitatively measured by means of the adsorption-desorption
isotherm which gives the quantity of gas adsorbed on the porous surface as a function of gas
pressure at constant temperature [349, 352]. The adsorption isotherm is a curve obtained
when the gas pressure in increasing, the desorption isotherm is the curve obtained when the
pressure is decreasing. If the desorption isotherm is not identical to the adsorption isotherm,
this is named “hysteresis” and the continuous curve of the adsorption and desorption
branches in the gas pressure range when the branches do not coincide is called a “hysteresis
loop”. Adsorption is often expressed as a function of the gas relative pressure (p/po) over the
range p/po = 0.001-0.999. Here p is the equilibrium pressure of the adsorbate in contact with
the adsorbent and po is the saturated vapour pressure of the gas at the isotherm temperature
[353, 354]. The physisorption technique is based on the fact that gas condenses inside small
pores at relative pressure less than one. Nitrogen is the most common adsorbate [353], but,
for more accurate results argon has been suggested if the pores are smaller than 2 nm, [354,

355]. This is because the argon molecule is spherical.

Generally, adsorption and desorption isotherms for nitrogen are recorded at 77 K, -196 °C,
the boiling point of nitrogen [353]. The specific surface area, SSA, is determined from an
adsorption isotherm [356]. The desorption isotherm offers additional information, on the

mesoporosity of the material [357].

Various types of isotherms were proposed by Brunauer, whose classification was extended
and modified by IUPAC [356]. The form of the isotherm and the shape of the hysteresis loop,
if any, provide valuable information on the average pore diameter, interaction between gas
and porous solid and PSD [134]. Generally six types of isotherms (Figure 2.1) and four types
of hysteresis loops (Figure 2.2) [358] have been distinguished in the IUPAC classification.
The four most common isotherm types are (1), (I1), (IV) and (V1) [354, 359].
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Figure 2.1. Schematic diagram of various types of isotherms [356]

The type | isotherm is concave to the relative pressure p/po axis. This type of isotherm is
obtained when the adsorption is limited to a few molecular layers. This normally occurs in
the micropores, which suggests a high uptake of the liquid N at low relative pressure (> 0.1).
The high liquid N uptake is due to the narrow pore width and high adsorption potential. This
type of isotherm is normally found for microporous materials with pores of average diameter

about 2 nm.

Type Il isotherms are typically obtained for non-porous or macroporous materials with
mono-layer type adsorption up to an inversion point (B) above which pressure multi-layer

adsorption occurs.

Type 1V is characteristic of mesoporous solids such as MCM-41 [128] and SBA-15 [40].
The isotherms show an inflection which is due to the capillary condensation phenomenon, in
which the gas phase rapidly condenses in the pore due to the interaction between the gas and
porous surface [352]. The isotherms of some mesoporous materials, for instance, SBA-15
exhibit the presence of both micropores and mesopores [360]. Therefore the initial part of the
isotherm is very similar to type I, which is associated with micropore filling. For SBA-15 the
capillary condensation occurs at relative pressure p/po = 0.4-0.8 which indicates that the
mesopores have pore diameters in the range 5-10 nm. It is noteworthy that the sharpness of

the inflection indicates a narrow PSD [361].

Type VI is characteristic of non-porous materials. The isotherm shows groups of

adsorption sites with the sites in each group having almost the same adsorption enthalpy.
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Type IlIl and V are quite uncommon. Such convex isotherms indicate very weak

interaction between gas and the solid surface.

Hysteresis loops convey additional useful information on the texture of the materials as

well as their pore structure (Figure 2.2) [134]:

H; type hysteresis implies cylindrical pores, which are possibly interlinked. This type of

hysteresis loop suggests that the PSD is quite uniform.

H, type hysteresis is associated with cylindrical and spherical pores with non-uniform pore
shape or distribution.

Hs type hysteresis is normally observed for lamellar materials with slit-shaped, non-

uniform pores.

H,4 type hysteresis corresponds to slit-shaped uniform pores.
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Figure 2.2. Type of hysteresis loops [134]
2.2.1.1.1 Measuring the specific surface area

There are several methods to determine the specific surface area. The BET method
developed by Brunauer, Emmett and Teller [356] is the one most commonly used for

catalysis investigations.

The BET equation is;

P __ 1, C1 P
V,(Po-P)  V,C V,C Py

Where: V, is the volume of the adsorbate at pressure P, Vy, is the volume of the mono-

Eq. 2.1

layer adsorbate,Py is the saturation pressure, P is the equilibrium pressure, P/Py is the relative

pressure and C is the enthalpy of adsorption.
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When BET method is used to measure the surface area, only the data points collected in
the range 0.05<P/Po< 0.3 are taken, because the mono-layer adsorption normally occurs in
this range [347, 356]. This is considered to be the main reason for specifying BET method to
determine the surface area of mesoporous materials, since micropore filling is not taken into

account in BET theory.

The experimental apparatus used for most of the N, adsorption-desorption measurments in
this study was a Coulter Omnisorb 360-CX. All the samples were outgassed at 150 °C under
vacuum overnight. This temperature was found to be sufficient to remove the usual
adsorbates such as water and carbon dioxide, which otherwise would have influenced the
measurement. The N, adsorption-desorption isotherms were obtained at -196 °C (77 K) on

the analysis ports of the same instrument.

However, in some cases, due to the unavailability of the Coulter Omnisorb 360-CX, the
samples were analysed using a Micromeritics TriStar 1l 3020 surface area and porosity
analyser with the same settings as for the Coulter. Here the samples were degassed at 150 °C

overnight using the Micromeritics VVacPrep 061.
2.2.1.2 Temperature programmed reduction (TPR)

One of the most widespread uses of chemical adsorption is in TPR, which monitors the
hydrogen consumption and reducibility of a catalyst as a function of temperature [362]. This
technique provides information about the degree of the oxidation of metal oxide catalysts
[320]. TPR is highly sensitive to the chemical changes occurring either as a result of the
interaction between the active sites and support [238] or the presence of a dopant. Therefore,
it is considered to be a powerful technique to characterize metal oxides, either in the bulk
phase or supported, with or without the presence of a dopant [235, 335, 363].

This technique provides quantitative as well as qualitative information about the catalysts
under reducing conditions. Some instruments are equipped with a thermal conductivity
detector (TCD), which records the changes in the thermal conductivity of the gas flow as it is
passes over the sample. The resultant peak displays the concentration of the reducing gas. By
integrating the area of this peak vs. time or temperature, the total gas consumption can be
easily measured. This exhibits information about the oxidation state of the active sites. Other
instruments measure the weight loss of the metal oxides due to the hydrogen consumption as
a function of temperature or time. This provides more qualitative information about the

oxidation state of the metal oxides.
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Generally, the reduction process in TPR is carried out under hydrogen, which is mixed
with a carrier gas, typically argon, helium or nitrogen. When a TCD is used, the thermal
conductivity of the carrier should ideally differ as much as possible from that of hydrogen. It
is always important, whether the TCD is used or not that the carrier gas should remain
unreactive to the active particles even at high temperature. As a result, argon (Ar) is widely
used as the carrier gas, because helium (He) has a similar thermal conductivity to hydrogen

and nitrogen can be reactive during the reduction process.

A 10 % H; in argon mixture is commonly used for the reduction process. The gas passes
through the solid catalyst in a quartz or alumina reactor. The sample is heated through a
predetermined temperature ramp and any changes either in the conductivity of the gas flow or
the weight of the sample are recorded as a function of time or temperature. Therefore, it is

essential to have a constant gas flow.

The TPR experiments described in this thesis were carried out with a Setaram
Thermogravimetric Analyser (TAG 24). The TPR profiles for the catalysts in this thesis were
collected using two different target temperatures 900 °C and 1100 °C for Co-composites and
Ce-doped Co-composites respectively (Figure 2.3). The catalyst (about 10 mg) was weighed
with an accuracy of £0.0001 g into a cup-shaped alumina crucible which was inserted into the
furnace at RT. All the samples were heated up to 150 °C (10 °C min™) and kept at this
temperature for 20 min under pure Ar. This pre-treatment was carried out to drive off any
physically adsorbed impurities or moisture. The sample was then cooled down to RT and
heated up to 900 °C or 1100 °C at 5 °C min™ under 10 % H, in Ar at a constant flow rate of
70 cm® min™. During the reduction process any changes in the weight of the catalyst were
recorded. Then the sample was kept at the target temperature for 20 min under the reducing
condition and 20 min under pure Ar, and finally it was cooled to RT under Ar (Figure 2.3).

In order to determine the small weight loss of the supported cobalt oxide species, it is
necessary to account for weight changes in the system (blank correction) and, also, in the
SBA-15 support. These effects were evaluated in independent runs and the appropriate

corrections applied.

The TPR profiles in this work are reported as the first derivative of the correlated weight

loss vs. temperature.
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2.2.2 X-ray diffraction (XRD)

X-ray diffraction is a non-destructive, versatile technique to study the chemistry,
crystallite size, shape and crystalline phases in a bulk sample [364, 365]. In X-ray diffraction
only short wavelength X-rays ranging in wavelength from few angstroms to 0.1 A (1 keV-
120 keV) are used, wavelength which are comparable to atomic sizes [366]. The elastic
interaction between a monochromatic parallel X-ray beam and the electron cloud of the
atoms in a solid material results in the formation of secondary waves, which can interfere

destructively or constructively and produce diffraction patterns.

X-rays were first systematically studied by Wilhelm Rontgen in 1895. In 1914, Max
Theodor Von Laue for the first time observed that X-rays were diffracted by crystals [366].
The XRD technique advanced very quickly and the Braggs (Sir Williams Henry Bragg and
William Lawrence Bragg) determined the first crystal structures for NaCl, ZnS and diamond.

Von Laue and the Braggs received the Noble prise for in 1915.

Generally X-rays are produced by either conventional X-ray tubes or synchrotron
radiation. In the former, the X-rays are generated when a metal target (stationary or rotating),
typically copper or molybdenum, is bombarded with a focused electron beam. The electron
beam is accelerated across a high voltage between the cathode (W) and a water-cooled anode
(Cu). As the electrons collide with the target, a weak continuous X-ray spectrum, known as
Bremsstrahlung radiation is produced [367]. Electrons with high energy can eject electrons
from a core level of the atom. A characteristic X-ray photon of the target material is emitted
when the vacant position of the ejected electron is filled by higher level electrons [366]. The
most intense X-ray is emitted by Cu and Mo, have wavelengths 1.54 A and 0.8 A,

respectively and these are the wavelengths used in X-ray diffraction.
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A synchrotron is a particle acceleration device, in which the presence of bending magnets
results in a circular and hence accelerated motion of charged particles (positrons or
electrons). The accelerated motion produces electromagnetic synchrotron radiation, which
includes X-rays with typically 10° the intensity of those from conventional X-ray tubes. The
energy and wavelength of these radiations is tuneable so that they can easily interact with

light atoms, for instance oxygen and carbon.

The diffraction pattern resulting from the interaction between X-ray and a crystalline solid
is characteristic of the chemical composition and crystal structure of the phase present (see
section 2.2.3.1). Thus the composition and crystal structure of the solid can be determined by
comparing the diffraction pattern with a compendium of known patterns such as JCPDS
(Joint Committee for Powder Diffraction Standards), an electronic data base containing

approximately 500000 structures.
2.2.2.1 Formation of diffraction pattern

An electron in an electromagnetic field oscillates with the same frequency as the field.
Thus when an X-ray beam passes through the electronic cloud of a solid material, electrons
begin to oscillate with the frequency of the incident beam. These oscillations are in all
directions, which results in formation of secondary X-ray waves and both destructive and
constructive interference. The former interference results in the “out of phase” waves and the
latter causes the “in phase” waves [368]. As a consequence of the destructive interference no
energy leaves the solid sample. However, in crystalline materials the atoms are highly
ordered and arranged in a regular pattern, so that, in particular, there will be planes of atoms
of constant interplanar spacing. This ordered structure of parallel planes results in
constructive interference at particular angles and thus the energy leaves the atom as the

scattered radiations at these angles [366].
A A C C’

Figure 2.4. Schematic diagram of

Bragg’s Law
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Bragg’s Law relates the angles at which constructive interference occurs with the structure
of the crystal. Suppose a monochromatic X-ray beam of a certain wavelength (A) passes
through the atoms of a crystal which are located on parallel planes a distance d apart with
angle (0) relative to the planes (Figure 2.4). Each atom scatters the incident X-ray beam
uniformly in all directions [368]. As it is displayed in Figure 2.4, for two rays scattered from
atoms B and B' located on adjacent parallel planes the path length ray of ABC is shorter than

that of ray A'B'C'". The path difference (B'D+B'E) between these two rays is given by:
B'D =B'E =d sinf

B'D + B'E = 2d sinf

If the path difference is an integer multiple (n) of the incident beam wavelength () the
interference between the two scattered rays is constructive, so that peaks in X-ray intensity

will occur at angles given by Eq. 2.2 which is Bragg’s Law:

n\ = 2dsinf Eqg. 2.2

The integer n is known as the order of reflection [366]. The distribution of interplanar
spacings and hence 6 values will depend on the chemical composition and its crystal structure
and so can be used to identify the chemical phases present. The intensity of different X-ray
peaks, which will depend on the intensity of electrons in a particular set of planes, is also

useful in this regard.

The diffraction peaks can also be used to calculate the average size of the crystals. This is
done by employing the Scherrer equation (Eq. 2.3), using typically the peak with highest
intensity [369].
t=KA/B cosf Eq. 2.3

The variable K is the Scherrer constant and can range from 0.89-1.39 depending on the
geometry of the crystal; for a 2D lattice K is calculated to be 0.89 whereas for a cubic 3D
lattice K is 0.94 and for a perfect spherical crystal K equals 1.33. B is the line broadening at
full width at half maximum (FWHM), t is the average crystal size and A is the wavelength of
the X-ray beam [369].
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Figure 2.5. The Bruker D8 Focus diffractometer (A, B) and the sample holder (C, D)

Diffraction patterns presented in this thesis were obtained using a Bruker D8 Focus
powder diffractometer (Figure 2.5). Copper Ka radiation (1.54 A) produced at 40 kV and 30
mA was used with a step size of 20 = 0.02° and the step time of 0.1 and 1 minute per step for
low and wide-angle XRD, respectively. The XRD patterns were collected from 26 = 0.4-4°
(low-angle) and 26 =15-80 ° (wide-angle).

2.2.3 X-ray photoelectron spectroscopy (XPS)

XPS (also known as ESCA, electron spectroscopy for chemical analysis) [370] is both a
qualitative and quantitative surface analysis technique. This technique can be used to
determine the elemental composition, oxidation state and electronic environment of the
components on the surface a sample [371, 372]. XPS is utilized to investigate the elements
with atomic number (Z) above three; H, and He are generally not detectable by this

technique.

The spectroscopic analysis of high energy photoelectrons began in the 1910s, mostly in
Rutherford’s laboratory in Manchester and in 1914. Rutherford and his group suggested the
relationship between the energy of the incident radiation, the binding energy of the elements
in the atoms and the kinetic energy of the photoelectron. However, it was Auger in 1925 who
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first explained the anomalous peaks at energy levels different from those predicted by
Rutherford [373]. The XPS technique did not develop significantly until 1950, when
Siegbahn from Uppsala University constructed a high resolution spectrometer and
demonstrated that the binding energy of a photoelectron from a particular element depends

significantly on the chemical state of the element [370].

In XPS, the sample is bombarded by an X-ray photon beam, usually the Ka radiation from
of Al or Mg with energy of 1486.6 eV and 1253.6 eV, respectively. As a result of this

irradiation three important phenomena occur (Figure 2.6);
(i) Atom specific photoelectron emission (Figure 2.6A)

Electrons from core energy levels of different atoms in the sample are ejected after X-ray
bombardment. By analogy with electrons ejected from outer levels by visible light, these are
called photoelectrons and collected by a kinetic energy (Ex) sensitive detector. The XPS
spectra are then plotted as the emitted photoelectron intensity vs. Ex. Energy conversion then
gives the original binding energy of the electron (Eg) as a function of Exand hv, the energy of
the X-ray (Eq. 2.4).Thus the XPS spectra can also be plotted as the emitted photoelectron
intensity vs. Eg. The Eg values can be used to identify the elements present, because these
values are characteristic for each element, and to give some information about the chemical
environment of the atoms.
hv = Ex + Eg Eq. 2.4

Thus as the oxidation state of a certain element increases the Eg of the electron increases
accordingly. This results in a peak shift to higher Eg. In addition, the intensity of the peaks is

indicative of the concentration of an element.
(i) Auger electron emission (Figure 2.6B)

Subsequent to (i), an electron from a higher energy level fills the “hole” left by the ejected
core electron. The excess energy from this electron transition can release another electron
known as an Auger electron. This process is known as Auger emission and intensity vs. Ex

plot gives the Auger electron spectrum, AES [374].
(i) X-ray fluorescence (Figure 2.6C)

Upon X-ray irradiation, an excited inner shell electron is ejected the atom. In the next step,
as an electron moves from a higher energy level to fill the vacancy created by the ejected
electron, an X-ray is emitted. The emitted X-ray is characteristic of the energy difference

between these two shells. X-ray fluorescence is a non-destructive method of characterisation
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and can be used for quantitative and qualitative analyses of elements heavier than fluorine
(F).

In XPS the emission from p, d or f levels gives rise to two photoemission peaks due to
spin-orbit splitting. The EB differences between these doublet lines are of the order of a few
tenths of an eV, the exact value depending on the chemical and electronic state of the
element. This can further assist the determination of the chemical state of a certain elements

in the sample.

The XPS data presented in this thesis was conducted at the Australian Synchrotron with a
SPECSIab2 spectrometer using a synchrotron as an X-ray source with selected wavelength of
(1486.8 eV) at the constant analyser pass energy 40.0 eV. Binding energies are referenced to

the carbon 1s peak (BE = 284.5 eV) arising from adventitious carbon.
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Figure 2.6. Excitation and relaxation processes giving rise to (A) XPS, (B) AES and (C) X-

ray fluorescence

2.2.4  2Si magnetic angle spinning nuclear magnetic resonance spectroscopy (MAS
NMR)

Pauli first proposed that the magnetic properties of atoms could be attributed to their
nuclei in 1924. More than a decade later in 1939, Rabi developed a technique which included
the essential ingredients of the nuclear magnetic resonance (NMR) technique, to measure the
magnetic properties of atoms. The phenomenon of NMR, however, was first demonstrated in
1946 by Purcell at Harvard and Bloch at Stanford [375].

The chemical usefulness of NMR is based on the fact that the nuclei of atoms have
magnetic properties that depend to some extent on the chemical environment of the nucleus.
The first requirement for NMR to be observed is non-zero nuclear spin. If the number of

protons and neutrons are both even, the nucleus has zero spin. However if the sum of the
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number of neutrons and protons is odd, then the nucleus has a half-integer spin (1), for
instance 1/2, 3/2 or 5/2. If the number of neutrons and protons are both odd, then the nucleus
has an integer spin (i.e. 1, 2, 3). All nuclei of non-zero spin have a finite magnetic moment
[376].

If atoms with nuclei of non-zero spin are subjected to an external magnetic field of
strength Bo, the nuclear magnetic moment of the nuclei, a vector, can assume 2I+1
orientations, which differ from each other in energy (Figure 2.7). The energy difference
between two successive levels, neglecting the effect of the electric quadrupole moment of the
nucleus is given by Eqg. 2.5.

AE= (h/2m)yBy Eq. 2.5
where h is Planck’s constant, y is the gyromagnetic ratio equal to w/p, p is the magnitude

of the magnetic moment of the nucleus and p is the kinetic moment of the nucleus.

It is transitions between these levels that give rise to NMR, and it is found that AE depends
on the chemical environment of the nucleus. Thus precise measurement of AE, or, in practice,
comparison of AE with that for the same element in the suitable reference compound giving

the so-called chemical shift, permits conclusions to be drawn about chemical environment of

the nucleus.
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Figure 2.7. Schematic diagram of (A) nucleus in an external magnetic field and (B) nuclear

spin state in an external magnetic field

NMR spectroscopy is mostly used to analyse liquid samples because without special
precautions, the resonance from solid samples are broad and non-informative. The most
common NMR analyses are *H NMR and *C NMR. However in the magic angle spinning
(MAS) mode, NMR can be exploited to characterize solid samples [377, 378]. Solid state *°Si
NMR is a powerful technique to investigate the structure and bonding properties of
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mesoporous silica and functionalized mesoporous silica [379]. The first major investigation
on solid state *°Si NMR was conducted by Lippmaa et al. [380]. They reported that the
chemical shifts observed in solid state Si NMR can be used to investigate the structure of

the alumiosilicate compounds.

In this thesis, *Si MAS-NMR was carried out using a Bruker Avance 400 (9.4 Tesla
magnet) with a 4 mm multinuclear solid state probe at RT. Solid samples were packed into 4
mm ZrO, rotors with a Kel-F cap and spectra were recorded using cross-polarization (cp)
MAS techniques. The spectra were collected and processed using Brukers Topspin 2.1
program at 79.5 MHz, spin rate 10000 Hz, SW 32468 Hz (408 ppm); acquisition time 47 ms,
3072 data points, a 5 sec delay and a 5 ms contact time. Spectra were referenced to a kaolin

external reference.

2.2.5 Electron microscopy

Electron microscopy (EM) is a powerful and versatile technique, which provides valuable
information about the morphology, phase distribution and phase composition of catalysts.
This technique is important in investigate heterogeneous catalysts’ morphology, because the
particle size, shape and location of the active species have crucial effects on their catalytic
activity [381, 382].

In EM, a powdered sample is placed in an ultra-high vacuum chamber and probed with an
electron beam. The high vacuum is required because the electrons are very small and can be
easily deflected by gas molecules. Upon irradiation with an electron beam of energy E, two

types of interactions occur between the specimen and electron beam (Figure 2.8) [383]:

e upon interaction between the incident electrons and the electronic cloud of the sample
elastic scattering occurs. In elastic scattering the direction of the electron beam changes, but
the energy of the electron beam does not alter [384].

o the electron beam can interact with an individual electrons in the material and cause
inelastic scattering. After this interaction the direction of the beam does not change, but part

of the energy of the incident beam transfers to the electron in the material [384].

In elastic scattering, the interaction between the electron beam and electronic cloud of the
material results in the deflection of the electron beam by angle 6. The electron progresses in
the material following a zigzag path. The depth to which the electron penetrates and the shape
of the path depend on the atomic number, Z, of the element. In samples with a relatively low
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average Z, this path is relatively linear and deep. However, it is more zigzag and shallower in

samples of higher average Z.

If the scattering angle 0 is larger than 7/2, the incident electron may exit from the material,
it is then called a backscattered electron. The backscattering intensity is in direct proportion
to the average Z of the sample. The information from backscatter electrons is generally used
to describe the phase distribution in the sample (Figure 2.8).

In inelastic scattering, an electron with high energy ejects an electron from an atom. The
ejected electron is called a secondary electron. This electron has a very low energy and
travels a very short path (Figure 2.8). Secondary electrons carry information about the

morphology and the texture of the surface of the material.
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An incident electron may have sufficient energy to excite an electron in the core level of
the atom. Upon returning from an excited level to the ground level, an X-ray is emitted
(Figure 2.8). These emitted X-rays have an energy characteristic of each atom and thus they

carry information on the elemental composition of the material.
2.2.5.1 Electron gun

Generally in electron microscopes three different electron sources are used: (i) lanthanum
hexaboride (LaBg), (ii) tungsten and (iii) the field emission gun, FEG.

One of the most crucial steps in designing a microscope is choosing the electron source,
which in turn determines the vacuum system. This is because different electron emission
sources require different vacuum levels. The electron current density of the beam
(brightness), the emitted angle (current density per steradian solid angle), the signal to noise
ratio of the image and the contrast in the image are the key factors in choosing an electron

source.
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Electron emission sources can be divided into two groups; (i) thermionic emitters,
tungsten and LaBg and (ii) field emitters, FEG. The filament in a thermionic electron
emission source is heated up via electric current, and the hot filament emits electrons. In a
field emission source, the filament is placed in a high potential gradient which include

electron emission without the necessity of heating the filament.

A tungsten gun, which is a very stable source of electrons, consists of a hairpin-shaped
filament, a Wehnelt cylinder and an anode. A tungsten source provides a very high total beam

current due to the large area of the filament.

A LaBg gun has a longer lifetime than a tungsten gun and gives up a beam up to ten times
brighter than tungsten gun. However it requires a better vacuum. The emission area of a LaBg

guns are smaller as a result the beam current decreases as the brightness increases.

FEGs are generally used to collect high resolution TEM (HRTEM) images. These sources
produce smaller beams with higher currents and brightness than other electron sources.

The required magnification in transmission electron microscopes is the criterion for
choosing the electron source choice. If 40-50 kX magnification is required, tungsten guns are
recommended, while for magnifications in the range between 50-100 kX, LaBg guns are
sufficient. For higher magnifications, more than 100 kX, FEGs provide better signals [384].

2.2.5.2 Transmission electron microscopy (TEM)

A transmission electron microscope (TEM) operates on the same principle as an optical
microscope. While TEM relies on the interaction between the material and the electron beam,
the optical microscope relies on the interaction between the material and visible light. The
biggest advantage of a TEM over optical microscopes is its greater resolution [385]. An
optical microscope’s resolution is of the order of 500 nm, whereas a TEM’s resolution can be

as low as 0.5 A. This can resolve the individual atomic column [386].

Figure 2.9 illustrates the typical setup of a TEM. In essence an electron beam is produced
from an electron source, which is connected to a high voltage source (~ 200 kV). This
produces an electron beam with a wavelength of a few picometer (102 m) which is directed

towards the sample. The magnetic lenses are also used to guide and focus the beam.

Since TEM works in the transmission mode, an ultra-thin electron transparent specimen is
required, so that a relatively large proportion of the incident beam can pass through the
sample and be detectable. This mode of imaging is known as bright field imaging (BFI), in

which the detection of the transmitted electrons occurs directly under the sample. In BFI, the
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background (vacuum) is bright due to the absence of any material. The brightness however, is
less in the presence of any material due to electron deflection. Consequently, the resulting
image displays regions varying in brightness due to (i) specimen thickness and (ii) specimen
composition [384].

In this study, a JEOL 2011 transmission electron microscopy equipped with a LaBs
emitter (point resolution 0.21 nm) and an accelerating voltage (200kV) was used to

investigate the morphology and dispersion of the active species on SBA-15.

)
L

7 Electron gun
llumination source -

47,

Condenser lens

Specimen

chamber

Specimen ‘ '

Objective lens

NS \
{ / \
77 / H \
7/ =
) ,"’ /
4 f J
(\ L
N\
" Scre ||

Figure 2.9. Schematic of the transmission electron microscopy (TEM) set up [384, 387]
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2.2.5.3 Scanning electron microscopy (SEM)

SEM is a 3D mapping technique in which a specific area is rastered with a focused

electron beam. This technique is not quantitative and does not operate in transmission mode.
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SEM is one the most popular EM technique in material characterisation. The resolving power

can lie between a few nm and 1 mm [388].

SEM operates in two modes: (i) backscattered electron mode and (ii) secondary electron
detection mode (see section 2.2.6.1). Interaction between the electron beam and electronic
cloud of the specimen results in electron scattering. Backscattring increases as the average Z
of the nuclei in the material increases. As a consequence this mode can be used to investigate

the chemistry and phase distribution of a material [384, 388].

Upon interaction between the electron beam and electronic cloud of the specimen, a part
of the energy of the electron beam may transfer to an individual atomic electron. This results
in ejection of the electron from the atom of the specimen, ionization. These ejected electrons
are often not detected due to their low Kinetic energy, but can observe if they come from the
surface or only a few nm below the surface. These electrons therefore convey topographical
information [388].

SEM samples are often mounted on conductive carbon tape and coated with high-Z metals
such as gold, silver or platinum. The conductive coating prevents local build-up of charge,
which will produce electron fields that distort electron paths, giving image drift or artifactual
bright spots in the image. The high-Z metal coating restricts the volume interacting with the
incident electron beam, so improving the resolution [388].

SEM can be equipped with an energy dispersive X-ray (EDX) attachment, but the EDX
resolution in SEM is lower than TEM (see section 2.2.6.4). In the EDX mode the accelerating

voltage is generally lower to avoid distortion of the EDX results via charging [388].

For this thesis, SEM micrographs were collected on a JEOL 7001F field emission gun
scanning electron microscope. Elemental analyses were carried out with the same instrument
equipped with a Bruker X-flash silicon drift type EDX detector (Figure 2.10). Prior to
collecting images each specimen was mounted on conductive carbon tape and coated with
platinum (2 mm thickness) for 0.5 minutes using a Cressington Sputter Coater. During the

coating process the samples were tilted about 45° and rotated at 50~100 rpm.
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Figure 2.10. Scanning electron microscope,
JEOL 7001F, equipped with a Bruker X-flash
EDX detector

Ot so5e012 16(8TE)

2.2.5.4 Energy dispersive X-ray (EDX) spectroscopy

EDX spectroscopy gives an elemental analysis. It can be operated in either a SEM or a
TEM mode. The principle of operation is as follows. If the incident beam has enough energy,
it may eject a core-level electron energy (E;), from an atom. The electron vacancy at the core
level is filled by a higher-level electron energy (Ep). As a result of this electron transition, an
X-ray of energy (Ep-E,), characteristic of the element, is emitted. This emitted X-ray can be
used for compositional investigation of the specimen [388]. The EDX spectra are plots of X-
ray intensity vs. X-ray energy. This information can be obtained in a short period of time

(minutes or seconds).

EDX can be obtained from the different regions of the specimen to investigate the phase
distribution. It is important to condense the electron beam to an appropriate size so that the
composition of a specific spot is analysed. The EDX spectra may contain different peaks at
various energies, indicative of the presence of different elements. The intensity of each peak
measures the concentration of the relevant element. This makes EDX appropriate for both

qualitative and quantitative information [384].
2.2.5.5 Scanning transmission electron microscopy (STEM)

STEM is a special mode of TEM, but the principle of STEM is different to that of TEM.
In TEM an extended region is illuminated continuously, whereas in STEM a converging
probe beam, typically 1 nm in diameter, rasters across the area of the specimen. This provides
good definition over the specific area of the sample under the probe at any time and facilitates

the collection of different types of information [384].

This technique has recently become very popular in heterogeneous catalyst

characterization, where active particles are dispersed on a support [389, 390]. As for
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supported metals or metal oxides, it might be difficult to attribute dark spots in TEM images
to either support or active particles. This is because of the thickness of the sample or
similarities in scattering of the incident beam either by the support or active particles.
However STEM allows access to several different types of electrons, some of which give
signals depending on the Z of the sample (see below) so that support and active particles can

be distinguished.

The interaction between the incident beam and a specimen generates a variety of signals
which can be collected with different detectors (Figure 2.11B). In addition, STEM can collect
separately the transmitted electrons scattered at different angles and these generate several
post-specimen signals, which form images with different detectors based on the scattering
angle (o) (Figure 2.11A):

% If a<10 (mrad) the signals are collected by a bright field (BF) detector to form the BF-
STEM image, which is similar to the TEM images.

% If 10<a<50 (mrad) the signals are collected by a dark field (DF) detector. This
detector was first introduced at 1980 to generate an annular dark field image (ADF) [391]
(see below).

s If a>50 (mrad) the signals are collected with an annular DF detector, as was first
suggested by Treacy and Howie, with a larger inner diameter to form the high-angle annular
dark field image HAADF.[392, 393].

The intensity of the high-angle scattered beam is in direct proportion to the mass density
of the specimen. This suggests that heavier elements with higher Z scatter the electron beam
more strongly and therefore appear to be brighter. As a result in DF images any material with
high Z appears as a bright object as opposed to the vacuum which appears black. These

images are therefore referred to as Z-contrast image.

In this study, the STEM micrographs were collected on a JEOL 2100F microscope
equipped with a HAADF detector with camera length 10 cm and a 0.5 nm probe (Figure
2.12).
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Figure 2.11. (A) Schematic diagram presents the position of BF, ADF and HAADF detectors

(B) schematic diagram presents the position of various detectors in STEM [375]

Figure 2.12. JEOL 2100F microscope (left) and single tilt specimen holder and vacuum
pomp (right)

2.2.5.6 Elemental Mapping

As noted in section 2.2.6.5, one of the advantages of the STEM mode is the possibility of
collecting various signals with different detectors simultaneously. As for compositional
analysis of the whole specimen, the characteristic X-ray is the most important signal collected
by the EDX detector (see section 2.2.6.4). Both the characteristic X-ray photon and the
electron energy loss photon contain information related to the specimen composition (Figure
2.13).
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Figure 2.13. Schematic diagram of interaction of incident beam with core level electron

(inelastic scattering) and generation of characteristic X-ray and energy loss electron [384]

To carry out elemental mapping, using X-ray photons, it is important to be in STEM mode
so that the specimen is rastered by the electron beam. A selected region is scanned pixel by
pixel with a certain dwell time for each pixel by controlling the position of the convergent
probe. As a result highly localised compositional information can be obtained in the form of

coloured elemental map as well as in the form of an EDX spectrum [384].

The signal intensity in the map is proportional to the intensity of the X-ray generated from
the interaction between the incident beam and specific atoms of the area target by the beam.
It should be noted that characteristic X-rays and Bremsstrahlung X-rays are all registered in
elemental mapping profile [384]. However, the intensity of the characteristic X-rays due to
presence of specific elements is higher than that of the other X-rays, which permit the
discrimination between the different kinds of X-rays. The EDX spectra provide
complementary information which helps to improve the interpretation of the elemental

mapping profiles.

For this thesis the elemental mapping profiles were collected on a JEOL 2100F scanning
transmission electron microscope operating at 200 kV accelerating voltage equipped with a
JEOL 50 mm? Si(Li) EDX detector with ultrathin window. In order to obtain enough counts

the probe size was increased to 1.5 nm, with a 10 cm camera length.
2.2.6 Fourier-transform infrared spectroscopy (FTIR)

Infrared (IR) radiations, electromagnetic radiation in the wavelength 0.7-1000 um, were
discovered first by Friedrich Wilhelm Herschel in 1800 and named by Becquerel in the

1870s. However, IR did not become commercially available until the 1940s. The number of

IR instruments increased noticeably after 1945 due to the technological development of
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detectors and chemists’ interest in using the instrument. The customary unit for IR frequency
is wavenumber (¥) in cm™ (¥ = v/c = 1/A), where v is frequency in Hz, ¢ is the velocity of
light (cm s™?) and A is wavelength in cm) [375]. Speed of analysis and sensitivity were
increased and noise reduced in the 1970s by the application of Fourier transform (FT)
technologies to give FTIR [394].

IR is a powerful technique for basic characterization, because it can provide information
both on the functional groups and structure of the sample. Samples in a wide range physical

states (liquid, gas, paste, film and powder) can be characterized by FTIR [395].

The vibration of the molecule or crystal can be modelled by replacing the atoms by mass
points in the same relative positions as the atoms connected by elastic bonds with nearest
neighbours of varying stiffness. Every such system has a set of characteristic frequencies
determined by its structure, the masses of the points, the stiffness, length and relative
orientation of the elastic bonds; these are the so-called normal modes. In most systems these
frequencies are in the infrared ranges and absorption of infrared radiation of one of these
frequencies will set the system into vibration and cause absorption of the radiation of this
frequency. For some of the frequencies, vibration of large amplitude is confined to a
chemically defined functional group and these frequencies are often characteristic of the

functional group.

Due to the absorption of the incident beam via sample the intensity of the beam decreases
at specific wavenumbers. The resulting spectra can be plotted of absorption or transmission

VS. wavenumber.

There are two common methods for preparing solid samples, necessary because a solid
sample, unless very thin, will give too high absorption at its characteristic frequencies. Both
involve grinding the sample into a fine powder and then diluting the powder with a matrix.
This matrix can be either a mineral oil, nujol, or potassium bromide, KBr. The latter is more
widely used in catalysis characterisation. The sample is normally diluted 1:300 in dry KBr
and transferred to a vacuum die. The sample is pressed at around 10000 psi for 5 min under

vacuum, then purged with N, before being analysed.

For this thesis, the FT-IR spectra were collected from a BIO-RAD FTS 40 spectrometer.
The materials were diluted 1/300 in dry KBr, (for some Co-composites with low Co-content
3/300 ratio was used to make a pellet) dried at 110 °C for 4-6 h, then pressed into pellets

under vacuum immediately prior to analysis.
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2.2.7 Diffuse reflectance ultraviolet-visible spectroscopy (DR UV-vis)

Ultraviolet-visible spectroscopy (UV-vis) covers the range 200-800 nm (UV=200-400 nm)
and provides valuable information about the co-ordination environment and oxidation state of
the material. This technique is often referred to as electronic spectroscopy. This is because by
absorbing light in this range the valence electrons are promoted from the ground state to the
higher energy states. The energy of this electronic promotion depends on the electronic
structure of the compound as well as its chemical environment [396]. The UV-vis spectra
bands are generally broad, because vibrational and rotational transitions occurred

simultaneously with electron transitions.

UV-vis analysis is commonly carried out in the liquid phase where the transmitted light is
collected by a detector. This technique can be exploited to investigate charge transfer in
complexes, d-d electron transfer in transition metal ions and electron transfer in highly
conjugated organic compounds, mainly from n — n* and © = n*. These electron transitions

are responsible for the colour in compounds [397].

In the case of powder or solid samples, however, it is sometimes difficult to dissolve the
sample and, even if this is possible, the chemistry and the co-ordination environment might
be affected. In these circumstances DR UV-vis can be profitably used. In this technique the
ratio of the light scattered from up to 2-3 nm below the sample surface and an ideal non-

absorbing reference is measured as a function of wavelength A.

The relationship between diffuse reflectance of the sample (R.), absorption (K) and
scattering (S) coefficient is given by the Schuster-Kebelka-Munk (SKM) remission function
(Eq. 2.5) [398]:

F(R.) = (1-R.)*/ 2R, = K/S Eq. 2.5

In this work, the DR UV-vis spectra were collected at RT in air on a Cary 5000 Scan UV-

vis -NIR photometer over the range 200-800 nm. The instrument was equipped with an

accessory and a special sample holder appropriate for powders and film analyses.
2.2.8 Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS is a sensitive qualitative and quantitative analytical technique, capable of
detecting many elements down to parts per trillion (PPT). This technique was first

commercialized in 1983 [375]. The ICP-MS comprises high temperature inductively coupled

plasma, as an excitation source and mass spectrometer. Inductively coupled plasma is volume
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of Ar, the atom of which are to some extent dissociated into ions and electrons by high

frequency radiation in a torch [399].

The Ar plasma is used as an ionizer. The sample of interest is introduced to the ICP-MS
via a nebulizer in which it is converted to fine droplets of aerosol. The sample is then
transferred to the ionizer by the Ar flow and, due to the high temperature of the plasma, it
becomes ionized (Figure 2.14A). The aim is to generate a high proportion of singly charged
ions. The generated ions move through an analyser, magnetic or quadrupole (Figure 2.14B),

and are sorted based on the mass to charge ratio (m/z) [375].

In a magnetic analyser magnetic fields bend the ion path with the extent of bending
depending on the m/z ratio so that ions of different m/z can be separated. However, in

quadrupole analyser oscillating and static electric fields are applied to four parallel rods. At

any given magnitude, the oscillating and static electric fields, only ions within a narrow range
of m/z values can pass through the rods. The other ions collide with the rods and do not reach
the detector. By varying the magnitudes of the oscillating and static electric fields, ions of
different m/z can reach the detector, so sweeping through the range of magnitudes of electric

fields permits a sweep through a range of m/z ratios.

In this study, ICP-MS analyses were carried out using a GBC OPTIMAS 9500 ICP-MS

following sample preparation in the clean lab.
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Figure 2.14. Schematic diagram of (A) sample ionization in the torch and (B) quadrupole

analyser
2.2.8.1.1 Sample preparation

There are various methods for sample preparation; (i) acid digestion, (ii) sodium peroxide

sinter and (iii) microwave digestion.
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For this thesis, all the samples were prepared via acid digestion; a precise amount of
sample (10 mg) was weighed using a five digit analytical balance. The sample was
transferred to a Teflon cup to which 2 mL of concentrated HF and 1 mL of concentrated
HNO; were added. The sample was heated a day on the hot plate at 120 °C. The sample was
then uncapped and heated overnight on the hot plate at the same temperature, after addition of
1 mL concentrated HNOj3. Next, 3 mL of concentrated HNO3 was added to the sample, which
was then left to stand overnight in the capped Teflon cups. This solution was used to prepare
the first diluted solution. Then the second diluted solution (60 ppb, 100 ml) were made from
the first diluted solution. Finally, the second diluted solution was analysed by ICP-MS and
after each run HNO3 (3 wt%) was used as a washing solvent. To calibrate the instrument four

reference samples (20, 40, 60, 80 ppb) were prepared and run prior to the samples analyses.

2.3 Catalytic performance

Various approaches were considered for evaluation of the catalytic performance of Co-

composites in oxidising organic substrates in the presence of TBHP.

For Co-composites prepared from Co(NO3),.6H,0 as the metal precursor, the catalyst (0.1
g) was added to the organic substrates (20 mmol) and chlorobenzene (200 ul, as an internal
standard) in acetonitrile (5mL) in a round bottomed flask. The oxidant, TBHP, (24 mmol)
was then added dropwise over approximately 10 minutes. The reactions were carried out
under reflux without attempting to exclude air. The progress of the catalytic reaction was

monitored by GC and GC-MS through withdrawing samples every 4 h up to 24 h.

For Co-composites prepared from CoCl,.6H,0, the catalyst (contain 9x10° g of cobalt)
was added to the acetonitrile (5 mL) containing the organic substrate (20 mmol) and
chlorobenzene (200 pl as an internal standard). It should be noted that the concentration of
cobalt was kept at 9x107 g for all the reactions. Thus, different masses of catalysts were
employed for the different catalysts. The oxidant, TBHP, (24 mmol) was added dropwise
over 10 minutes after reaching reflux. The conversion to the products was monitored as for

the Co(NO3),.6H,0 samples discussed above.

2.3.1 Gas chromatography (GC)

Chromatography separates a mixture into its components. After the components of a

mixture are separated, they can be identified and determined quantitatively. There are many
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kinds of chromatography including gas chromatography (GC), which is widely used in

monitoring the products from catalytic reactions.

The GC technique was first used by Archer Martin and Anthony T. James in Austria
[375]. They coated the support with non-volatile liquid, the so-called stationary phase, and
placed it into a glass tube. This tube was then heated during the analysis after the injection of
the mixture. They reported well-defined zones for the organic acids and amines. Since then
GC systems have experienced rapid development, because the technique is widely used by
petroleum chemists and biochemists. One of the significant milestones in this area was the
substitution of a capillary column for the support material. In such systems the liquid was
coated onto the walls [400].

In GC, an inert gas (He, Ar or Ny), a highly pure mobile phase, flows into the injector,
through the column and finally to the detector. Once the sample is introduced to the injector
via a manual, auto or exterior sampling device, it is heated to 150-200 °C. To vaporize it and
the vapour is transported through the column by the carrier gas. The column is in an oven,
whose temperature is raised at a predetermined rate, essentially to reduce the analysis time.
Components of the sample travel through the column at different rate, which depend on the
strength of binding of the components to the column. The components reach the heated
detector, where an electric signal is generated from the interaction of the components with the

detector.

A chromatogram, a plot of signal strength vs. time is generated. Each component gives a
peak in the chromatogram. In an ideal chromatogram, the peaks do not overlap. The retention
times, the times at which the peak appears, and the size of the peaks are the most important
elements in the chromatogram. The retention times can be used to identify the components
because if the column and all the operating conditions are kept the same, a given compound
always travels through the column at the same rate and elutes at the same time. The size of
the peak gives relative concentration of the component and can be used quantitatively if

suitable standards are used.
2.3.1.1 Selected stationary phases
2.3.1.1.1 Polysiloxanes

They are the most common stationary phases, widely available, and known for their
stability and robustness. The basic polysiloxane is 100 % methyl substituted and gives non-

polar capillary columns. However, other organic groups can be substituted for methyl groups,
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their amount is usually indicated by the percentage. The higher the proportion of methyl

groups replaced by phenyl groups, the more polar the column becomes.
2.3.1.1.2 Polyethylene glycols

These stationary phases are known to be very polar and used mostly for epoxides, alcohol,
ketone and aldehyde analysis. Stationary phases with “wax” and “FFAP” in their name
belong to this category. These types of stationary phases are not substituted, so that the
polymer is 100 % of the stated material. These stationary phases are less stable than
polysiloxanes and have lower temperature limits. The appropriate operating temperature for

these capillary columns is from 20 °C to 260-280 °C.

2.3.2 Gas chromatography-mass spectrometry (GC-MS)

J. J. Thomson first introduced a basic mass spectrometer at the University of Cambridge in
1897, for which he was awarded a Nobel Prize in 1906. The GC-MS comprises two parts: the
gas chromatograph and the mass spectrometer. The gas chromatograph as mentioned above
separates the components of the sample and passes them to the mass spectrometer (MS)
[401].

In the mass spectrometer the molecules of a component are broken down into ionized
fragments and then the fragments are separated based on their m/z ratio (see section 2.2.9). In
the next step, the detector converts charge to an electric signal of strength proportional to the
ion concentration so that the plot of intensity vs. m/z, the mass spectrum, is obtained for each
component. Once the mass spectrum is obtained, it can be compared to the library of known

mass spectra using the MS computer data base.

In this thesis, the GC was carried out on an Agilent 6850 gas chromatograph equipped
with an FID detector and a polar capillary column (BP20, 60 m x 0.25 mm, Figure 2.15).
Quantitative results were obtained from measured areas of peaks due to the substrate and/or
product(s), e.g. benzylalcohol, benzaldehyde or benzoic acid, using the response factor
obtained from analysis of a mixture of known concentrations of substrate and/or products
with an internal standard (chlorobenzene). Figure 2.16 demonstrates a chromatograph
recorded during the oxidation of benzylalcohol to its corresponding products. GC-MS was
carried out using an Agilent 5973 MS (source conditions: El, 70 eV, 200 °C) fed by a 6890

series GC system with a capillary column (HP5, 30 m x 0.25 mm).
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Figure 2.15. Agilent 6850 gas chromatograph (left) and Capillary column BP20 (right)
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Figure 2.16. A chromatograph collected from benzylalcohol oxidation
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Chapter 3

SBA-15 supported cobalt
oxide from Co(NO3),.6H,0




3.1 General overview

Chapter three comprises three publications (full papers) and an appendix with

supplementary information.

Publication 1, (section 3.2) concerns the preparation and use of SBA-15 supported Co30..
Several composite materials were prepared, via the two-solvent method using
Co(NO3),.6H,O as cobalt precursor to investigate the impact of Co-content on the
morphology and dispersion of the Co304. For comparison, Co-composites were also prepared

using the more conventional methods of adsorption and impregnation.

Regardless of the preparation method, a dark brown coloration was observed for all Co-
composites prepared using Co(NOs),.6H,0. The colour intensity very clearly increased with
Co-loading. It was found that CozO,4 species were crystallised into nanorods which filled
adjacent mesopores and which were also connected via pore-filled micropores (from the
original SBA-15) to form ‘patches’. The formation of Co30,4 patches is common to all Co-
composites prepared from Co(NOs),.6H,0. As for the two-solvent Co-composites, Co304
species were formed predominantly inside the pores, filling the full cross section of the
mesopores. The width and length of the patches increased in proportion to the Co-loading.
However, impregnation resulted in the formation of Co3O,4 patches both on the external and
internal surfaces of SBA-15. When adsorption was used as a preparation method less cobalt
from the aqueous solution was incorporated into the composite product. This resulted in the
formation of relatively small patches by comparison with the other preparation methods, for
the same Co-loading. The patches formed using the adsorption method were also formed to a
large extent inside the mesopores. The catalytic activity of the composites was evaluated for
the TBHP oxidation of cyclohexanol and it was shown that the Co-composites with the
lowest Co-content gave the highest catalytic activity. This was due to reduced pore blockage

and better accessibility of active Co-species by the reactants.

Publication 2, (section 3.3) describes further chemical and morphological investigations of
SBA-15 supported Co3O,4. Here the DR UV-vis spectra showed a red-shift which intensified
with increasing Co-loading within the series of Co-composites prepared by the two-solvent
method. This can be associated with the progressive growth of crystalline patches as the Co-
loading increased. The Co-composites were employed in an investigation of the liquid phase
oxidation of norbornene, benzyl alcohol and 1-phenylethanol. It was shown that the catalytic

activity of the Co-composites varied in reverse proportion to the Co-loading for all of these
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substrates. Careful investigation of the extent of conversion of both the reacting substrate and
the oxidant led to a proposed mechanism for the oxidation of benzyl alcohol in which TBHP

behaved more as an initiator of the reaction, with atmospheric oxygen as co-oxidant.

Publication 3, (section 3.4) concerns low Co-loading composites and compares their
dispersion, morphology and catalytic activity. SBA-15 supported Co3zO4 was prepared using
the two-solvent method and conventional impregnation with 1 wt% Co-loading. The resulting
Co30, patches were smaller and better dispersed throughout the support relative to those
reported in publication 3.1. As a result, they exhibited better catalytic performance in the
liquid phase oxidation of cyclohexanol, benzyl alcohol, 1-phenylethanol and norbornene,
with TBHP. The composite prepared via the two-solvent method demonstrated better
catalytic activity compared to its analogues with the same Co-content prepared via the
impregnation and adsorption methods. This is attributed to further reduced pore blockage and
still better availability of CozOy in this composite.

Appendix 3.5 contains wide-angle XRD patterns of SBA-15 supported Co3O4 with 30 wt%
Co-loading calcined at various temperatures. STEM images and elemental mapping profiles
of SBA-15 supported Co3z0,4 with 5 wt% and 30 wt% Co-loading are also shown in the
appendix. The information in the appendix has not been presented in the publications;

however it supports the logic and conclusions reached in the published work.
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Cobalt oxide catalysts supported on mesoporous silica SBA-15 were prepared by the “two-solvent”
method and compared with analogous catalysts prepared by the more conventional methods of impreg-
nation and adsorption, Cobalt nitrate was used as the precursor, The catalysts were characterized by N3
adsorption-desorption, XRD, FTIR, XPS, TPR, [CP-MS, TEM and DR UV-vis. Their activity for the oxidation

of cyclohexanol was determined by GC and GC-MS. The effect of metal loading on the morphology and
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the catalytic sites.

catalytic activity of the catalysts was investigated. The catalyst with the lowest cobalt content exhibited
the highest catalytic activity for cyclohexanol oxidation due to the better accessibility of the reactants to

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The oxidation of organic substrates is very important industri-
ally [1,2]. For instance oxidation of cyclohexanol to cyclohexanone
is a significant step in the syntheses of adipic acid and caprolac-
tam of which about 2.5 and 2 billion kg, respectively, are produced
annually. These intermediates are important in the manufacture of
nylon 6 and nylon 66 and also as plasticizers and food additives [3].

Commercially cyclohexanol or the mixture of cyclohexanol and
cyclohexanone are oxidized to adipic acid using copper and vana-
dium salts dissolved in excess amount of HNO3 [4] as catalysts.
In order to produce fewer by-products and develop more envi-
ronmentally friendly procedures to oxidize cyclohexanol, a variety
of metal catalysts have been investigated [5-7]. This has included
precious metals [8,9].

Transition metal oxides are known to have promising catalytic
behavior for oxidative reactions [10-14]. Compared to precious
metal/metal oxides, they are more abundant and less expensive.
Bulk metal oxides however, possess a relatively low surface area
{SA), which seriously limits their efficiency as catalysts., An appro-
priate way to circumvent this problem is to disperse the metal oxide
particles onto supports with high surface area, If the metal oxide
particles can be made as small as possible (i.e., nanoparticles), their
catalytic activity should be enhanced by virtue of the increased sur-
face area. If the metal oxide nanoparticles can be confined within
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a nanoporous host this may limit the size to which the metal
nanoparticle can grow, as they typically sinter during preparation
[15]. Supported cobalt oxide nanoparticles have been investigated
for a range of catalytic reactions including methane combustion
[16,17], propane combustion [18], cyclohexane oxidation [10],
ethyl acetate oxidation [19] and CO oxidation [19,20]. Reduced
cobalt (Co®) nanoparticles formed by reduction of Co30,4 nanopar-
ticles have been used for the Fischer-Tropsch synthesis [21,22].

The preparation of metal oxide nanoparticles is a complex and
still poorly understood process. Many factors influence the precise
form of a prepared catalyst. These include the chemical nature of
the support [23-25], its texture and surface acidity [26], the com-
position of the metal precursor [23,26], the preparation method
[15,21,27,28] and the intended metal loading [29,30]. These factors
can influence the final product in terms of dispersion, reduction
properties, catalytic activity and product selectivity as well as, the
extent of metal-support interactions [31].

Mesoporous silicas such as HMS, MCM-41 and SBA-15 have
been considered as suitable hosts for the preparation and stabi-
lization of metal/metal oxide nanoparticles [22,31,32], The narrow
pore size distribution of such supports may prevent sintering and
the formation of large catalytically inactive particles [25]. It has
been observed that, as the dispersion of the active phase increases,
the activity also increases. In general, small nanoparticles are
much more reactive due to their high surface area [33-35]. Among
the periodic mesoporous silicas SBA-15 [36] has been extensively
investigated for the ‘nanocasting' of catalysts inside the pores of
the periodic silica [19,21]. SBA-15 possesses high surface area in
the range of 600-1000m#g ! and consists of hexagonal arrays
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of cylindrical channels with tuneable pore diameters between 5
and 30 nm. Micropores located inside the pore walls interconnect
these channels. Moreover, SBA-15 exhibits higher thermal and
hydrothermal stability and thicker pore walls in comparison to
MCM-41, making it more suitable for catalytic processes where
thermal treatments are often encountered [37].

There are several methods reported in the literature for the syn-
thesis of metal-supported catalysts. The conventional procedures
are based on ion exchange and impregnation. lon exchange results
in small metal particles at low metal loading [38]. Impregnation
can be termed wet or dry, depending whether the volume of the
impregnating solution is greater than or equal to the pore volume of
the support. Generally speaking impregnation results in large, less
catalytically active particles [39]. Large particles can also form as a
result of aggregation of adjacent particles during calcination [28].
Adsorption from aqueous solution of metal precursor is another
conventional method of depositing metal/metal oxide on supports
[40]. However, with this approach the utilization of the metal is
poor since only a proportion of the metal cations from the precur-
sor metal solution are deposited on the support. The rest is ‘lost’
(washed out) upon filtration. To improve this method, typically
when mesoporous silicas are used as supports, the pH of the solu-
tion can be controlled such that it is higher than the point of zero
charge (PZC) of the silica. In this way the silanol groups at the sur-
face are deprotonated and thus have high electrostatic interaction
with the metal cations, This circumstance facilitates ‘strong electro-
static adsorption' (SEA). This method results in small particle size
and high metal dispersion on the support, even at relatively high
loadings [41].

Recently a novel method, the so-called “two-solvent” tech-
nique has attracted considerable attention [40]. This method is
reported to allow the preparation of highly dispersed metal oxide
nanoparticles within SBA-15 mesopores, which can then be used as
‘nanoreactors’. It has been reported that this method inhibits the
growth of metal oxide particles on the external surface of the sup-
port [15]. This technique consists of three steps. First a hydrophilic
solution of the metal precursor in a volume equal to the pore vol-
ume of the mesoporous silica, as determined by N adsorption
is prepared. Secondly the mesoporous silica, such as SBA-15 or
MCM-41 is dispersed in a hydrophobic solvent, typically hexane.
Finally the hydrophilic metal precursor solution is introduced to
the hydrophobic solution and consequently the metal is dispersed
on hydroxyl sites through hydrophobic-hydrophilic interactions
[42]. 1t is also reported that the type of the hydrophobic solvent
(alkanes) plays a key role in the size and dispersion of the metal
oxide [43].

The present study deals with the synthesis and characteriza-
tion of Co304 nanoparticles selectively grown inside a mesoporous
silica SBA-15 support using Co(NO3);-6H,0 as the precursor via
the “two-solvent” method. It also compares the nanoparticle prop-
erties and catalytic activity with analogous catalysts prepared
by the more conventional approaches; adsorption and impreg-
nation. The resultant materials have been characterized by XRD,
N, adsorption-desorption, FTIR, TPR, XPS, ICP-MS, TEM and dif-
fuse reflectance UV-vis. The catalytic activity of these materials
for the oxidation of cyclohexanol has been investigated using
tert-butylhydroperoxide (TBHP) as oxidant. The products were
identified and characterized by GC and GC-MS.

2. Experimental

2.1, Synthesis of the SBA-15 support

SBA-15was prepared using the method first described by Stucky
and co-workers [36]. Typically, tri-block copolymer, pluronic P123

(EO20PO70E020), 4 g, was dispersed in aqueous 2 M hydrochloric
acid solution under vigorous stirring to obtain a clear solution. The
clear solution indicated the complete dissolution of the surfactant,
Tetraethyl orthosilicate {TEOS), 8.5 g, used as the silica source. This
was added dropwise to the solution at 40 °C, with vigorous stirring.
Gelation was allowed to proceed for 24 h at 40 °C, after which the
mixture was transferred to a sealed Teflon flask for hydrothermal
treatment at 100°C for 24 h. The precipitate was filtered, washed
several times with distilled water and dried at room temperature.
Finally, the tri-block copolymer template was removed by heating
in air at 1°Cmin~!, then holding at 550°C for 6 h.

2.2. Supported cobalt oxide catalyst preparations

2.2.1. Two-solvent method

Supported cobalt oxide catalysts {SCo-X, where X represents the
nominal cobalt loading percentage) were prepared using the “two-
solvent” technique [16]. SBA-15 was first suspended in dry hexane
(the hydrophobic solvent), The desired amount of cobalt nitrate
(5 wt%, 10 wt% and 30 wt%) was dissolved in distilled water to make
the hydrophilic solution, This hydrophilic solution was added drop-
wise to the hydrophobic solution. The gel was sonicated for 15 min
and stirred for 2h. The solid was recovered by evaporating the
solvent under reduced pressure and dried at 100°C, Finally, the
samples were calcined by heating in air at 2°Cmin~!, then holding
at 700°C for 6h [16].

For comparison commercial Co;04 nanopowder (>50 nm parti-
cle size) was purchased from Aldrich.

2.2.2. Impregnation

To prepare samples by impregnation, first the desired amount of
cobalt nitrate was dissolved in water and then added to SBA-15 to
obtain nominally 5 wt% cobalt loading. This mixture was stirred for
6 h and dried in rotary evaporator for 1 h. The sample was further
dried at 100°C overnight, The sample was then calcined by heating
inair at 2°Cmin !, then holding at 700°C for 6 h. This material is
referred to as SCo-5-1.

2.2.3. Adsorption

To prepare samples using adsorption method, the desired
amount of cobalt nitrate was dissolved in water and added to SBA-
15 to obtain nominally 5 wt% cobalt loading. The sample was then
stirred for 6 h, filtered and then dried at 100°C overnight. The cal-
cination process is the same as mentioned above. This material is
referred to as SCo-5-A.

2.3. Characterization techniques

Low-angle X-ray diffraction patterns were obtained using a
Phillips 1130 powder diffractometer with a monochromatic Cu Ko
source radiation (A =1.5406 A) operated at 40kV and 30mA over
26 range of 0.5-5°. Data was collected with a step size of 0.01° and
a step time of 1° min~!,

Wide-angle X-ray diffraction patterns were obtained using a
Bruker D8 Focus powder diffractometer with a monochromatic Cu
Kot source radiation (A = 1.5406 A) operated at 40 kV and 30 mA over
the 26 range of 15-80°. The data was collected with a step size of
0.02° and a step rate of 1° min ',

Nz-adsorption/desorption isotherms were obtained at —196°C on
a Coulter Omnisorb 360-CX gas sorption analyzer. Samples were
outgassed at 150°C overnight prior to analysis. Pore volume, BET
surface area [44], and the pore size distribution {PSD){BJH method)
[36] were calculated for each data set.

Fourier transform infrared (FTIR) spectra were collected from a
BIO-RAD FTS 40 spectrometer. The materials were diluted 1/300
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Table 1
Elemental analysis results.

Catalyst Nominal Co content (wt#) Actual Co content (Wt¥)
SCo-5-A 5 1.0

SCo-5-1 5 45

SCo-5 5 45

5Co-10 10 8.2

SCo-30 30 23

in dry KBr, dried {110°C, 4-6 h), then pressed into pellets {under
vacuum) immediately prior to analysis.

Temperature programmed reduction (TPR) experiments were car-
ried out with a Setaram Thermogravimetric Analyser (TAG24),
Typically 10 mg of calcined catalyst was flushed with high purity
argon at 150°C for 2 h, to drive off moisture, then cooled to 20°C.
Next, the flow was switched to 10% Hy/Ar and the temperature
raised at 5°Cmin~! to 900°C, where it was held for 20 min under
10% Hx/Ar, and then 20 min under Ar. The gas flow rate over the
sample was maintained at 70cm® min~!, The weights of the sam-
ples both before and after analysis were also separately measured
with an analytical balance.

Inductively coupled plasma mass spectrometry (ICP-MS) was car-
ried out using a GBC OPTIMAS 9500 ICP-MS. Prior to measurement
all catalysts were digested with nitric acid and hydrofluoric acid at
120=C for two days to remove silica,

Diffuse reflectance UV-vis spectroscopy (DR UV-vis) was con-
ducted using a Carry 5E UV-visible spectrophotometer, fitted with
diffuse reflectance accessory.

Transmission electron microscopy {TEM) was used to obtain
detailed information on the morphology and microstructure of sup-
ported cobalt oxide. AJEOL 2011 transmission electron microscopy
equipped with a LaBg emitter {point resolution 0.21nm) and an
accelerating voltage (200 kV) was used for this study.

X-ray photoelectron spectroscopy {XPS) was conducted at the Aus-
tralian Synchrotron with a SPECSlab2 spectrometer using an Al
Koo X-ray source {1486.8 eV) at the constant analyzer pass energy
40.0 eV, Binding energies are referenced to the carbon 1s peak
(BE=284.5eV) arising from adventitious carbon.

Gas chromatography (GC) was carried out on a Varian 3700 gas
chromatograph equipped with an FID detector, a 30 m polar capil-
lary column {SGE 30QC5/BP20 1.0 wm, ID 0.53 mm) and an Agilent
EZChrom Elite (version 3.2.1) data system.

Gas chromatography-mass spectrometry (GC-MS)was carried out
on an Agilent 5973 Network MS equipped with a 6890 series GC
system (source conditions: EI, 70 eV, 200°C).

2.4. Catalytic tests

Liquid-phase oxidation of cyclohexanol to cyclohexanone was
performed in a 100 mL flask. In each test, 0.1 g of catalyst was added
to 5mL of acetonitrile and 20 mmol of cyclohexanol. The oxidant,
TBHP (24 mmol) was then added dropwise over approximately
10 min. Reactions were carried out under reflux and monitored by
gas chromatography, withdrawing samples every 4 h up to 24 h.

3. Results and discussion
3.1. Characterization of Co304/SBA-15 catalysts

The cobalt content of synthesized catalysts was measured by
ICP-MS after digestion in HF/HNOj5. The results are summarized in
Table 1.

As expected at low cobalt loading, the nominal and actual
cobalt contents are very similar for catalysts prepared either by
“two-solvent” method or impregnation. However, the catalyst
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Fig. 1. Low-angle XRD pattern obtained from (a) SBA-15, (b) SCo-5-A, (c) SCo-5-1,
(d) SCo-5, (e) SCo-10 and (f) SCo-30.

prepared by adsorption shows lower cobalt content due to weak
interactions between the silanol groups of the support and the
cobalt precursor, The most highly loaded catalysts, prepared by
the two-solvent method, were found to have 23 wt% Co.

3.1.1. X-ray diffraction (XRD)

Fig. 1 shows the low-angle XRD patterns of SBA-15 and sup-
ported cobalt oxide catalysts. Three well-resolved diffraction peaks
at 26 values between 0.5° and 5° were observed both for pure SBA-
15 and all catalysts with different cobalt content, The peaks can be
indexed as the (100),(110)and (200) peaks [36], which indicates
the presence of highly ordered hexagonal mesoporous structure.
It is noteworthy that SBA-15 still exhibits a high degree of meso-
porous structure even at the highest cobalt loading (SCo-30). All
catalysts exhibit a significant reduction of the (1 00) peak intensity
relative to SBA-15. As the cobalt content increased the intensity of
the (100) peak decreased. This can be explained by the presence of
cobalt oxide nanoparticles in the SBA-15 partially filling the chan-
nels. Pore filling in turn, reduces scattering contrast between the
pores and the walls of the support [45].

Fig. 2 shows wide-angle XRD patterns obtained from com-
mercial Co304 as a reference, the SBA-15 and also all catalysts
with different cobalt content. The commercial Co;04 which shows
diffraction peaks at 26 = 18.8°,31.1°,36.7°,38.2°, 44,67, 55.3°,59.2°,
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Fig. 2. Wide-angle XRD patterns obtained from (a) commercial Co; 0Oy, (b) SCo-30,
(c) SCo-10, (d) SCo-5, (e) SCo-5-1, (1} SCo-5-A and (g) SBA-15.
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Fig. 3. N, adsorption-desorption of (a) SBA-15, (b) SCo-5-A, (c) SCo-5 and (d) SCo-
5-1.

65.1°,77° and 77.4°, confirmed the crystallized spinel Co304 (JCPDF
file 01-073-1701) with space group Fd3m: crystallochemical for-
mula Co%*Co,3*04, where Co*" occurs in the octahedral position
16d (1/2, 1/2, 1/2) and Co®* occurs in the tetrahedral position 8a
(1/8,1/8,1/8)[15,46].

As expected, SBA-15 does not show any sharp diffraction peaks
consistent with the amorphous structure of the support. However,
a broad peak at 15° <26 <30° is observed for SBA-15 and all cat-
alysts corresponding to the amorphous silica phase [47], Unlike
the more highly loaded catalysts, it can be seen that SCo-5-A, does
not display any diffraction pattern attributed to cobalt oxide. This
can be attributed to the low cobalt content and high dispersion of
the cobalt oxide species in this case [28]. However, the impreg-
nated catalysts, SCo-5-I, do show diffraction peaks corresponding
to Co404 spinel, As discussed above, impregnation generally results
in the formation of large particles, which can be detected by XRD,

All catalysts prepared by the two-solvent method display
diffraction peaks corresponding to Co304 spinel. The intensity of
the peaks increases as the cobalt content increases, an indication
of the presence of larger cobalt oxide species. When comparing
SCo-10 and SCo-30 the latter showed narrower peaks with stronger
intensity, which is evidence for the formation of larger Co3 04 parti-
cles. The size of the cobalt oxide nanoparticles was calculated using
the Debye-Scherrer formula from the full width at half maximum
(FWHM) of the (3 1 1) diffraction peak [17,48]. The average size of
the nanoparticles estimated from the FWHM is 9.6 nm, 12,16 nm
and 17.26 nm for SCo-5, SCo-10 and SCo-30, respectively. It can
be noted that the particle size is larger than the pore size of the
mesoporous silica calculated from N adsorption-desorption (see
below). This suggests that the crystals have grown in different adja-
cent mesopores due to connections through silica walls [48].

3.1.2. Textural properties

The N3 adsorption-desorption isotherms of pure SBA-15 and
supported cobalt oxide catalysts are shown in Figs. 3 and 4. The
corresponding pore size distributions are illustrated in Figs. 5 and G,
respectively. The isotherm of calcined SBA-15 (Fig. 3a) exhibits a
type IV isotherm with H1 hysteresis according to the IUPAC classi-
fication [49]. This profile is characteristic of mesoporous materials
with two-dimensional cylindrical channels. The isotherm of pure
SBA-15 presented a sharp inflection at relative pressure (p/po)
in the range of 0.6-0.8, an indication of a good quality SBA-15
material with two-dimensional cylindrical channels [44]. After
loading cobalt, the shapes of the isotherms of the catalysts with
different cobalt content were very similar to the original SBA-15.
This similarity suggests the uniform mesoporous structure was
mostly retained after cobalt loading. The capillary condensation
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Fig. 5. Pore size distribution of (a) SBA-15, (b) SCo-5-A, (c) SCo-5 and (d) SCo-5-1.

step of SCo-5-A isotherm occurred at slightly lower relative
pressure, indicating a decrease of the pore diameter after cobalt
loading [15,50]. However, in the case of SCo-5-1 and SCo-5, the
capillary condensation was obviously shifted to lower relative
pressure with a shoulder on the desorption branch, The presence
of this shoulder at a relative pressure (p/pg) around 4.5 can be
attributed to partial pore blockage, due to the presence of the
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Fig. 6. Pore size distribution of (a) SBA-15, (b) SCo-5, (c) SCo-10 and (d) SCo-30.
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Table 2
N, adsorption—desorption data ebtained from SBA-15 and supported cobalt oxide.
Sample BET surface area (m?g 1) Dp(nm) Pv{cmig!)
SBA-15 656 6.0 0.86
SCo-5-A 620 58 0.81
5Co-5-1 481 56 0.70
5Co-5 603 5.7 0.78
5Co-10 510 5.7 0.68
SCo-30 347 5.7 0.46

cobalt oxide species in the aperture of the pores. This is known as
the cavitation phenomenon [51]. The absence of the shoulder for
SCo-5-A (compared to SCo-5 and $Co-5-1) can be attributed to an
apparent absence of pore blockage for this catalyst with the lowest
cobalt content, The average pore size of the SBA-15 is determined
to be 6 nm, while the average pore size of the SCo-5-A, SCo-5 and
SCo-5-1 is determined to be 5.8, 5.7 and 5.6 nm, respectively. As
summarized in Table 2 the decrease in surface area, pore diameter
and pore volume and the fact that the capillary condensation shifts
to lower relative pressure compared to pure SBA-15, suggests that
cobalt oxide has formed inside the SBA-15 channels.

Fig. 5 illustrates the PSD of SBA-15 and all catalysts with 5wt%
cobalt prepared using different methods. The SCo-5-A shows a
narrow PSD similar to SBA-15, indicating that the pore structure
has not significantly altered. However, SCo-5-1 and SCo-5 show a
bimodal PSD, with the first peak centered at around 4 nm and the
second one at ~6 nm. This suggests that in these cases, there may be
partial pore blockage or deposition of cobalt oxide particles against
the internal silica walls and/or at the pore apertures,

Fig. 4 shows the N adsorption-desorption isotherms of pure
SBA-15, SCo-5, SCo-10 and SCo-30. All catalysts exhibit a type IV
isotherm with H1 hysteresis. It is notable that the mesoporosity
remained intact even after loading nominally 30 wt% cobalt. How-
ever, the capillary condensation steps for all catalysts were shifted
to lower relative pressure compared to SBA-15. It is noteworthy
that the cavitation phenomenon was observed in the isotherms of
all catalysts prepared by the two-solvent method, suggesting there
is partial pore blockage due to the presence of cobalt oxide species
inside the pore. With increasing cobalt content, less nitrogen was
absorbed by the catalysts. The surface area and pore volume of the
catalysts decreased in the order of SCo-5 > SCo-10 > SCo-30.

This decrease can be attributed to the formation of the cobalt
oxide inside the pores of SBA-15. However, van der Meer et al., who
also supported Co304 on SBA-15 by the two-solvent method, noted
that the loss of pore volume and surface area cannot be attributed
to simple pore filling; this is because the volume which is actually
occupied by the Co304 is very small [52]. In this work, the volume
occupied by Co30,4 was determined to be 0,0073-0,0376cm?g !
for the SCo-5-SCo-30 cases. This was calculated using the cobalt
contents determined by ICP measurements, assuming a Co304 den-
sityof6.11 gcm~3. It can be seen that pore volume loss between this
same sequences of samples (0.08-0.40 cm® g~ 1) is far greater. Thus,
it is suspected that original pores are partially blocked such that,
during BET analysis, N3 gas cannot access this ‘blocked porosity'.
This can therefore be ascribed to the existence of Co30, nanoparti-
cles, which have formed with diameters smaller than that of the
SBA-15 pores such that they partially but incompletely impede
access to the channels [52].

Fig. 6 compares the PSD in catalysts with various cobalt con-
tent synthesized by two-solvent method. Bimodal PSD is observed
for all catalysts, There are three important points that can be high-
lighted: (i) the volume of adsorbed N, decreased with increasing
cobalt content, (ii) the portion of pores with diameter around 4 nm
increased as the cobalt content increased and (iii) the presence of
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himodal PSD indicates that cobalt oxide species have formed inside
the pores,

3.1.3. Fourier transform infrared spectroscopy (FT-IR)

Fig. 7 shows the FT-IR spectra of SBA-15 and the various cata-
lysts. The SBA-15 spectrum consists of absorption bands at 1087,
807 and 464 cm~', which arise from the Si—0—Si stretching vibra-
tion. The absorption band at around 960 cm~! can be assigned to
either Si—OH or Si—0—Si stretching vibrations. The broad band at
around 3400cm™! is due to the presence of surface —OH groups
with strong H-bonding interactions between them, Finally the band
ataround 1630 cm ! can be assigned to the deformation modes of
—OH bonds of adsorbed H;0 [53]. SCo-5-A exhibits a very similar
spectrum to SBA-15 due to its low cobalt content, whereas SCo-5-1
and $Co-5 exhibits two additional bands at 660 and 570 cm™! (black
arrows), These latter bands can be ascribed to Co—0 vibrations in
the cobalt oxide lattice [10,53,54]. The Co—0 bands for SCo-5-1 are
slightly more intense than for SCo-5. As the cobalt content is the
same for both catalysts, we attribute this to the presence of larger
particles on the external surface of the pores for SCo-5-1. 5Co-10and
SCo-30 also exhibit the same absorbance bands, with progressively
increasing intensity [54].

3.1.4. X-ray photoelectron spectroscopy (XPS)

Fig. 8 shows XPS spectra from SCo-10. The spectrum exhibits
an intense doublet, due to the two spin-orbit components Co 2p3/,
(780.5 eV)and Co 2pqjz (795.5 eV). It is known that spin-orbit split-
ting { AE) between the 2p level peaks can be used to distinguish the
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Fig. 8. XPS Co 2p spectra obtained from (a) Commercial Co; 04 (b) SCo-10.
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Fig. 9. DR UV-vis spectrum of SCo-5.

oxidation state of the catalyst. Itis reported that spin-orbit splitting
for Co304is 15 eV, whileitis 16 eV for CoO [55]. Here, the spin-orbit
splitting of 14.8 eV is consistent with Co30,4. Similar results were
obtained for SCo-5-1, SCo-5 and SCo-30. There is always a shallow
feature, known as the shake-up satellite [56], which is about 9eV
higher than the 2pyy; peak. Since the shake-up satellite is associ-
ated with Co®*, it is stronger for CoO as compared to Co30y4, with
Co?*|Co?* ratio of 2:1 [21,54,57-62]. Hence, the intensity of the
satellite peak is consistent with Co304 as the phase assignment, in
agreement with the XRD results.

3.1.5. Diffuse reflectance UV-vis spectroscopy (DR UV-vis)

SCo-5 was investigated by UV-vis spectroscopy in order to
investigate the environment of cobalt ions. Fig. 9 exhibits three dis-
tinct absorption bands for SCo-5. The broad band at around 215 nm
can be assigned to the charge transfer from 02~ to Co** [63]. The
absorption band at around 415 nm can be attributed to octahe-
drally coordinated Co?* in the well-ordered spinel Co304 species
[14,64]. The broad band at around 715 nm is ascribed to the elec-
tronic ligand-field 4A; (F) — 4T, (p) transition of Co* in tetrahedral
coordination [14,65,66]. Hence, the DR UV-vis result is consistent
with Co30,4 as the phase assignment {determined for the SCo-5 case
only).

3.1.6. Temperature programmed reduction (TPR)

It is known that bulk Co304 is completely reduced at around
400°C [19]. The TPR profile of Co30,4 supported on mesoporous
silica typically shows three peaks. The first peak at lower tem-
perature is due to the reduction of Co* to Co®* and the second
peak at higher temperature is ascribed to the reduction of Co?*
to Co® [22,24,67]. The presence of a third peak above 600°C is
typically attributed to the reduction of cobalt species with strong-
metal-support-interactions (SMSI) [67,68].

Fig. 10 shows the TPR profile of commercial Co;04 nanopow-
der (reference material), which comprises of a main reduction
peak, centered at 305°C but with a shoulder at lower temperature
(220°C). This can be attributed to the two-step reduction of Co3*
to Co** and then Co?* to CaY, as described ahove.

Fig. 11 shows the TPR profile of the catalysts prepared in this
study. The TPR profiles of SCo-5 and SCo-5-1 are similar with the first
(Ty) and the second (T3) reduction peaks apparently merged into
one peak due to the low cobalt content. The main reduction peak
(T1) centered at 280°C for both catalysts, However the reduction
starts at lower temperature for SCo-5-1{140°C) compared to SCo-
5(155°C). This is attributed to the difference in synthesis method,
since it is generally accepted that impregnation (incipient wetness)
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Fig. 10. TPR profile of commercial Co304 nanopowder.

results in the formation of large aggregated particles that are more
easily reduced at lower temperature [67,69]. Also for SCo-5, the
presence of the rod-like particles inside the pores (see Section 3.1.7)
might partially hinder hydrogen diffusion throughout the metal
oxide phase so that the reduction process starts at higher tempera-
ture. The second peak, which is attributed to the reduction of Co?*
to Co? seems relatively more resolvable for SCo-5-1 compared to
SCo-5. The TPR profile of SCo-5-A (not shown in here) is quite sim-
ilar to that of SCo-5 however due to the low cobalt content the
reduction peaks were of low intensity,

Fig. 11cand d shows the TPR profiles for SCo-10 and SCo-30. The
first reduction steps (T;) are at approx 280°C and 260 °C respec-
tively. The second step (T;) for SCo-10 and SCo-30 are at around
390+=C and 450°C, respectively. The third step (T3), occurs above
520°C[67,70].

With increasing cobalt content, there is more agglomeration
into larger particles, for which more facile reduction is usually
expected [71]. The reduction in the T, peak temperature for SCo-30
is consistent with the expectation [19,69]. However, the T, reduc-
tion step occurs at higher temperature for SCo-30 compared to
SCo-10. This is attributed to more extensive filling of the SBA-15
pores by the cobalt oxide in SCo-30 relative to SCo-10 (see Section
3.1.7), which would make it more difficult for the water produced
by reduction to escape from the pores. This is expected to increase
the residence time of the water in the pores and result in an overall
inhibition of the reduction process [31].
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Fig. 11. TPR profile of the (a) SCo-5, (b) SCo-5-1, (¢) SCo-10 and (d) SCo-30. SCo-5-
Imp, (¢) SCo-10 and (d) SCo-30.
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Patch on the external

surface

Fig. 12. TEM images obtained from (a, b) SBA-15, (c, d) SCo-5-A, (e, f) SCo-5-1, (g, h) SCo-5, (i, j) SCo-10 and (k, 1) SCo-30.

3.1.7. Transmission electron microscopy (TEM)

Fig. 12 provides TEM images of the various supported cobalt
oxide catalysts. Good contrast is apparent in all cases and clearly
demonstrates the preservation of the channels in the mesoporous
silica host after cobalt loading. This is in agreement with the results
obtained from low angle XRD. Due to differences in electronic den-
sity, the areas of darker contrast can be assigned to cobalt oxide
whilst the areas of lighter contrast are due to the silica support.
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In all cases, ‘patches’ of cobalt oxide can be seen to be dispersed
throughout the support; however the patches have different mor-
phologies, depending on both the method of synthesis and the
cobalt content. Interestingly, in all cases the patches are of larger
diameter than the SBA-15 channels. This can be attributed to the
fact that in SBA-15 mesopores are interconnected through micro-
pores, which facilitate extended crystallite growth; a phenomena
that has been observed previously for cobalt oxide [72,73].
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Fig. 13. Cyclohexanol oxidation (a) SBA-15, (b) SCo-5-1, {¢) SCo-5 and (d) SCo-5-A.

Empty mesopores are visible as well as cobalt oxide patches
grown in adjacent mesopores. Considering the density of Co304,
22 mmol Co304 would be required to completely fill the porous
volume (0.86cm?) in 1g of this SBA-15. When the channels are
parallel to the electron beam, the highly ordered honeycomb-like
structure [50,74] remains clearly visible with cobalt oxide particles
apparently filling the channels (Fig, 12j, as shown by black arrows);
whereas, when the channels are perpendicular to the electron
beam, the highly ordered channels are clearly evident (Fig, 12b).

As can be seen, the size of the ‘patches’ varies between the cat-
alysts. The average width and length of the patches for SCo-5 are
35nm and 70 nm. Since the cobalt content is lower in SCo-5-A the
patches are smaller {25 nm and 45 nm). It can be clearly observed
in Fig. 12g and h that rod-like particles are formed within the chan-
nels (not on the external surface). This is not surprising since the
whole point of the two-solvent method is to encapsulate the cat-
alyst within the mesoporosity of the support [43]. In the case of
SCo-5-A a similar behavior is observed, presumably because the
cobalt ions have preferentially located themselves on the internal
surfaces, where the concentration of silanol groups is a relatively
high. This is consistent with the suggestion that, during catalyst
preparation, the solution capillary pressure within the mesopores
is much higher than that in the cavities between them (macrop-
ores) so that the salt deposits on the internal surface rather than
the external surface of the mesoporous substrate [75]. The patches
appear to be the smallest in the case of SCo-5-1. Also, in this case,
there are cobalt oxide patches contained both within the pores and
onthe external surface of the support, where they obscure the chan-
nels underneath (Fig. 12f), as is typically the case for impregnated
catalysts [76]. For SCo-10 (Fig. 12i and j) and SCo-30 (Fig. 12k and
1) it can be seen that the ‘patches’ are significantly larger. The aver-
age width and length of the patches for SCo-10 are 40-50 nm and
80-100 nm, respectively. Whereas by increasing the cobalt content
to 30 wt% the average width and length of the patches increases
to 60-80nm and =400 nm respectively. They generally exhibit a
rod-like morphology, which fill the individual channels along their
length; yet, at the same time, the ‘nanorods’ are clustered into
‘patches’ along adjacent channels. The formation of larger ‘patches’
is in general agreement with the results from wide-angle XRD and
TPR, which suggested the occurrence of larger cobalt oxide par-
ticles size in these cases [20,48]. The growth of nanorods within
the channels (pore blockage) adversely affects the catalytic activity
of the catalysts prepared by the two-solvent method (discussed in
Section 3.1.8).

3.1.8. Catalytic activity

The supported cobalt oxide catalysts were evaluated for the oxi-
dation of cyclohexanol to cyclohexanone {Figs. 13 and 14) in the
presence of TBHP as oxidant.

It can be seen that the SCo-5-A sample exhibited the high-
est activity of the catalysts examined. This is interesting because
this catalyst also had the lowest cobalt loading (Table 1). At the
same time this catalyst exhibits the highest internal pore volume
(Table 2), just slightly less than that of the SBA-15 support. Thus, it
appears that the catalytically active species are very accessible to
the substrate and oxidizing reagents.

The SCo-5 sample exhibited the second highest catalytic activity.
This sample has slightly further reduced pore volume and also sub-
stantially more cobalt (4.5wt%), compared to SCo-5-A, such that
the cobalt oxide in this sample must be less homogeneously dis-
persed. The increased cobalt oxide patch size for SCo-5 relative to
SCo-5-A (Section 3.1.7) is consistent with this interpretation,

The SCo-5-1 sample exhibits further reduced catalytic activity,
even though the cobalt content is identical to that of SCo-5. The
cobalt oxide patches in the TEM images of this sample appear rel-
atively small and more homogeneously dispersed. However, the
patches can be observed both inside the channels and on the exter-
nal surface {Section 3.1.7). Aggregation of cobalt oxide particles,
mostly on the external surface results in pore blockage, such that
the pore volume of this catalyst is significantly lower compared to
those of SCo-5 and SCo-5-A. Indications are that much of the cobalt
is not accessible to the reagents. There is also evidence from XRD
that the cobalt oxide particles (more specifically those aggregated
on the external surface) on average are larger in SCo-5-1 relative
to SCo-5-A and SCo-5. This is because crystalline Co304 is evident
for SCo-5-1, whereas for SCo-5 the intensity of the peaks are lower,
indicating particles with smaller size. However, SCo-5-A shows no
peaks due to a crystalline cobalt oxide phase, since the cobalt con-
tent is very low for this catalyst. Furthermore, more intense Co—0
absorbance bands in the FTIR spectrum of SCo-5-1 relative to SCo-5
and SCo-5-A, is also evidence for the existence of more cobalt oxide
on the external surface of this particular catalyst.

To check the effect of cobalt oxide on catalytic activity, the same
reaction was carried out with SBA-15 and also in absence of any
solid substrate. In both cases the conversion was negligible after
24 h. These results highlight the catalytic role played by Co%*/Co*
in this reaction and the importance of the redox cycle they facilitate
[77].

Within the series of catalysts prepared by the two-solvent
method it can be seen that the order of activity decreases as the
cobalt content increases, ie., SCo-5>SCo-10>SCo-30. In spite of

d)
()

% Conversion

(a)

Time (h)

Fig. 14. Cyclohexanol oxidation (a) SBA-15, (b) SCo-30, (c) SCo-10 and (d) SCo-5.
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Fig. 15. Reusability of SCo-5 for cyclohexanol oxidation.

the difference in metal content, the activity difference between the
SCo-5 and SCo-10is only slight, whereas SCo-30 is significantly less
active. The reducing catalytic activity correlates with the progres-
sive reduction in accessible pore volume (from 0.78 to 0.68 and
0.46cm? g 1), In the higher cobalt loading cases, the pore volume
is reduced because it is now occupied by large cobalt oxide patches
which mostly appear in the form of rods that totally fill the meso-
pores channels (see Section 3.1.7). Hence, most of the cobalt oxide
cannot be accessed by the reagents, The catalytically active cobalt
oxide can only be that portion, which is near the pore apertures of
the SBA-15. It is interesting to note that the TPR plot (Fig. 11d) for
the poorly active SCo-30 catalyst shows that a very high propor-
tion of the cobalt oxide does not reduce below 500°C. Usually this
is interpreted as being due to SMSIs, However, here it is suggested
to be due to the circumstance that much of the cobalt oxide species
are located deep within the blocked mesopores and/or micropores
where it is likely to be very difficult to reduce because of the poor
accessibility and consequent limitations of hydrogen diffusion (in)
and water diffusion {(out),

A similar phenomenon has previously been reported for sup-
ported (SBA-15 and silica) cobalt oxide catalysts used for methane
combustion in the gas phase; and the poor activity of highly loaded
catalysts was likewise attributed to poor cobalt oxide accessibility
[16,20].

It can be seen that SCo-5-I (Fig. 13b) exhibited nearly identi-
cal catalytic reactivity as SCo-30 (Fig. 14b). This implies there is a
nearly identical abundance of accessible catalytically active sites.
As previously discussed, channels within the SCo-5-I catalyst seem
to be blocked by aggregations of cobalt oxide near the apertures of
the pores. However for SCo-30 much of the cobalt oxide is inacces-
sible because of the rod-like morphology of the cobalt oxide, which
completely fills the pores.

Since it was the catalyst with the lowest Co content of only 1%
{SCo-5-A)that exhibited the highest activity, it would be interesting
to know the activity of catalysts prepared by the two-solvent and
impregnation methods that have only this lower level of Co. It is
planned to investigate this aspect in future work.

The recyclability of the SCo-5 catalyst was also evaluated. Fig. 15
summarizes the results obtained after the catalyst was used, recov-
ered by filtration, washed several times with acetonitrile, and
subsequently dried at 100°C then reused. The catalyst was used
up to four times without significant change in its catalytic activity.
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4. Conclusion

Supported cobalt oxides with various cobalt contents were
successfully synthesized using the “two-solvent” method. These
composites were compared with analogs, synthesized by the
more conventional methods of impregnation and adsorption. The
mesoporosity of the support maintained intact even after load-
ing nominally 30wt% cobalt, regardless of preparation method.
The presence of cobalt oxide {Co3;04) in the form of spinel was
demonstrated by XRD and XPS, TEM investigations showed that the
various methods of preparation resulted in catalysts with different
morphologies and dispersion of the cobalt oxide. It also showed
that both the adsorption and the two-solvent method resulted in
heterogeneous dispersion of cobalt oxide patches within the pores
of SBA-15, These patches are made of rod-like particles, which are
interconnected through micropores. Impregnation resulted in the
formation of patches both inside the channels and on the exter-
nal surface of the support. The patches, from impregnation were
smaller than the patches observed for SCo-5 and SCo-5-A; how-
ever they were more homogeneously dispersed on the support.
Furthermore, the size of the patches increased as the cobalt content
increased, TPR indicated that the location of the particles affected
their reducibility such that the particles located deep within the
blocked mesopores and/or micropores are hard to reduce,

The two-solvent method was effective for preparing catalysts,
where the cobalt oxide was accommodated inside the pores, How-
ever, with increasing cobalt content most of this cobalt oxide
was ineffective for catalysis, because of its inaccessibility to the
reagents. It was found that the SCo-5 catalyst could be simply
treated and reused up to three times without significant change
in its catalytic activity.

The catalyst prepared by impregnation (SCo-5-1) was also rel-
atively ineffective for catalysis, at least largely because of pore
blockage at the aperture of the channels.

The catalyst prepared by the adsorption method (SCo-5-A)
exhibited the highest catalytic activity for cyclohexanol oxidation
in the presence of TBHP. This material has the highest pore volume
and surface area, indicating a lack of pore blockage and also has Co
patches of the smallest size, suggesting that a higher percentage of
the Co present is accessible and available to facilitate catalysis.
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Abstract Mesoporous silica SBA-15 supported cobalt
oxide composites prepared via the “double-solvent”,
impregnation and adsorption techniques were characterized by
diffuse reflectance UV-Vis (DR UV-Vis), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The potential of these cobalt modified composites to
oxidize norbormene, benzyl alcohol and 1-phenylethanol was
determined by gas chromatography (GC) and gas chroma-
tography-mass spectrometry (GC-MS). SEM images indicated
that, irrespective of cobalt content (Co-content), the integrity
of the mesoporous channels remained intact for all methods.
DR UV-Vis exhibited a red-shift which increased with
Co-content for catalysts prepared by the double-solvent tech-
nique and is attributed to more extensive crystal growth. The
morphology of the cobalt oxide species had a direct impact on
the pore volume (Pv) and surface area (SA) of the composites
and this, in tum affected the catalytic activity. For catalysts
prepared by the double-solvent technique, the activity was in
reverse proportion to the Co-content. This is attributed to
reduced Pv which limits the active SA available.

Keywords Supported cobalt oxide - Oxidation reaction -
Nanorod particles - Mesoporous silica SBA-15 -
Double-solvent - Spinel Cos0,

1 Introduction

The selective oxidation of alcohols and olefins is an
atom-efficient molecular transformation yielding epoxides,

J. Taghavimoghaddam - G. P. Knowles - A. L. Chaffee (&)
Schoal of Chemistry, Monash University, Clayton, VIC 3800,
Australia

e-mail: alan.chaffee @monash.edu

aldehydes, ketones and carboxylic acids that are valuable
intermediates for the fine chemical, pharmaceutical and
agricultural sector industries. These reactions are consid-
ered challenging from a ‘green chemistry’ perspective [1],
since many commonly used processes require stoichiome-
tric amounts of toxic heavy metal oxidants which, in turn,
result in significant amounts of waste products.

The use of heterogeneous catalysts to mediate the
reactions is of great importance since the catalysts can, in
principal, be separated and reused |2]. Typically, active
metals and/or oxides are dispersed on supports with high
surface area (SA), such as alumina [3], ceria [4], titania [5]
and carbon aerogel [6] to circumvent their low SA.
Recently mesoporous silicas such as SBA-15 and MCM-41
have been identified as promising catalyst supports due to
their tuneable and uniform pore structure together with
high SAs [7-9].

Various methods have been reported for dispersing
metal/oxides on mesoporous silica and other high SA
supports. Impregnation and ion-exchange are the most
conventional methods; impregnation generally results in
formation of large, aggregated particles on the external
surface of the mesoporous silica [9]. Ion-exchange gener-
ally results in the formation of very fine particles inside the
pores with relatively low metal loading [10]. Other meth-
ods of catalyst dispersion have recently been reported with
the aim of controlling the size of the particles inside the
pores. Strong electrostatic adsorption [11], results in
highly-dispersed, fine particles even at relatively high
metal loading. Molecular designed dispersion provides
high dispersion of metal oxide nanoparticles on the mes-
oporous silica SBA-15 [12]. Supercritical fluid decompo-
sition is reported as a promising method to nanocast metal
oxides homogeneously on mesoporous silica [13]. The
double-solvent technique is another new method, which
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seems to disperse metal oxide nanoparticles exclusively
inside the pores of mesoporous silica [14]. This latter
method consists of three steps: (i) the desired amount of
metal precursor is dissolved in water of volume equal to the
pore volume (Pv) of the support determined by N, physi-
sorption, (ii) mesoporous silica (SBA-15) is dispersed in an
alkane (n-hexane) to form a hydrophobic solution, (iii) the
metal aqueous solution is added to the hydrophobic solu-
tion dropwise and the mixture stirred for 2 h, then calcined
in air after filtration. It is reported that the type of the
hydrophobic solvent (alkanes) used in this method affects
the dispersion of the metal oxides on the support [15]. This
can be attributed to a difference in the interfacial tension
between water and various alkanes that can be used, as well
as to different adsorption enthalpies for various alkanes on
silica.

Supported cobalt oxide catalysts have previously been
used for oxidation of water, CO and NO [16-18], propane
[19], ethyl acetate [20], ethylbenzene and toluene [21, 22].
The gas phase oxidation of isopropylbenzene [23], styrene
epoxidation [24, 25] and methane combustion [26, 27]
have also been reported.

It has recently been reported that cobalt oxide supported
on SBA-15 can be applied to liquid phase oxidation of
cyclohexanol [28]. Mesoporous silica SBA-15 supported
cobalt oxide (Cos0,) composites with various Co-content
(nominally 5, 10 and 30 wt%) were prepared via the dou-
ble-solvent technique. Analogous catalysts with 5 wt%
(nominal) loading were also prepared by impregnation
(I) and adsorption (A). Here, the same Co-modified com-
posites are evaluated for a wider range of substrates. The
nature of the catalysts was also further investigated by DR
UV-Vis, SEM, HRTEM and STEM.

2 Experimental
2.1 Catalyst Preparation

SBA-15 was prepared using a general approach first
described by Stucky and co-workers [29]. Co-modified
composites (§Co-X, where X represents the nominal
Co-loading percentage) were prepared using the double-
solvent technique [26] with some modification. For com-
parison Co-modified composites were prepared by A and I.
Co(NO3),-6H,0 was used as the Co precursor in all cases.
The detailed preparation methods have been reported
elsewhere [28].

2.2 Characterization Techniques

N> physorption isotherms were obtained at —196 °C on a
Coulter Omnisorb 360-CX gas sorption analyser. Samples
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were outgassed at 150 °C overnight prior to analysis. Pore
volume, BET surface area [30], and the pore size distribu-
tion (BJH method) [29] were calculated for each data set.

Inductively coupled plasma mass spectrometry (ICP-
MS) was carried out using a GBC OPTIMAS 9500 ICP-
MS. Prior to measurement catalysts were digested with
HNO; and HF at 120 °C for 2 days to remove silica.

Scanning electron microscopy (SEM) was carried out
using a JEOL 7001F field emission gun SEM. Transmis-
sion electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) was carried
out using a JEOL 2011 transmission electron microscopy
equipped with a LaBg emitter (point resolution 0.21 nm)
and an accelerating voltage of 200 kV.

Diffuse reflectance UV-Vis (DR UV-Vis) spectra were
obtained at room temperature in air on a Cary 500 Scan
UV-Vis-NIR photometer over the range from 200 to
800 nm.

Gas chromatography (GC) was carried out on an Agilent
6850 gas chromatograph equipped with an FID detector
and a polar capillary column (BP20, 60 m x (.25 mm).
Gas chromatography-mass spectrometry (GCMS) was
carried out using an Agilent 5973 MS equipped (source
conditions: EI, 70 eV, 200 °C) using a 6890 series GC
system with a capillary column (HPS, 30 m x 0.25 mm).

2.3 Catalytic Tests

Liquid phase oxidation of organic substrates was per-
formed in a 100 mL flask. In each test 0.1 g of catalyst was
added to 5 mL of acetonitrile (ACN) and 20 mmol of
substrate. The oxidant, tert-butylhydroperoxide (TBHP)
(24 mmol) was then added dropwise over approximately
10 min. Reactions were carried out under reflux and
monitored by GC, withdrawing samples every 4 h up to
12 h, then again after 24 h. There was no attempt to
exclude atmospheric oxygen from the reaction.

3 Results and Discussion
3.1 Morphological and Chemical Characterization

The general morphological features of these catalysts have
been previously reported [28]. Low-angle X-ray diffraction
(XRD) confirmed the ordered hexagonal lattice of SBA-15
(P6 mm). The d-spacing between the (100) planes and the
cell parameter (ap = 2d;gg /\jS) were calculated to be
10.13 and 11.57 nm, respectively. It was also shown that
the porosity and hexagonal structure of the support
remained intact after Co-loading and also after calcination
for the various Co-loadings and preparative methods.
Wide-angle XRD and XPS established the presence of
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spinel Co;0, (JCPDF file 01-073-1701) as the dominant
crystalline Co phase.

3.1.1 N, Physisorption and ICP-MS

Table 1 details the textural parameters determined by N,
physisorption, including BET surface area, pore diameter
and Pv, together with the Co-content determined from ICP-
MS. Previously it was shown that, upon loading Co on
mesoporous silica SBA-15, some changes were distin-
guishable in the isotherms. As the Co-content increased:
(I) the volume of adsorbed N> decreased, (II) the capillary
condensation shifted to lower relative pressure and (III) a
shoulder developed on the desorption branch [28].

In addition, the SA, the total Pv and the micropore
volume are observed to decrease with increasing Co-
loading, indicating that cobalt oxide species exist within
the pores of SBA-15. However, the average pore diameter
did not change significantly suggesting that partial pore
blockage is occurring. Furthermore, the presence of the
shoulder on the desorption branch of both double-solvent
and impregnated composites [28] is consistent with this
cavitation phenomenon [31, 32].

3.1.2 Scanning Electron Microscopy (SEM)

Figure 1 shows SEM images of SBA-15 and selected
composites. SBA-15 exhibits a rope-like macrostructure,
consisting of rod-like subparticles with approximate length
of 1 pm and 250 nm in diameter. These subparticles
exhibit various forms (U-shaped, curved and straight),
which aggregate from end to end and/or side to side to form
a macrostructure [33]. On the smooth surface of the SBA-
15 subparticles parallel stripes can be observed, which are
attributed to the highly ordered channels. In addition, silica
plates/aggregates are formed randomly on the surface of
the subparticles (shown by dotted circles). It is thought

that, during SBA-15 preparation, these silica aggregates
formed during the hydrolysis and condensation steps, then
partially crystallized during the calcination step. [rrespec-
tive of Co-content, the macroscopic structure of the SBA-
15 as well as the subparticle morphology remained intact
after Co-loading onto the SBA-15 (Fig. lc, d).

3.1.3 Transmission Electron Microscopy (TEM)

Figure 2 shows TEM images of SBA-15 and selected Co-
modified composites. The images confirm that, in all cases,
the integrity of the channels remained intact after cobalt
was loaded inside the SBA-15 pores [34]. As discussed
previously [28], Cos0, filled sections of individual mes-
opores, forming nanorods, which aggregate along adjacent
pores as ‘patches’ [16]. The formation of patches can be
attributed to the nanorods being linked to each other via
Co50, bridges forming in originally micropores linking the
mesopore channels [35].

For the double-solvent technique there is a systematic
increase in the width and length of these patches with
increasing Co-content. It is also the case that, for lower
loadings, a number of the SBA-15 subparticles contain no
Co30, species [30]. However as the Co-content increased
to 30 wt%, very few ‘empty’ subparticles can be found
(Fig. 2e). Figure 2e also shows that the length of these
nanorods can exceed 400 nm. The HRTEM of SCo-30
shows the lattice fringes of cubic Co;0, (JCPDF file
01-073-1701) with (.24 nm spacing, which can be assigned
to (311) plane (Fig. 2e inset), consistent with the XRD data
previously reported [28].

In the case of SCo-5A, the patches are small relative to
the other composites and clearly located within the pores.
For SCo-5I, Cos0, patches occur inside the pores, but also
as clusters on the external surface [37] of the support
where, in some cases, they appear to block the pore aper-
tures [38].

Table 1 N, physisorption data obtained from SBA-15 and Co-modified composites

Sample BET SA (m” ¢ ')* Dp (nm)® V, (em® g )" Vi (em® gy Co (wt%)°
SBA-15 656 6.0 .86 0.26 -
SCo-5A 620 5.8 0.81 0.24 1
SCo-51 481 5.6 0.70 0.18 45
SCo-5 603 5.7 0.78 0.24 4.5
SCo-10 510 5.7 0.68 0.20 8
SCo-30 347 5.7 0.46 0.13 23
* Surface area
" Pare diameter
¢ Total pore volume (p/py = 0.9)
4 Micropore volume (p/py < 0.1)
 Actual Co-content
@ Springer
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Fig. 1 SEM images of
a, b SBA-15, ¢ SCo-5 and
d SCo-30

100 nm
—

Snm

Fig. 2 STEM image of a SBA-15 and TEM images b SCo-5A, ¢ SCo-5, d SCo-5I and e SCo-30
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When the morphology of supported catalysts is com-
pared, their ‘dispersion’ is usually considered. The dis-
persion of a catalyst is that fraction of the active
component, in this case Co30,, that is located at the par-
ticle surface and available for reaction. Thus smaller cat-
alyst particles have higher dispersion. In the present case,
the active component occurs as patches that (in most cases)
fill the pores of the support. The bulk of the Cos0y is
bounded by the silica walls rather than occurring as dis-
crete particles located on its surface. As such, the con-
ventional notion of dispersion seems inappropriate for
these materials. However, it is noted that the size of the
Co;0, patches clearly increases through the series in the
order SCo-5A < SCo-5 < SCoS5-I < SCo-30 following a
sequence that is analogous to reducing dispersion [28]. It is
reasonable to anticipate that such differences in the extent
of pore-filling and ‘dispersion-like’ character of the patches
between the catalysts will influence their relative activity
(see Sect. 3.1.5).

3.1.4 Diffuse Reflectance Ultra Violet—Visible
(DR UV-Vis) Spectroscopy

Figure 3 exhibits DR UV-Vis spectra of all the Co-modi-
fied composites. Two broad absorption bands are observed,
which are known to be characteristic for Co;0, [8]. The
first band at around 550-590 nm can be attributed to
octahedrally coordinated Co’* and the second peak at
around 715 nm is ascribed to the electronic ligand-field
*A5(F) = *T,(P) transition of Co®" in tetrahedral coordi-
nation [39]. As can be seen, with increasing Co-content the
center of the first absorption band shows a progressive red-
shift from 456 to 480 to 490 nm for SCo-5, SCo-10 and
SCo-30 respectively. These adsorption peaks are also red-

100 T Co |2+ (Td)

80 +

70 +
q Co**(oh)

KM (unit)

I S —— ——— e e e (0]
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 3 DR UV-Vis spectra of a SCo-30, b SCo-10, ¢ SCo-5, d SCo-
51 and e SCo-5A

shifted by 40-80 nm compared with the position reported
by Esposito et al. [39] for Co;0,4 supported on amorphous
silica. This significant red-shift can be mainly attributed to
the increasing size of the nanocrystals [40] in proportion
with the Co-content.

Furthermore, Bourikas et al. [41] found that the intensity
of the second absorption band, centered at around 700 nm,
was proportional to the crystallite size of Co;0, supported
on alumina. This is in good agreement with the results
obtained here. Since the second absorption band is attrib-
uted to Co>* in tetrahedral coordination, it is suggested that
there is also the possibility that the concentration of Co®*
species increases through the double-solvent series of
composites. This would be due to more extensive interac-
tion of the Co with the silica support, for example as cobalt
silicate.

The red-shift in SCo-5A and SCo-5I (425 nm) is less
than that in SCo-5, indicating that the particle size in these
two composites is smaller than that of SCo-5. Furthermore,
the intensity of the second absorption band in both com-
posites is much lower than those prepared by double-sol-
vent technique. which is evidence of less Co®" interaction
with the support.

3.1.5 Catalytic Properties

The catalytic activity of Co-modified composites was
evaluated for the oxidation of 1-phenylethanol, cyclohex-
anol, benzyl alcohol and norbornene in the presence of
TBHP as an oxidant (Fig. 4). Figure 5 plots the conver-
sions versus time of the Co-modified composites for the
oxidation of cyclohexanol to cyclohexanone and norborn-
ene to norbornene oxide. As can be seen, SCo-5A showed
the highest catalytic activity. It is noteworthy that this
catalyst has the lowest Co-content; however it also records
the highest SA, micropore and total Pvs (Table 1), which
suggests there is less pore blockage and, in turn, a greater
availability of active sites for catalytic reactions to occur.

Interestingly, the catalytic activity of the composites
prepared by the double-solvent technique was observed to
decrease in reverse proportion to the Co-content for both
reactions. This can be attributed to the systematic increase
in the degree of pore blockage upon increasing the Co-
content. Thus it is the poor availability of the active sites
due to the efficient isolation of the cobalt oxide within the

Catalyst 0.1 g
ACN 5ml

Substrate 20 mmol o
TBHP 20 mmol

Fig. 4 Reaction scheme for norbornene oxidation
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Fig. 5 Conversion percentage of a cyclohexanol and b norbornene

micro/mesopores of the SBA-15 which results in the low
activity of the more highly loaded catalysts. A similar
phenomenon was previously reported for SBA-15 and SiO,
supported cobalt oxide catalysts used for methane com-
bustion in the gas phase where the poor activity of the
highly loaded catalysts was likewise attributed to poor
accessibility of the cobalt oxide species [17, 26].

FFor the composite prepared by impregnation, SCo-5I, the
catalytic activity is slightly higher than SCo-30 for both
reactions. This composite showed the second lowest SA and
micropore volume. This can be assigned to the presence of
external clusters which aggregate on the aperture of the
pores, blocking them such that the reactants could not pen-
etrate and interact with the cobalt oxide within the pores.

As already discussed the concept of dispersion seems
somewhat inappropriate for catalysts of this type which
tend to fill the pores of the mesoporous support. Never-
theless it is the case that the catalyst activity decreases
through the series in the order SCo-5A > SCo-5 > SCo5-
I > SCo-30. This is the inverse of the order of increasing
patch size (see Sect. 3.1.3). So it is the case that the cata-
lysts with smaller patch size (higher dispersion-like char-
acter) exhibit higher activity. But, as the catalysts also
differ in terms of their absolute Co-loading (Table 1), it is
the pore blockage mechanism that seems to be more sig-
nificant in limiting the number of active sites available for
reaction. The dispersion of Co;0, catalysts can be deter-
mined by carbon monoxide chemisorption; however this
method was not available for the current study [42].

To confirm the catalytic effect of the cobalt oxide spe-
cies blank experiments were carried out using cyclohexa-
nol as substrate. Neat SBA-15 was used alone (without any
Co). Reaction was also carried out in the absence of any
solid substrate to check the oxidation activity of TBHP
in solution. In both cases the conversion was negligible
after 24 h, thus confirming the catalytic role played by the
cobalt [43].

@ Springer

% Conversion

100

90

80

70

60

50

40

30 sesemene SCo0-5

20 e §(C0-10

1 ——e==8Co-51
. - o = 5Co0-30
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

Figure 6a illustrates the conversion versus time for a
variety of different substrates catalyzed by SCo-5. Nor-
bornene is oxidized relatively fast compared to the other
substrates as might be expected due to the high reactivity of
the exposed double bond in the strained ring of this sub-
strate. A proposed mechanism of norbornene oxidation is
shown in Scheme 1. As the reaction proceeds, tert-butoxy
radicals form due to norbormene oxidation. These, in turn,
can react with TBHP to form tert-butylperoxy radicals and
tert-butanol as a by-product. As a result TBHP concentra-
tion is reduced and this, in turn, seems to have reduced the
rate of the reaction over time. Benzyl alcohol shows the
second highest activity early in the experiment. This can be
attributed to the reactivity of the benzylic hydrogen, the
relative stability of the intermediate benzylic radical and
the lack of steric hindrance in proximity to the active
functional group (relative to the other substrates in the
series). In this case the maximum conversion (100 %) was
obtained after 24 h. It is important to note that benzyl
alcohol was oxidized to both benzaldehyde and benzoic
acid. The selectivity to benzaldehyde is high early in the
experiment, but then reduces (Fig. 6b), indicating that
oxidation of benzaldehyde to benzoic acid occurs sequen-
tially. However, the GC results indicate the presence of the
TBHP after the completion of the reaction. Moreover, there
was insufficient TBHP present in the reaction mixture to
facilitate ‘double’ oxidation of the substrate through to
benzoic acid. This indicates that TBHP cannot be the only
oxidant and that oxygen from ambient air must contribute
to the oxidation.

Scheme 2 provides a proposed mechanism for benzyl
alcohol oxidation where, after initiation of the reaction by
TBHP (Eq. 3), the oxidation is propogated by reaction
between the hydroxybenzyl radical and O, (Eq. 5).
1-Phenyl ethanol shows a lower conversion rate than
benzyl alcohol and this can be attributed to greater steric
hindrance at the reaction site due to the presence of the
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Fig. 6 a Catalytic activity of SCo-5 in oxidation of various organic substrates and b percentage selectivity of the benzyl alcohol products

Initiation by Haber-Weiss decomposition of TBHP
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Scheme 1 Proposed mechanism for norbornene oxidation [44]
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methyl group on the benzylic carbon atom. GC analysis
showed that the rate of TBHP conversion was considerably
less than that of 1-phenylethanol, indicating that ambient
(0, must also have been involved in this oxidation.

The relatively low rate of cyclohexanol oxidation can be
associated with its inability to form a radical stable inter-
mediate upon H abstraction. GC analysis in this case
indicates that the TBHP consumption is nearly stoichio-
metrically equivalent to cyclohexanol conversion, sug-
gesting that the involvement of ambient oxygen is limited
under the condition employed here. It is interesting to note
that the reaction rate declines with time in a manner similar
to norbornene.

To evaluate the recyclability of the catalysts, the SCo-5
was recovered after the first run by filtration and washed
several times with acetonitrile, dried at 100 °C, then
reused. It was observed that the catalyst could be used up to
four times (cyclohexanol oxidation) without significant
change in its catalytic activity [28].

4 Conclusion

The integrity of the Co-modified composites remained
intact even after loading 30 wt% cobalt. The presence of
spinel Co;0, was determined previously by both XRD and
XPS and was further demonstrated in this study by
HRTEM. The morphology and dispersion of the Cos0,
nanorods on the support varied based on Co-content and
preparation method. These nanorods were extensively
formed inside the pores of SBA-15 and fully occupied
cross-sectional areas of the pores for the series prepared by
the double-solvent technique and by adsorption. The length
of the nanorods clearly increased in proportion to the Co-
content. As for the composite prepared via impregnation,
Co50, patches were found inside the pores and Co,0,
clusters on the external surface of the support.

The double-solvent technique was effective for prepar-
ing catalysts that have cobalt located inside the pores.
There was essentially no migration of the cobalt to the
external surface of the support as occurs with impregnation
(see below). However, as the Co-content increased the
activity of the double-solvent catalysts decreased; this is
attributed to pore blockage which limits the active SA
available. The composite prepared via adsorption showed
the highest catalytic activity. Although this material had
the lowest Co-content, there is no evidence of pore
blockage and it appears that most of this cobalt is available
to facilitate catalysis. The composite synthesized via
impregnation showed lower catalytic activity than com-
posites prepared by other methods with the same nominal
Co-loading. It also had the lowest SA and Pv of this group.
This is due to the formation of clusters on the external
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surface which causes pore blockage and hinders the inter-
action of the catalyst with the reactants [45, 46].

For the SCo-5 catalyst, the initial rate of substrate oxi-
dation was determined by the inherent reactivity (i.e.,
double bond > unhindered benzylic alcohol > sterically
hindered benzylic alcohol ~ aliphatic alcohol). The stoi-
chiometry observed for the reactions of the benzylic alco-
hols indicated that ambient oxygen must contribute to the
conversion of these substrates in addition to TBHP. The
SCo-5 catalyst could also be recovered and reused up to
four times without significant changes in activity.

Acknowledgments The authors acknowledge use of facilities with
the Monash Centre for Electron Microscopy. This research used
equipment funded by the Australian Research Council (RIEFP 99 and
ARC COE for Design in Light Metals, Massimo Raveggi (School of
Geosciences, Monash University) for 1CP-MS, Victor DeGuzman
(School of Chemistry, Monash University) for help with the estab-
lishment of GC methods. Financial support from the Australia
Research Council Discovery program and scholarship support from
the Monash Research Graduate School and the Faculty of Science,
Monash University (to JT) is gratefully acknowledged.

References

1. Abad A, Concepcion P, Corma A, Garcia H (2005) Angew Chem
Int Ed 44:4066—4069
2. Gonzilez-Arellano C, Corma A, Iglesias M, Sanchez F (2004)
Adv Synth Catal 346:1316-1328
3. Kim S-K, Thm S-K (2005) Top Catal 33:171-179
4. Kim K-H, Ihm 5-K (2011) J Hazard Mater 186:16-34
5. Tsoncheva T, Ivanova L, Minchev C, Froba M (2009) J Colloid
Interface Sci 333:277-284
6. Hardjono Y, Sun H, Tian H, Buckley CE, Wang S (2011) Chem
Eng J 174:376-382
7. El Haskouri J, Cabrera S, Gémez-Garcia CJ, Guillem C, Latorre
J, Beltran A, Beltrin D, Marcos MD, Amords P (2004) Chem
Mater 16:2805-2813
8. Takada S, Fujii M, Kohiki S, Babasaki T, Deguchi H, Mitome M,
Oku M (2001) Nano Lett 1:379-382
9. Xu X, Li J, Hao Z, Zhao W, Hu C (2006) Mater Res Bull
41:406413
10. Jarupatrakorn I,
124:8380-8388
11. Lambert S, Job N, D’Souza L, Pereira MFR, Pirard R, Heinrichs
B, Figueiredo JL, Pirard J-P, Regalbuto JR (2009) J Catal
261:23-33
12. Chmielarz L, Kustrowski P, Drozdek M, Rutkowska M, Dziem-
baj R, Michalik M, Cool P, Vansant E (2011) J Porous Mater
18:483-491
13. Aspromonte SG, Sastre A, Boix AV, Cocero MJ, Alonso E
(2012) Microporous Mesoporous Mater 148:53-61
14. Imperor-Clerc M, Bazin D, Appay MD, Beaunier P, Davidson A
(2004) Chem Mater 16:1813-1821
15. van der Meer J, Bardez-Giboire I, Mercier C, Revel B, Davidson
A, Denoyel R (2010) J Phys Chem C 114:3507-3515
16. Jiao F, Frei H (2009) Angew Chem Int Ed 48:1841-1844
17. Lopes 1, Davidson A, Thomas C (2007) Catal Commun
8:2105-2109
18. Irfan MF, Goo JH, Kim SD (2008) Appl Catal B 78:267-274
19. Solsona B, Davies TE, Garcia T, Vazquez I, Dejoz A, Taylor SH
(2008) Appl Catal B 84:176-184

Tilley TD (2002) J Am Chem Soc

139



Top Catal (2012) 55:571-579

579

20.

Tsoncheva T, Ivanova L, Rosenholm J, Linden M (2009) Appl
Catal B 89:365-374

. Ma H, Xu J, Chen C, Zhang Q, Ning J, Miao H, Zhou L, Li X

(2007) Ca;al Lett 113:104-108

. Szegedi A, Popova M, Minchev C (2009) J Mater Sci 44:

67106716

. Vetrivel S, Pandurangan A (2005) J Mol Catal A 227:269-278
. Zhan HJ, Xia QH, Lu XH, Zhang Q, Yuan HX, Su KX, Ma XT

(2007) Catal Commun 8:1472-1478

. Tang Q, Zhang Q, Wu H, Wang Y (2005) J Catal 230:384-397
. Laugel G, Arichi J, Bernhardt P, Moliére M, Kiennemann A,

Garin F, Louis B (2009) C R Chim 12:731-739

. Laugel G, Arichi J, Guerba H, Moliére M, Kiennemann A, Garin

F, Louis B (2008) Catal Lett 125:14-21

. Taghavimoghaddam J, Knowles GP, Chaffee AL (2011) J Mol

Catal A. doi: 10.1016/j.molecata.2012.02.014

. Zhao D, Huo Q, Feng J, Chmelka BF, Stucky GD (1998) J Am

Chem Soc 120:6024-6036

30. Zhao D, Feng J, Huo Q, Melosh N, Fredrickson GH, Chmelka

32.

(%)
(o

BF, Stucky GD (1998) Science 279:548

. Janssen AH, Yang CM, Wang Y, Schiith F, Koster AJ, de Jong

KP (2003) J Phys Chem B 107:10552-10556

Van Der Voort P, Ravikovitch PI, De Jong KP, Neimark AV,
Janssen AH, Benjelloun M, Van Bavel E, Cool P, Weckhuysen
BM, Vansant EF (2002) Chem Commun 1010-1011

. Zhao D, Sun J, Li Q, Stucky GD (2000) Chem Mater 12:275-279

34.

35.

36.

37.

38.

39.

40.
41.

43.

44,
45.

46.

140

Cheng M-Y, Pan C-J, Hwang B-J (2009) J Mater Chem
19:5193-5200

Tian B, Liu X, Yang H, Xie S, Yu C, Tu B, Zhao D (2003) Adv
Mater 15:1370-1374

Lopes I, El Hassan N, Guerba H, Wallez G, Davidson A (2006)
Chem Mater 18:5826-5828

Lanzafame P, Perathoner S. Centi G, Frusteri F (2007) J Porous
Mater 14:305-313

Martinez A, Lopez C, Mdrquez F, Diaz I (2003) J Catal 220:
486-499

Esposito S, Turco M, Ramis G, Bagnasco G, Pemice P, Pagliuca
C, Bevilacqua M, Aronne A (2007) T Solid State Chem 180:
3341-3350

Xu R, Zeng HC (2004) Langmuir 20:9780-9790

Bourikas K, Vakros J, Fountzoula C, Kordulis C, Lycourghiotis A
(2007) Catal Today 128:138-144

. Pope D, Walker DS, W-Halley L, Moss RL (1973) J Catal 31:

335-345

Garrido Pedrosa AM, Souza MIB, Melo DMA, Araujo AS,
Zinner LB, Fernandes JDG, Martinelli AE (2003) Solid State Sci
5:725-728

Koola JD, Kochi JK (1987) J Org Chem 52:4545-4553

Wolters M, van Grotel LIW, Eggenhuisen TM, Sietsma JRA,
de Jong KP, de Jongh PE (2011) Catal Today 163:27-32

Wang Y, Hou B, Chen J, Sun Y (2011) React Kinet Mech Catal
102:155-164

@ Springer



Monash University

Declaration for Thesis Chapter 3.4

Impact of low cobalt loading on the morphology and dispersion of crystalline Co3O4 patches supported on
SBA-15

Declaration by candidate

In the case of Chapter 3 the nature and extent of my contribution to the work was the following:

Nature of Extent of
contribution contribution (%)
Proposed original idea; prepared and analysed samples; identified major issues; 80%

developed interpretations; fully drafted papers and conclusions

The following co-authors contributed to the work. Co-authors who are students at Monash University must
also indicate the extent of their contribution in percentage terms:- ‘

Name Nature of contribution Extent of contribution (%)
for student co-authors only
Gregory P. Knowles | Aided method development (catalyst N/A

characterisation), input to interpretation of results,

input to manuscript revision

Alan L. Chaffee Supervision, assisted interpretations of resuits, N/A

editorial assistance

Candidate’s

Date
Signature '

WERIER .

Declaration by co-authors

The undersigned hereby certify that:

(1) the above declaration correctly reflects the nature and extent of the candidate’s contribution to this work,
and the nature of the contribution of each of the co-authors.

(2) they meet the criteria for authorship in that they have participated in the conception, execution, or
interpretation, of at least that part of the publication in their field of expertise;

(3) they take public responsibility for their part of the publication, except for the responsible author who
accepts overall responsibility for the publication;

(4) there are no other authors of the publication according to these criteria;

(5) potential conflicts of interest have been disclosed to (a) granting bodies, (b) the editor or publisher of
journals or other publications, and (c) the head of the responsible academic unit; and

(6) the original data are stored at the following location(s) and will be held for at least five years from the
date indicated below:

Location(s) School of Chemistry, Clayton Campus

Gregory P. Knowles
Alan L. Chaffee

141



3.4 Impact of low cobalt loading on the morphology and dispersion of the crystalline

Co30, patches supported on SBA-15

Jamileh Taghavimoghaddam, Gregory P. Knowles, Alan L. Chaffee*

School of Chemistry, Monash University, Victoria 3800 Australia

KEYWORDS Spinel Co304, Supported Co3;04, Two-solvent method, High dispersion, Pore

blockage.

Abstract Cobalt/SBA-15 composites with low Co-content (1 wt%) were prepared via the
“two-solvent” method and impregnation. The impact of the low Co-content and preparation
method on the morphology and dispersion of the resultant Co3O4 particles was investigated
using a variety of characterisation techniques (XRD, N, adsorption-desorption, ICP-MS, DR
UV-vis, FTIR, TEM and STEM). The Co3;04 patches that formed were smaller and better
dispersed throughout the support than for previously reported higher Co-content composites.
As a result, they exhibited better catalytic performance in the liquid phase oxidation of
cyclohexanol, benzylalcohol, 1-phenylethanol and norbornene, with tert-butylhydroperoxide
(TBHP). The composite prepared by the two-solvent method demonstrated better catalytic
activity compared to its analogues with the same Co-content prepared by the impregnation
and adsorption methods. This is attributed to less pore blockage by and better availability of

C0304 in this composite.

3.4.1 Introduction

Supported cobalt/cobalt oxides have drawn attention in a variety of catalytic applications [1].
Specific examples include methane combustion [2], oxidation of wide range of chemicals [3-
8] and the Fischer Tropsch synthesis [9]. The better catalytic performance of supported

cobalt/cobalt oxides relative to bulk forms is attributed to the high surface area over which
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the active species are better dispersed [10, 11]. Since the discovery of mesoporous silicas
MCM-41 [12] and later SBA-15 [13], these materials have been extensively investigated as
supports for heterogeneous catalysis [14, 15]. This is attributed to their high surface area
(SBA-15, 600-1000 m* g and MCM-41, 800-1400 m* g), tuneable pore size and high
thermal and hydrothermal stability [16]. The ultimate goal in heterogeneous catalysis is
usually to prepare catalysts with small particle size and high dispersion. This therefore
facilitates effective interaction between the reactants and catalytically active species [17, 18].
The preparation method and amount of metal loading, among other factors, affect the
particle’s size and their dispersion throughout the support [4, 19, 20]. It has been recently
reported that the two-solvent method results in formation of the metal oxide species which
are predominantly inside the pores of SBA-15 [21]. The confinement of the metal oxide
species inside the pores prevents sintering and as a results eliminates the formation of large
metal oxide particles which are relatively inactive for catalysis.

In previous studies we investigated the effect of various preparation methods and Co-loading
on the morphology and catalytic performance of the composites [8, 22]. It was observed that
regardless of the Co-content and preparation method the cobalt oxide, Co304, formed into
patches which were relatively evenly dispersed throughout the SBA-15. These patches were
comprised of nanorods with width and length proportional to the Co-content. These nanorods
fully occupied the cross section of the SBA-15 mesopores. Adjacent nanorods were also
interconnected to each other via nanosized cobalt oxide bridges which appear to fill what
originally was SBA-15 intrawall micropores [8].

When the two-solvent method was used to deposit the Co304 on SBA-15, the resulting Co-
content was approximately as expected (5 wt%, 10 wt% and 30 wt%). No particles were
formed on the external surface of the SBA-15. By contrast, the conventional impregnation

method resulted in the formation of the Co3;04 particles both on the external and internal
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surface of the SBA-15 with the predetermined Co-content (5 wt%) [8]. However using
adsorption as a method of preparation, due to the weak interaction between the support and
metal precursor, the actual Co-content (1 wt%) was much less than the amount available in
the aqueous synthesis solution (5 wt%) [8]. The resultant composite, referred to as SCo-1-A,
also contained all the cobalt oxide species within the mesopores of the SBA-15 support.

The catalytic activity of these composites was evaluated for the liquid phase oxidation of a
selection of alcohols and olefins. The activity of the series of composites prepared by the
two-solvent method was found to be in reverse proportion to the Co-content; that is the 5%
composite displayed the highest catalytic activity [8]. The poorer activity for higher Co-
content composites was attributed to pore blockage and, hence, poorer accessibility of the
active sites to the reactants in solution. The impregnated catalyst (Co 5 wt%) showed only
slightly higher catalytic activity than the poorest of the two-solvent composites (30 wt%).
This was attributed to the presence of aggregated inactive species on the external surface [8].
However, it was the composite prepared by adsorption that showed the highest catalytic
activity. This composite also had the lowest Co-content (1 wt%), highest surface area and
better dispersion of all those investigated.

Therefore it was of interest to investigate the morphology, dispersion and catalytic
performance of lower loading Co-composites prepared via (a) the two-solvent method and (b)
impregnation and to compare these with the composites reported previously, especially SCo-
1-A. For this purpose the same metal precursor, Co(NOs),.6H,0, was used to deposit 1 wt%
cobalt on the SBA-15. The composites were characterized using N, adsorption-desorption,
XRD, DR UV-vis, ICP-MS, FTIR and TEM and STEM. The catalytic performance of the
Co-composites was investigated for liquid phase oxidation of cyclohexanol, 1-phenylehtanol,
benzyalcohol and norbornene in the presence of TBHP and the conversion of the products

was monitored using GC and GC-MS.
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3.4.2 Experimental
3.4.2.1 Preparation of SBA-15 and Co-composites

The detailed procedures used to prepare SBA-15 and Co-composite materials via the two-
solvent and impregnation methods have been reported elsewhere [8]. In this work the
composite prepared via the two-solvent method is referred to as SCo-1. The composite

prepared by impregnation is referred to as SCo-1-1.

3.4.2.2 Characterization techniques

Low-angle and wide-angle powder X-ray diffraction patterns were obtained with a Bruker D8
Focus powder diffractometer with a monochromatic CuK, source radiation (1 = 1.5406 A)
operated at 40 kV and 30 mA over 26 range of 0.4-4° and 15-80° respectively. Data in the 20
range of 0.4-4° was collected with a step size of 0.02° and a step time of 0.1° min™. Data in
the 26 range of 15-80° were collected with step size of 0.02° and step time of 1° min™.
N>-adsorption-desorption isotherms were obtained at 77 K on a Micromeritics TriStar I 3020
surface area and porosity analyser. Samples were outgassed at 150 °C overnight prior to
analysis via Micromeritics VacPrep 061. The BET surface area [13] was calculated from
relative pressure (p/po) data points in the range 0.046-0.304. The pore size distribution, PSD
using the BJH method [23] was calculated from the desorption branch.

Fourier transform infrared (FTIR) spectra were collected from a BIO-RAD FTS 40
spectrometer. The materials were diluted 3/300 in dry KBr. The mixtures were further dried
at 110 °C (4-6 hours), then pressed into pellets (under vacuum) immediately prior to analysis.
Inductively coupled plasma mass spectrometry (ICP-MS) was carried out using a GBC
OPTIMAS 9500 ICP-MS. Prior to the measurement all the catalysts were digested with
HNOj; and HF to remove silica [24].

Diffuse reflectance UV-vis spectroscopy (DR UV-Vis) was carried out using a Cary 5000 UV

visible spectrophotometer, fitted with the diffuse reflectance accessory.
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Transmission electron microscopy (TEM) was carried out on a JEOL 2011 transmission
electron microscope equipped with a LaBs emitter (point resolution 0.21 nm) and an
accelerating voltage (200kV). Fast Fourier Transform (FFT) analyses of TEM images are
carried out by the image analysis software, Gatan Digital Micrograph.

Scanning transmission electron microscopy (STEM) was carried out on a JEOL 2100F
transmission electron microscope equipped with a high angular annular dark field (HAADF)
detector (camera length 10 cm and 0.5 nm probe).

Gas chromatography (GC) was carried out on a Varian 3700 gas chromatograph equipped
with an FID detector, a 30 m polar capillary column (SGE 30QC5/BP20 1.0u, ID 0.53 mm)
and an Agilent EZChrom Elite (version 3.2.1) data system. Gas chromatography-mass
spectrometry (GCMS) was carried out on an Agilent 5973 Network MS equipped with a 6890

series GC system (source conditions: EI, 70 eV, 200 °C).

3.4.3 Catalytic tests

Liquid phase oxidation of cyclohexanol, 1-phenylethanol, benzylalcohol and norbornene was
performed in a round bottom flask. In each test, 0.1 g of the catalyst (0.001 g cobalt) was
added to the acetonitrile (5 mL) containing the organic substrate (20 mmol) and
chlorobenzene (200 pL as an internal standard). The solvent mixture was brought to reflux
temperature (83 °C), after which the oxidant, TBHP (24 mmol), was added dropwise over
approximately 10 minutes. All the reactions were carried out without attempting to exclude

air and monitored by GC, withdrawing samples every 4 h up to 24 h.

3.4.4 Results and discussion

Fig.1 A shows the low-angle XRD patterns of both SBA-15 and the Co-composites prepared
by the two-solvent method (SCo-1) and impregnation (SCo-1-I). Three well-resolved
diffraction peaks, indexed to the (100), (200) and (110) planes in the range of 20 = 0.5-4°,
were observed for all the composites [25]. These are indicative of high quality SBA-15 [13].
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Since the XRD patterns for the composites resembled that of pure SBA-15, it is concluded
that the structural integrity of the SBA-15 remained intact upon Co-loading via both methods.
The d-spacing between the (100) planes is 9.01 nm, the cell parameter and wall thickness
were calculated to be 10.41 nm, 4.3 nm, respectively. The intensity of the first diffraction
peak decreased after loading cobalt, which suggests that the degree of periodicity of the Co-
composites was decreased. As shown by TEM images (see below), after Co-loading pores
were filled unevenly, some pores were filled and some left empty, consistent with this lower
periodicity[26]. However, the cell parameter value of the Co-composites did not alter after
Co-loading, suggesting that no further shrinkage in the support structure occurred during the

calcination of the composites.
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Figure 1. XRD patterns of SBA-15 and Co-composites (A) low-angle and (B) wide-angle

The wide-angle XRD patterns were collected over the range 20=15-80° for SBA-15 and the
composite materials (Fig.1 B). A broad peak is observed at 15<20<25° for all the samples,
which is attributed to the amorphous silica of the SBA-15 walls. No further diffraction peaks
are observed for SBA-15 [27]. The XRD patterns for SCo-1 and SCo-1-I exhibited only very
weak diffraction peaks at around 26=35.5°. This peak is characteristic of spinel Co30s4,
(JCPDF file 01-073-1701) with space group Fd3m [28]. Thus presence of this weak peak

suggests the formation of some crystalline Co3;O4. However the absence of any other
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diffraction peaks as well as the very low intensity of this characteristic peak can be attributed
to very small Co3;O; crystal size [29] and/or high dispersion of the crystals on the support
[30]. The same behaviour (very weak diffraction pattern) was observed previously for SCo-1-
A [8].

Fig.2 A displays the N, adsorption-desorption isotherms of the SBA-15 and Co-composites.
These are type IV isotherms with H1 hysteresis loops according to the IUPAC classification
[31]. This profile is associated with 2-D hexagonal channels in mesoporous silica SBA-15
[13]. The presence of hysteresis and the sharpness of the inflection over the relative pressure
range 0.45-0.8 is characteristic of the mesoporous silica with a narrow PSD. The textural
properties of the SBA-15 and all the Co-composites are summarized in Table 1.

Upon Co-loading, regardless of the preparation method, less N, was adsorbed on the surface
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Figure 2. N, adsorption-desorption (A) and PSD (B) of SBA-15 and the Co-composites

of the composites. Furthermore, the capillary condensation was shifted to the lower relative
pressure with the hysteresis loops being slightly broader. The broadness of the hysteresis
loops compared to the pure SBA-15 suggests that the PSD in the Co-composites is somewhat
broader than that of the pure SBA-15 [32]. The decrease in surface area and pore volume in
the Co-composites compared to the pure SBA-15 suggests the formation of the particles

inside the pores. It is also noteworthy that upon Co-loading the volume of adsorbed N, in the
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micropore region (p/pp<0.05) decreased noticeably. This suggests that a fraction of
micropores were blocked upon formation of Co304 inside the mesopores.

Pore volume of the Co-composites decreased by 0.3 cm’ relative to the pure SBA-15. This
decrease cannot be simply attributed to the pore filling. This is because the calculated volume
occupied by Co304 (based on the assumption that all the deposited cobalt is in the form of
Co0304) would be about 0.002 cm’ , considering that the density of Co3041s 6.11 g cm™. Thus
the actual decrease in the pore volume is approximately 140 times more than that which
could be expected if Co;04 was perfectly crystallized within the pores. This suggests that
there is probably a significant pore blockage, such that the formation of the Co304 at one or
both ends of the pores hinders N, from entering the pores (Fig.3). In this case the volume
exists between two Co304rods is inaccessible and considered as an occupied volume.
Furthermore, a shoulder is observed on the desorption branch of SCo-1 at a relative pressure
p/po = 0.45. A similar behavior was observed previously for zirconia supported on SBA-15
and attributed to partial pore blockage (cavitation) phenomenon [33]. It is suggested that the
cobalt oxide nanorods grew against the silica walls such that the pore volume between the
two cobalt oxide particles were accessible via a narrow pore neck (Fig.3). Therefore, nitrogen
desorption from empty pores occurred at the relative pressure p/p=0.6. However partially
blocked pores showed delayed N, desorption until the vapor pressure was reduced such that
the condensed N, transformed into gas (p/po=0.45) at which point desorption took place [34].
The cavitation phenomenon was not observed either for SCo-1-1 or SCo-1-A. This can be
attributed to the absence of the pores with partial blockage [8].

Table 1. Textural properties of SBA-15 and the Co-composites

Sample BET(m” g)* Dp (nm)” Vi(em® g")° Co wt%®
SBA-15 947 6.5 1.15 -

SCo-1 601 5.8 0.84 1.00
SCo-1-1 586 6.1 0.83 1.00

a: surface area, b: pore diameter, c: total pore volume and d: the actual Co-content
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The PSD of all the samples is shown in Fig.2 B with SBA-15 displaying a narrow PSD
centred at 6.5 nm. As for Co-composites both the SCo-1-I and SCo-1 showed slightly broader
PSD compared to the pure SBA-15. However in the case of SCo-1 a small fraction of pores
have a pore diameter of about 4 nm which is in agreement with the occurrence of some
partially blocked pores. It can be seen that for both Co-composites, irrespective of
preparation method, the centre of the peak slightly shifted to a lower pore width. This
indicates the decrease in the average pore diameter after the formation of Co3;0;, inside the
pores of the support. The Co-content for both composites was calculated using ICP-MS and

the results are summarized in Table 1. The PSD of SCo-1-A resembled that of SCo-1-I [8].
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Figure 3. Diagram of blocked and Figure 4. DR UV-vis spectra of Co-
partially blocked pores composites

Fig.4 presents DR UV-vis spectra of SCo-1 and SCo-1-I. In both cases, three distinct peaks
centred at around 240 nm, 440 nm and 720 nm are observed. The first peak is associated with
O” to Co’" charge transfer, while the 2" and 3™ peaks are attributed to the d-d electron
transitions of Co’" (d®) and Co®" (d”) in octahedral and tetrahedral co-ordination states,
respectively [35-37]. The second peaks (440 nm) in this work demonstrate a blue shift
relative to the composites with higher Co-contents prepared by the two-solvent method [22].
This blue shift is attributed to the presence of relatively smaller Co3;04 particles in SCo-1 and
SCo-1-I compared to the higher Co-content composites [22, 38]. The DR UV-vis spectra of
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SCo-1, SCo-1-I1 and SCo-1-A [22] are all at a very similar wavelengths since the Co3;04
particles in all these composites are of very similar size.

The intensity of the second peak (720 nm) relative to the first peak (440 nm) for these low
Co-content composites is lower relative to those reported previously with higher Co-content
(221 This suggests that the proportion of tetrahedral Co®" in these composites is reduced
relative to the higher Co-content catalyst composites reported previously. These tetrahedral
Co”" species are usually thought to strongly interact with the silica of the support, and
therefore be relatively ineffective for catalytic activity P°.

Fig.5 shows the FT-IR spectra of SBA-15, SCo-1 and SCo-1-1. In all spectra, the adsorption
bands at around 3500 and 1670 cm™ can be attributed to the H-bonded OH groups on the
surface and also —OH bonds of the adsorbed H,O (stretching and deformation respectively).
The adsorption bands at 1100, 841 and 482 cm™ are due to the stretching vibrations of
siloxane groups -(SiO),- [40]. However, the stretching vibration of either Si-OH or Si-O-Si is
observed at 960 cm™. The two additional adsorption bands with low intensity at around 590
cm™ (D)) and 680 cm™ (D ,) are observed for both Co-composites. These bands are

attributed to Co®"-O vibrations in tetrahedral and Co’"-O vibrations in octahedral of spinel

C0304, respectively [41].
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Fig.6 displays STEM and TEM images of both SCo-1 and SCo-1-I. It is clear that the

integrity of the SBA-15 structure is preserved after Co-loading via either preparation method.
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The honeycomb structure, (Fig.6 D, dotted line) as well as highly-ordered cylindrical
channels can be observed with the electron beam parallel and perpendicular to the pores of
the SBA-15, respectively [42, 43]. The pore diameter and the wall thickness of the channels
were calculated from the TEM images and are approximately 6.8 nm and 3.5 nm,
respectively. This is in agreement with the results obtained from the low-angle XRD and N,

adsorption-desorption.

| 200 nm |

Figure 6. TEM and STEM images of (A, B) SCo-1 and (C, D) SCo-1-I
Upon Co-loading, the Co304 nanorods can be seen to be accommodated in adjacent pores to
form patches which are homogeneously dispersed throughout the SBA-15. The formation of
these patches were reported previously by our group [8, 22] and Jiao et al [44]. Small bridges

can be observed (white arrows) within the patches, which appeared to connect the nanorodes

in the adjacent pores randomly. The presence of the micropores is known to be associated
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with extended growth of the Co3Oj4 crystallites (patches) within SBA-15 at sufficiently high
calcination temperature [22, 44].

The average patch size of SCo-1 is just slightly smaller than for SCo-1-1. The average width
and length of the patches in SCo-1 range between 25-35 nm and 30-45 nm and those for SCo-

1-I are 30-35 nm and 40-50 nm, respectively. These results are well-correlated with the N,

Figure 7. HRTEM images of (A) SCo-1-I and (B) SCo-1

adsorption-desorption results, which indicates slightly less pore volume and surface area for
SCo-1-I compared to SCo-1. The formation of Co30O4 patches on the aperture of the pores in
SCo-1-I (Fig.6 C, black circles) is evident. The Co304 patches of SCo-1 and SCo-1-I have
similar size and dispersion to SCo-1-A, reported previously [8]. The lattice fringes of cubic
Co304 (JCPDF file 01-073-1701) nanorods can be observed in HRTEM images. The lattice
spacing in the Co3O4 was measured using FFT analysis (Fig.7 A and B inset) to be 0.15, 0.24,
0.28 and 0.4 nm assigned to lattice planes (511), (311), (220) and (111) planes, respectively.
These observations are consistent with the XRD results.

The catalytic performance of SCo-1 and SCo-1-I was evaluated for the oxidation of organic

substrates (norbornene, benzylalcohol, 1-phenylethanol and cyclohexanol) in the presence of
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TBHP as an oxidant and/or initiator. The products were identified qualitatively and
quantitatively using GC-MS and GC, respectively withdrawing samples every 4 h until 24 h.
As shown in Fig.8 A and B the catalytic performance of SCo-1 is slightly higher than SCo-1-
I for norbornene and benzylalcohol oxidation during the first 8 h. This is attributed to more
Co0304 being available to the reactant in the former case. The presence of the pores which are
only partially blocked could increase the catalytic activity of SCo-1 relative to SCo-1-1.
Among the organic substrates in this work norbornene is the most reactive. This is attributed
to the presence of the exposed double bond in the strained ring of norbornene. Benzylalcohol
is the next most reactive substrate due to the lack of steric hindrance at its reactive centre
relative to 1-phenylethanol and the relative stability of the benzylic radical intermediate [22].
It is interesting that benzylalcohol is oxidized first to benzaldehyde and then on to benzoic
acid. For a stoichiometric reaction this requires 40 mmol of TBHP whereas only 24 mmol
was provided. Moreover after the completion of the catalytic oxidation reaction the GC
results indicated the presence of a considerable amount of residual TBHP. This suggests that
TBHP was not the only oxidant in this reaction and that oxygen in air must have contributed

as co-oxidant.
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Figure 8. Catalytic evaluation for liquid phase oxidation of organic substrates (A) SCo-1 and
(B) SCo-1-1. Percentage selectivity of the benzylalcohol products over (C) SCo-1 and (D)

SCo-1-1

The mechanism by which aerial oxygen is thought to participate in the catalytic reactions is
elaborated elsewhere [22]. To confirm this mechanism, the oxidation of benzylalcohol was
carried out under the same condition, but using an inert atmosphere (N;) with SCo-1 as the
catalyst. The results, shown in Fig.9, indicate the total conversion after 24 h of catalytic
reaction under inert atmosphere is slightly higher than 20 %, which is five times less than that
obtained in air. The conversion in this inert atmosphere reaction was found to be
stoichiometric (equivalent to TBHP consumption), thus demonstrating the importance of
oxygen for obtaining high conversions. In the light of these results it can be suggested that

TBHP behaves more as an initiator under the standard reaction conditions [45].
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Fig.8 C and D show how the selectivity to the products benzaldehyde and benzoic acid
progresses in the catalytic oxidation of benzylalcohol. After 4 h of reaction, benzaldehyde
slightly dominated benzoic acid in the product mixture which suggests the presence of a
parallel mechanism [22]. As the oxidation progressed, benzaldehyde diminished and benzoic
acid became the dominant product. Through this parallel reaction mechanism, atmospheric
oxygen promoted the oxidation of either benzylic radical or benzaldehyde to the benzoic acid
[22]. Finally, after 24 h the complete conversion to benzoic acid was obtained.
For 1-phenylethanol, SCo-1 showed higher catalytic performance than SCo-1-I. In the first 4
h of the reaction, the catalytic performance of both catalysts was nearly the same. However as
the reaction continued SCo-1 displayed higher catalytic performance relative to SCo-1-1. This
can be attributed to the less pore blockage and better availability of Co3O4 in the case of SCo-
1. Similar observations were obtained for cyclohexanol oxidation over SCo-1 and SCo-1-I.
When comparing the catalytic performance of these two composites with SCo-1-A for
cyclohexanol oxidation, the composite prepared via the two-solvent method, SCo-1, showed
the highest catalytic performance [8]. This catalyst also contained some partially blocked
pores. This suggests that the pore structure of SCo-1 enabled better interaction between
Co0304 and the reactants relative to both SCo-1-I and SCo-1-A.

The longevity of the catalyst SCo-1 was evaluated by recovering the catalyst from the

reaction media via filtration. The catalyst was then washed several times with acetonitrile and
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dried at 100 °C and added to a fresh reaction mixture. For SCo-1 the catalytic active for

cyclohexanol oxidation retained its activity through four of these cycles.

3.4.5 Conclusion

Low Co-content composites were prepared using the two-solvent method and impregnation.
XRD patterns displayed a very low intensity characteristic diffraction peak associated with
spinel Co3O4. This suggests a high dispersion of the Co3;0, particles throughout the support.
DR UV-vis and FTIR further confirmed the presence of tetrahedral Co®" and octahedral Co>"
in the spinel structure. N, adsorption-desorption analysis suggests the formation of Co3;04
particles inside the pores of the SBA-15 while the TEM images of both composites also
confirmed this.

These Co-composites were used to catalyse oxidation of selected organic substrates in the
presence of TBHP as an oxidant and/or initiator with atmospheric oxygen as the co-oxidant.
SCo-1 showed higher catalytic performance than SCo-1-I and this can be attributed to better
dispersion, smaller patches and more available Co3O4 on the support. The -catalytic
performance of SCo-1 is relatively higher than SCo-1-A which was reported previously. This
is attributed to the occurrence of the partial pore blockage in the latter composite. As a result
the Co3;04 1s more available to the reactants within SCo-1 than within SCo-1-A. SCo-1 can
also be reused at least three times without significant change in its catalytic performance.
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3.5 Appendix

3.5.1 Wide-angle XRD

Figure 1 shows the wide-angle XRD patterns of SBA-15 supported Co304 (30 wt%)
calcined at different temperatures. The characteristic peaks of Co304 can be observed even
when the calcination temperature was as low as 200 °C. This is attributed to the
decomposition of (NO3 )- ions which apparently occurred before 200 °C [1]. The intensity
and the broadness of the peaks did not change noticeably, which suggests that the particles
size remained roughly the same for the composites calcined at different temperatures. It is
suggested that since Co304 nanorods were formed inside the adjacent pores, with in the

confinement of silica walls, increasing the calcination temperature did not affect their crystal

size due to the aggregation.
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Figure 1. Wide-angle XRD patterns of SCo-30 calcined at different temperature

3.5.2 Scanning transmission electron microscopy and elemental mapping

Figure 2 shows the STEM and elemental mapping profiles of SCo-5 and SCo-30. The
growth of Co30O4 nanorods in the adjacent pores of SBA-15 can be clearly observed in both
cases. These rods are connected to each other through bridges, which were originally
micropores, and have formed patches. The patches are evenly dispersed throughout the
support. The length and width of the patches are proportional to the Co-loading. It is clear
that the composite with 30 wt% Co-loading has more extensive patches than Co-composite

with 5 wt% Co.
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The elemental mapping profiles for these Co-composites confirmed that the patches consist

of cobalt with a patch size that increases with the Co-loading.

30 % Co

Figure 2. STEM images and elemental mapping of SCo-5 and SCo-30

3.5.3 Reference
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Chapter 4

SBA-15 supported cobalt
oxide from CoCl,.6H,0

SCo(Cl)30-BC
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4.1 General overview

Chapter four comprises of two publications; a communication paper and a full paper. This
chapter also contains an appendix with supplementary information which was not included in
the publications however validates the results which were discussed in the journal articles in

this chapter.

Publication 1, (section 4.2) concerns the preparation of highly dispersed cobalt oxide
species supported on SBA-15, using CoCl,.6H,0 as cobalt precursor, via the two-solvent-
method. Co-composites with various Co-loadings (5 wt%, 10 wt%, 20 wt%, 30 wt% and 40
wt%) were prepared. Regardless of the preparation method the Co-composites displayed a
blue coloration with intensity proportional to the Co-loading. At higher loadings (> 30 wt %
Co) unexpected morphological changes were observed upon calcination. These changes
resulted in collapse of the highly ordered (SBA-15) channels of the support, however the
cobalt remained highly dispersed throughout the support. DR UV-vis and XPS analyses
suggest that the cobalt exists as Co®* in a tetrahedral co-ordination, consistent with the

aforementioned blue coloration.

Publication 2, (section 4.3) concerns the preparation of a series of Co-composites in which
SBA-15 type silica was loaded with CoCl,.6H,0 via the two-solvent method, impregnation
or adsorption. These Co-composites were prepared to investigate the effects of the cobalt
precursor, preparation method and Co-loading on the final composites morphology and
catalytic activity. The use of CoCl,.6H,0 as the precursor always resulted in blue composites
with highly dispersed cobalt throughout the support after calcination. Thus, there appears to
be strong interaction between Co®* and the oxygen of the silica walls, but this cobalt is
amorphous (non-crystalline). All the Co-composites in this study demonstrated high activity
in the liquid phase oxidation of cyclohexanol with TBHP. Some cobalt leakage was observed
in this system such that it might appropriately be described as a mixed heterogeneous-
homogeneous system. The Co-composites prepared from CoCl,.6H,O exhibited higher
catalytic activity than those prepared from Co(NO3),.6H,0 (chapter 3). This can be attributed
to the higher dispersion of active species in the former composites and/or the leakage of

cobalt into the solution.

Appendix 4.4 contains % Si MAS-NMR obtained from SBA-15 and Co-composites with 5

w%, 10 wt% and 30 wt% Co-loading respectively. The information in the appendix has not
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been presented in the publications; however it supports the logic and conclusions reached in

the published work.
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4.2 Cobalt precursor impact on the dispersion and morphological development

of SBA-15 supported cobalt oxide species

Jamileh Taghavimoghaddam?, Tim Williams®, Alan L. Chaffee®
4School of Chemistry, Monash University, Victoria 3800 Australia

PMonash Centre for Electron Microscopy, Monash University, VIC 3800, Australia

ABSTRACT: Highly dispersed cobalt oxide species supported on SBA-15 were
obtained when CoCl,.6H,O was loaded using the two-solvent method. At higher
loadings (> 30 wt % Co) unexpected morphological changes were observed upon
calcination. These changes resulted in distortion of the pore periodicity, nevertheless the
Co remained highly dispersed throughout the resulting composite due to the strong
interaction with the silica support. The composite materials had a blue coloration with
intensity proportional to the cobalt loading. This feature, together with evidence from
DR UV-Vis and XPS analyses, suggests that the cobalt exists as Co”" in a tetrahedral

co-ordination.

KEYWORDS: Mesoporous silica SBA-15, Morphology, Cobalt oxide, Dispersion,

Structural transformation

4.2.1 Introduction

Interesting composite materials can be prepared by introducing metal precursors into
the pores of ordered mesoporous silicas such as HMS [1], MCM-41 [2] and SBA-15
[3]. The subsequent calcination or reduction of the as-synthesized materials forms the
corresponding metal or metal oxide. In such systems the silica substrate provides high

surface area on which metal or metal oxide particles can be dispersed to provide highly

! Corresponding author. Tel.:

E-mail address: | (A |- Chaffee).
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accessible active sites. This property offers a wide range of applications in the
nanotechnology field, such as removal of volatile organic compounds [4] and catalysis
[5]. Among mesoporous silicas SBA-15 has attracted considerable attention due to its
relatively high surface area (600-1000 m? g™). larger pore diameter and thicker pore
walls (5-30 nm) [6].

Cobalt oxides bulk or supported have wide range of applications which make them
an interesting field of research in both industry and academia. They have been used to
catalyse Fischer-Tropsch synthesis [7], NOx reduction [8] and various oxidation
reactions [4, 9, 10] . They have also been exploited in sensors [11], magnetic

nanomaterials [12] and electrodes in supercapacitors [13].

We have recently reported a thorough investigation on the impact of loading cobalt
oxide onto SBA-15 via various techniques [14, 15]. In these cases Co(NO3),.6H,0 was
used as the metal precursor. When the cobalt was deposited into the SBA-15 channels
via the ‘two-solvent” method [16], the formation of Co3;O,4 patches that were comprised
of nanorods interconnected through the SBA-15 micropores was observed [15, 17].
These nanorods filled the individual mesopores of the SBA-15, while its morphology
was preserved. As the loading of Co was increased the mesopores became increasingly
filled with Co. This was clearly evidenced by decrease in the surface area and pore
volume of the composites relative to the pure SBA-15 [15].

In extending our investigations to employ other cobalt precursors, CoCl,.6H,O was
“nanocast” into the pores of SBA-15, using the “two-solvent” method [16]. The
structural and chemical properties of the composites were probed by scanning electron
microscopy (SEM), high angle annular dark field (HAADF) STEM, elemental mapping,
diffuse reflectance ultraviolet-visible spectroscopy (DR UV-Vis) and X-ray
photoelectron spectroscopy (XPS). This communication reports unexpected changes in
the composite structure at cobalt loadings > 30 wt% only if CoCl,.6H,O was used as the

metal precursor.

4.2.2 Experimental
4.2.2.1 Material preparation

Synthesis of SBA-15 was carried out using the method first described by Zhou and
co-workers [3]. All the cobalt composites were prepared using the two-solvent method
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[16] with a slight modification. In this method SBA-15 was first dispersed in n-hexane
(hydrophobic solution) and stirred for 15 min. Then the desired amount of the metal
precursor, Co(NOj3),.6H,O or CoCl,.6H,0, was dissolved in water of a volume
corresponds to the pore volume of the SBA-15 determined by N, adsorption-desorption.
This aqueous solution was then added drop-wise to the hydrophobic solution and the
mixture stirred for 15 min. Next, the mixture was sonicated for 15 min and stirred for
further 2 h. The solid was recovered by filtration and air dried overnight. Finally the
composite was calcined by heating in air at 2 °C min, then holding at 700 °C min™ for
6 h.

4.2.3 Characterization methods

N,-physorption isotherms were obtained at -196 °C on a Coulter Omnisorb 360-CX
gas sorption analyser. Samples were outgassed at 150 °C overnight prior to analysis.
Pore volume, BET surface area and the pore size distribution (PSD) (BJH method) were

calculated for each data set.

Scanning electron microscopy (SEM) was carried out using a JEOL 7001F field

emission gun scanning electron microscope.

Scanning Transmission Electron Microscopy (STEM) was carried out using a JEOL
2100F microscope equipped with a high angular annular dark field (HAADF) detector
(camera length 10 cm and 0.5 nm probe) to collect elemental mapping profiles.

Diffuse reflectance UV-Vis (DR UV-Vis) spectra were measured at room temperature
in air on a Cary 500 Scan UV-Vis—NIR photometer over the range from 200 to 800 nm.

X-ray photoelectron spectroscopy (XPS) was conducted at the Australian
Synchrotron with a SPECSlab2 spectrometer using an Al Ka X-ray source (1486.8 eV)
at the constant analyzer pass energy 40.0 eV. Binding energies are referenced to the
carbon 1s peak (BE = 284.5 eV) arising from adventitious carbon.

4.2.4 Results and discussion
Fig.1 demonstrates the SEM images of both the SBA-15 and all the cobalt
composites prepared either from Co(NO3),.6H,0 or CoCl,.6H,0. It can be seen that the

individual particles of the composite materials are typically 1 um long and 300 nm

wide, very similar to the SBA-15 support material itself (Fig. 1a). They often have a

169



straight, curved or even U-shaped appearance (Fig. 1b-d). These overall particle
dimensions are common to all composites regardless of Co loading or precursor.

Figure 1. SEM images of (a) SBA-15, (b) SCo-5(Cl), (c) SCo-5(N), (d) SCo-30(N), (e)
SCo-30(Cl) before calcination and (f) SCo-30(Cl). Labels: S — refers to support; 5, 10

and 30 refer to Co loading; (N) refers to nitrate precursor, (CI) refers to chloride

precursor.

When Co(NOs),.6H,O was used as the metal precursor, the morphology of the
support was preserved even at Co loading as high as 30 wt% (Fig. 1 ¢ and d). This
preservation in the support structure is common to the composites prepared from
CoCl,.6H,0 at Co loadings less than 30 wt%. However, to our surprise, at higher Co
loadings > 30 wt% a significant structural transformation occurred during calcination.
As can be seen in Fig. le, the overall size and shape of the individual particles was
maintained, however the morphology within the individual particles changed
significantly. This new morphology appears as a continuous surface with randomly
distributed cavities approximately 20 nm in diameter. The surface area of this new
morphology was 47 m2.g™, considerably less than the values of 655 m®.g™ determined
for the precursor SBA-15.

Fig.2 demonstrates the STEM images and elemental mapping profiles of the
composites prepared from either Co(NO3),.6H,0 and CoCl,.6H,0. At Co loadings of
1-20 wt% (CoCl,.6H,0) the cobalt oxide species did not aggregate into patches but
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were evenly dispersed throughout the SBA-15 matrix (Fig. 2a). In these cases, the SBA-
15 micro/mesopore structure remained intact after calcination and the channels can be
seen on the surface of the SBA-15 particles (Fig. 1b). The surface area and porosity of
these composites was approximately inversely proportional to the Co loading. The
cobalt dispersion remains similarly high, even in the morphologically transformed
composites which formed at high Co loading (Fig. 2b). Thus, the Co distribution differs

very significantly from cases where Co(NO3),.6H,0 was used as precursor (Fig. 2c).

Figure 2. HAADF-STEM images and elemental mapping (a) SCo-5(Cl), (b) SCo-
30(Cl) and (c) SCo-30(N)

Upon loading with either precursor, the colour of all composites was pink before
calcination, suggesting that the cobalt was present as Co®* with octahedral co-ordination
of residual H,O molecules. A blue coloration, with intensity proportional to the Co
loading, developed for all the composites prepared from CoCl,.6H,0 after calcination at
700 °C. This observation suggests that, for these composites, the cobalt is present as
Co* with tetrahedral co-ordination. Presumably the coordinating ligands after
calcination are the silica oxygen atoms [18]. This differs from the black colour of the

composites prepared from Co(NO3),.6H,0.
When Co(NOs3),.6H,0 was used as precursor, X-ray diffraction (XRD) indicated the

presence of crystalline Co304, which formed as nanorods and patches within the SBA-
15 substrate’s mesopores [14, 15]. For the composites prepared from CoCl,. 6H0,

however, the Co did not crystallize upon calcination and remained in an amorphous
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state. In the case where Co(NO3),.6H,O was used as precursor, it was observed that
crystallisation of CozO, commenced during calcination at a temperature of about 200
°C. This is presumably associated with the fact that the nitrate counter ion starts
decomposing at lower temperatures than this [19]. By contrast, it is known that
CoCl,.6H,O dehydrates and then decomposes above 500 °C [20], hence the
crystallisation of Co30, is clearly hindered due to the nature of the counter ion.

Co? (Td)
3 4 Co3* (Oh) 0.6
2.5 1 - 0.5
2 L 0.4 Figure 3. DR UV-Vis spectra of
S15 1 - 0.3 SCo-30(N), SCo-30(Cl) and SCo-
1 1 - 0.2
5(Cl
0.5 1 - 0.1 ( )
0 0

200 300 4\?v%ve|e5n0goth (n?nO)O 700 800

The nature of the cobalt species was investigated more comprehensively by DR UV-
Vis and the results are shown in Fig. 3. For composites prepared from Co(NO3),.6H,0
the two broad absorption bands at 428 nm and 727 nm associated with the presence of
spinel Co304 was previously reported [14]. However, the DR UV-Vis spectra for both
SCo-5(Cl) and SCo-30(Cl) are quite different. Here an intense broad absorption band in
the 520-725 nm region was observed which is attributed to the triplet d-d electron
transitions; *Ax(F) = *T1(P), *Ax(F) = “T1(F) and *A,(F) - “T»(F) characteristic of Co®*
in tetrahedral co-ordination [21]. There is also a weak absorption band at around 380
nm which can be assigned to O* — Co*" charge transfer [22]. It is interesting to note
that based on DR UV-Vis results, the co-ordination sphere of the Co seems to be
unaffected by the phase transformation. This is because the spectra of both the SCo-
5(Cl) and SCo-30(Cl) samples are similar, except for the intensity of the absorption

bands. These results correlate well with the colour of the composites.
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X-ray photoelectron spectroscopy (XPS) was used for further investigation of the
chemical environment and surface composition of both composites (Fig. 4). In all cases,
a spin orbit doublet at around 780.5 £ 0.3 and 795.5 = 0.8 eV is observed which
indicates the presence of Co®* and Co?* [4]. The asymmetry of the Co2ps;, component
depends on the dominant oxidation state of the surface Co species with Co>* at lower
and Co?" at higher binding energy (BE). The shape of the Co2ps, for SCo-30(Cl)
relative to SCo-30(N) and commercial Cos04, suggests that Co®* is the dominant phase

in the former composite [23].

The spin orbit splitting (AE) can also be used to distinguish the oxidation state of the
Co-composites. This is known to be 16 eV and 15 eV for Co*" and Co*" respectively
[24]. The AE in this work was measured to be 16 ¢V and 15 eV for SCo-30(Cl) and
SCo-10(N) respectively. Furthermore, a shallow feature appearing at 9 eV higher than
Co2p3; refers to the “shake-up satellite” which is associated with Co?* species [25]. It is
obvious from the spectra that the shake-up satellite is stronger (shoulder) for SCo-

30(Cl) compared to other samples.

4.2.5 Conclusion

Although CoCl,.6H,0 has previously been used as a catalyst precursor [26], to the
best of our knowledge, there are no prior reports of its use in combination with the two-
solvent method for incorporating the active metal within a mesoporous substrate. It was
observed that this approach provides composite materials with more highly dispersed
Co. The blue colouration together with the DR UV-Vis and XPS data indicates that
cobalt is present mainly as Co®" tetrahedral coordinated to the oxygen of the silica

support. At cobalt loadings at or above 30 wt%, the interaction between the Co and the
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support may be the reason for the morphological transformation that occurs upon

calcination.

The high Co dispersion that is apparent in the composites made with CoCl,.6H,0 as
precursor may make these materials more attractive as catalysts than those prepared
from Co(NOs),.6H,0. Their application as oxidation catalysts is under investigation in

this laboratory.
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4.3 SBA-15 supported cobalt oxide species: preparation, morphology and
catalytic activity

Jamileh Taghavimoghaddam, Gregory P. Knowles and Alan. L. Chaffee
School of Chemistry, Monash University, Victoria 3800 Australia

Abstract

SBA-15 type silica was loaded with CoCl,.6H,0 via either the two-solvent method,
impregnation or adsorption and then calcined to prepare a range of supported cobalt
oxides with varying Co-loadings. The various materials were prepared to investigate the
effects of the preparation methods and the Co-loading on the final composite
morphology and catalytic activity. A variety of methods: XRD, N, adsorption, TPR,
XPS, DR UV-vis, FT-IR, ICP-MS, SEM, HRTEM and TEM were used to characterize
the Co-composites. Each of the products had a blue color with intensity proportional to
the Co-loading. DR UV-vis and XPS binding energies are consistent with the presence
of Co?* in tetrahedral co-ordination. cobalt was found to be highly dispersed throughout
the SBA-15 support, where it is associated with the channel walls, suggesting there is
good interaction between Co®** and the oxygen of the silica walls. An unexpected
morphological transformation was observed in composites prepared with Co-loadings of
30 wt% or more such that the original SBA-15 channels were no longer present.
Nevertheless, all the composite materials exhibited high activity in catalyzing the liquid
phase oxidation of cyclohexanol using tert-butylhydroperoxide (TBHP) as an oxidant.
Some leakage of the catalytically active species into the solution was observed,
implying that the catalyst is behaving as a mixed heterogeneous-homogeneous system.
Thus, the high catalytic activity for these Co-composites can be attributed to either high
dispersion of the active sites throughout the support or the presence of active species in

solution.

Keywords: Mesoporous silica SBA-15; Tert-butylhydroperoxide; Cobalt oxide;
Oxidative catalyst; Two-solvent method; Cobalt (1) tetrahedral
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4.3.1 Introduction

Catalytic oxidations and epoxidations of readily available organic substrates can
provide a wide range of functionalized molecules including alcohols, ketones, epoxides
and carboxylic acids [1, 2]. For example the oxidation of cyclohexanol to
cyclohexanone is a significant commercial transformation. In 1995, 1.1 trillion pounds
of cyclohexanone was produced in America, most of which was used for the
manufacture of Nylon 6 and Nylon 66 [3]. Due to the industrial importance of
cyclohexanone production a great deal of effort has been expended to develop
promising catalytic systems [4].

Heterogeneous catalysts have a number of advantages over homogeneous analogues.
Since they can be more easily separated and recovered, while also producing less waste,
they are favorable from both industrial and environmental points of view. Transition
metal-based heterogeneous catalysts have been extensively investigated. Various
transition metal-based heterogeneous catalysts have been used for cyclohexanol

oxidation with promising results [5-8]

The catalytic potential of the transition metal-based catalysts is limited when they are
used in bulk because of their low surface area [9, 10]. Therefore transition metal/metal
oxides are usually dispersed on high surface area supports. This approach allows a
greater proportion of the metal/metal oxide to be accessible to the reaction substrate,
1.e., it provides higher ‘active surface area’ and, consequently, improves catalytic
performance. For this reason, ordered mesoporous silica materials, such as MCM-48
[11], HMS [12] MCM-41 [13] and SBA-15 [14] have attracted enormous attention.
Among these, MCM-41 and SBA-15 have been extensively investigated [15]. SBA-15
is often preferred over MCM-41 due to its larger pore diameter, thicker pore walls and
consequent higher thermal and hydrothermal stability [14, 16].

Cobalt oxides, in both bulk and supported forms, have been widely investigated due
to their interesting structure and surface redox reactivity [17, 18]. Cobalt can occur in
two oxidation states, Co?* and Co*", which are thermodynamically competitive under
common ambient conditions. The two main cobalt oxide species, CoO and Co3QO,, are
both stable in the natural environment [19]. Pure CoO is difficult to obtain and small

amounts of CozO4 and metallic cobalt always occur as impurities [20]. These oxides are
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involved in many advanced physical applications such as sensors [21], supercapacitors
[22] as well as catalytic applications such as, CO oxidation and methane combustion
[23, 24]. Metallic cobalt particles formed by the reduction of the cobalt oxides have also
been used for Fischer-Tropsch synthesis, (FTs) [25, 26].

It is well known that the nature and dispersion of the metal oxide species are the
most important factors in determining the catalytic activity and selectivity of the
supported catalysts [27-29]. The nature of the metal precursor [30], the preparation
method [31] and metal loading [32, 33], among other factors, are also known to affect

the morphology and dispersion of the metal oxide species on the support.

We recently investigated the effect of Co-loading and preparation method on the
morphology and dispersion of the resulting SBA-15 supported cobalt oxide [33, 34]. To
prepare the Co-composites, Co(NOs),.6H,O was deposited on SBA-15 via the two-
solvent method [35], impregnation and adsorption. Irrespective of preparation method,
spinel Co304 patches were formed on the SBA-15 with their size proportional to the Co-
loading. The two-solvent method of catalyst preparation resulted in the formation of
Co30,4 patches located inside the pores of the SBA-15, whereas the conventional
impregnation method resulted in formation of Co30,4 patches on both the internal and
external surfaces. In the series of composites prepared via the two-solvent method, the
catalytic performance in liquid phase oxidation of cyclohexanol was found to be in

reverse proportion to the Co-loading [33].

In the present study CoCl,.6H,0 was used as the cobalt precursor. The morphology,
dispersion and structure of the cobalt oxide species supported on SBA-15 were
characterized by X-ray diffraction (XRD), N, adsorption-desorption, temperature
programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS), diffuse
reflectance ultraviolet-visible spectroscopy (DR UV-vis), fourier transform infrared
(FTIR), inductively coupled plasma-mass spectrometry (ICP-MS), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM). The catalytic performance of the Co-
composites for cyclohexanol oxidation in the presence of TBHP was also investigated
and the conversion and product selectivity were determined by gas chromatography

(GC) and gas chromatography-mass spectrometry (GC-MS).
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4.3.2 Experimental
4.3.2.1 Preparation of SBA-15 and Co-composites

Mesoporous silica SBA-15 was prepared using the method first described by Zhao
and co-workers [14]. SBA-15 supported cobalt oxide species were prepared using the
“two-solvent” method with a slight modification. The detailed procedure is provided
elsewhere [33]. However in this work after cobalt was loaded on SBA-15 via the two-
solvent method, solid samples were recovered by filtration and air dried at room
temperature overnight. The Co-composites are referred to as SCo(Cl)X, where S
represents SBA-15, Co(Cl): CoCl,.6H,0 as cobalt precursor and X the nominal Co-
loading in wt%. Co-composites were also prepared via adsorption (SCo(Cl)5-A) and
conventional impregnation (SCo(CI)5-1) [33]. In order to study the effect of the
calcination process on the morphological transformation of SCo(Cl)30, this composite
was also isolated before the calcination (BC) process and investigated. This composite
is referred to as SCo(Cl)30-BC. It is noteworthy that in this work the starting SBA-15
had been calcined at 550 °C, whereas all the Co-composite products were calcined at
700 °C.

4.3.2.2 Characterization techniques

Low-angle XRD patterns were obtained with a Bruker D8 Focus powder
diffractometer with a monochromatic CuK,, source radiation (1=1.5406 A) operated at
40 kV and 30 mA over 26 range of 0.5-4°. Data was collected with a step size of 0.02°
and a step time of 0.1° min™.

N, adsorption-desorption isotherms were obtained at -196 °C on a Coulter Omnisorb
360-CX gas sorption analyzer. Samples were outgassed at 150 °C overnight prior to
analysis. Pore volume, BET surface area [17] and the pore size distribution, PSD, (BJH

method) [14] were calculated for each data set.

TPR experiments were carried out with a Setaram Thermogravimetric Analyser
(TAG24). Typically 10 mg of the calcined composite was flushed with high purity
argon (Ar) at 150 °C for 2 h, to drive off moisture, and then cooled to 20 °C. Next, the
flow was switched to 10 % H,/Ar and the temperature raised at 5 °C min™ to 900 °C,

where it was held for 20 min under 10 % H,/Ar, and then 20 min under pure Ar. The
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gas flow rate over the sample was maintained at 70 cm® min. The weight of the
samples both before and after analysis was also separately measured with an analytical

balance.

FTIR spectra were collected via a BIO-RAD FTS 40 spectrometer. Samples were

diluted 1/300 in dry KBr, then pressed into pellets (under vacuum) prior to analysis.

ICP-MS was carried out using a GBC OPTIMAS 9500 ICP-MS. Prior to

measurement all composites were digested with HNO3; and HF [36].

DR UV-vis was carried out using a Cary 5000 UV-Vis-NIR spectrophotometer,

fitted with the diffuse reflectance accessory.

TEM and HRTEM were carried out using a JEOL 2011 transmission electron
microscope (accelerating voltage 200 kV) equipped with a LaBg emitter (point

resolution 0.21 nm)

SEM was carried out using a JEOL 7001F field emission gun scanning electron

microscope.

XPS was conducted at the Australian Synchrotron with a SPECSlab2 spectrometer
using the synchrotron as an X-ray source with selected wavelength of 1486.8 eV and a
constant analyzer pass energy 40.0 eV. Binding energies are referenced to the carbon 1s
peak (BE = 284.5 eV) arising from adventitious carbon.

GC was carried out on an Agilent 6850 gas chromatograph equipped with an FID
detector and a polar capillary column (BP20, 60 m x 0.25 mm). GC-MS was carried out
using an Agilent 5973 MS (source conditions: El, 70 eV, 200 °C) coupled a 6890 series
GC system with a capillary column (HP5, 30 m x 0.25 mm).

4.3.2.3 Catalytic tests

The liquid phase oxidation of cyclohexanol was performed in a round bottomed
flask. In each test, the catalyst (contain 9x10 g of cobalt) was added to acetonitrile (5
ml) containing cyclohexanol (20 mmol) and chlorobenzene (internal standard, 200 ul).
It should be noted that the cobalt concentration was kept at 9x107 g for all the reactions
and thus different masses of composites were employed. After reaching the reflux

temperature (83 °C) the oxidant, TBHP, (24 mmol) was added to the mixture dropwise.
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No attempt was made to exclude air from the reaction. The reactions were monitored

using GC and GC-MS by withdrawing samples every 4 h up to 24 h.

4.3.3 Results and discussion
4.3.3.1 Composites characterization
4.3.3.1.1 X-ray Diffraction (XRD)

Fig. 1 shows the low-angle XRD patterns of mesoporous silica SBA-15 and some of
the Co-composites prepared via different methods and at various Co-loadings. SBA-15
itself displayed three well-resolved peaks, which are indexed to (100), (110) and (200)
diffractions in the hexagonal space group pémm. This indicates the presence of highly
ordered hexagonal mesoporous structure [17]. The XRD patterns of samples with low
amounts of Co-loading (SCo(Cl)5, SCo(CI)10, SCo(CI)5-A and SCo(Cl)5-1) are similar
to that of SBA-15. This signifies that the integrity of the porous structure of SBA-15
was preserved after loading cobalt via different methods. The intensity of the (100)
diffraction peak decreased after Co-loading which can be attributed to a reduction in the
extent of periodicity of the SBA-15. In addition, the (100) peak shifted slightly towards
higher 26 upon Co-loading. This suggests that the mesoporous network of the Co-

composites shrank upon calcination at 700 °C [36].

6000 1 (100) 6000 ,(400)
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Fig. 1. Low-angle XRD pattern of (a) SBA-15, Fig. 2. Low-angle XRD pattern
(b) SCo(ClI)5-A, (c) SCo(CI)5, (d) SCo(Cl)5-I of (a) SBA-15, (b) SCo(Cl)30-BC
and (e) SCo(CIH10 and (c) SCo(CH30
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Fig.2 gives the XRD pattern of SBA-15, SCo(CI)30 and SCo(Cl)30-BC. It can be
seen that at 30 wt% Co-loading, prior to calcination, SCo(Cl)30-BC, the mesoporosity
of the support was preserved. However, the XRD pattern of SCo(CI)30, after
calcination, did not show any characteristic diffraction peaks related to the mesoporous
silica. This suggests that the periodicity of the composite was lost during the calcination
step. A similar structural change was reported for Cs,0-MCM-41 with 22 wt% Cs-
loading [37]. However, no such effect was observed at 30 wt% loading when
Co(NOs3),.6H,0 was used as the precursor [33].

4.3.3.1.2 N adsorption-desorption

Fig. 3A and B show the N, adsorption-desorption isotherms of the SBA-15 and all
the Co-composites. The textural parameters of these composites, including BET surface
area, average pore diameter, total pore volume and micropore volume, are also
summarized in Table 1. Generally, the adsorption branch of SBA-15 type mesoporous
silica consists of three important regions: (1) the region p/pe<0.20 is associated with the
presence of intrawall micropores which connect mesoporous channels; (2) the region
0.20<p/po<0.45 is associated with multilayer N, adsorption in the ordered mesopores;
(3) the region p/py = 0.55-0.85 where capillary condensation of N, occurs in the
mesopores. Each isotherm also includes a desorption branch which provides
complementary information about the PSD [38]. All the samples except SCo(Cl)30 and
SCo(CI)40 showed type IV isotherms with H1-type hysteresis loops, typical for
mesoporous materials with 2D hexagonal channels. Fig. 3A shows the isotherms of
SBA-15 itself and the Co-composites synthesized via the two-solvent method. SBA-15,
SCo(ClI)5, SCo(Cl)10 and SCo(Cl)20 presented isotherms of similar shape, indicative of
the preservation of the mesoporous structure for relatively low Co-loadings. Thus these
results are consistent with those obtained by low-angle XRD.

However two changes occurred in the isotherms of the low Co-loading composites as
Co-loading increased. Firstly, the capillary condensation region shifted to lower partial
pressure. At the same time the volume of adsorbed N, decreased in both the
microporous and mesoporous regions. These changes, along with decrease in the
calculated surface areas of the Co-composites, are attributed to the existence of cobalt

oxide species inside the pores (Table 1) [39, 40].
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Fig. 3. N, adsorption-desorption isotherm A: (a) SBA-15 (b) SCo(Cl)5, (c) SCo(Cl)10,
(d) SCo(Cl)20, (e) SCo(CI)30and (f) SCo(Cl)40 and B: (a) SBA-15, (b) SCo(CI)5-A
and (c) SCo(Cl)5-1

In the case of SCo(Cl1)30 and SCo(Cl)40 the capillary condensation region shifted to
a higher relative pressure p/po = 0.8-0.95, which is generally associated with mesopores
of pore diameter larger than 20 nm [41]. The amount of N, adsorbed across the p/po
range increased sharply from 42 to 305 ml g™ and 34 to 247 ml g™ for SCo(C1)30 and
SCo(Cl)40, respectively. This is due to the capillary condensation in larger pores
relative to SBA-15, and accounts for about 80 % of the total N, adsorption. Thus it
appears that SCo(CI)30 underwent a significant morphological transformation during
calcination. The volume of N, adsorbed by SCo(Cl)30 in the micropore region was a
factor of 15 less than that adsorbed by SBA-15. However the volume of adsorbed N in
the micropore region only decreased by factor of 5 for SCo(CI)30 relative to
SCo(CI)30BC, This suggests that the microporosity of the support is significantly
changed upon loading 30 wt% cobalt.

Fig. 3B displays N, adsorption-desorption isotherms of SBA-15 and Co-composites
prepared via adsorption and impregnation. The isotherms of these composites were of
identical shape to that of SBA-15, indicative of structural preservation of SBA-15
during composites preparation. However, the micropore and mesopore volumes
decreased after Co-loading. The decrease in the volume of adsorbed N, was more
pronounced for the composite prepared by impregnation and can be attributed to higher

actual Co-loading in that composite (see section 4.3.3.1.5).
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Table 1 N adsorption-desorption data for SBA-15 and Co-composites

Sample BET Dp V micro Vi
(m*g™) (nm) (cm®g™?) (cm®g™)

SBA15 655 6.2 0.31 0.98
SCo(CI)5 439 6.0 0.24 0.80
SCo(Cl)10 390 6.0 0.18 0.67
SCo(Cl)20 341 6.0 0.15 0.63
SCo(CI)30 47 7125 0.02 0.45
SCo(Cl)40 47 7125 0.02 0.41
SCo(Cl)5-1 403 6.2 0.20 0.67
SCo(Cl)5-A 555 6.0 0.25 0.82
SCo(Cl)30-BC 285 5.8 0.11 0.3

When comparing lower Co-loading composites with SCo(Cl)30-BC, it can be seen
that the volume of adsorbed N, in both micropores and mesopores was much lower in
the latter (Fig. 4). This is attributed to the presence of cobalt precursor inside the pores,
which appears to block a large fraction of both the micropores and mesopores. The
isotherm of SCo(Cl)30-BC exhibited capillary condensation in the range of p/po = 0.45-
0.8, in a manner similar to SCo(Cl)10 and SCo(Cl)20. In addition a shoulder was
observed on the desorption branch of the SCo(CIl)30-BC isotherm which can be

attributed to partial pore blockage due to the presence of the cobalt precursor [33].
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The PSD of the Co-composites are shown in Fig. 5A and B. The pore diameter was
calculated from the desorption branch of the isotherms using the BJH method [14].
SBA-15, SCo(Cl)5, SCo(CH10, SCo(Cl)5-A and SCo(Cl)5-1 showed narrow PSDs,
indicating the preservation of the mesoporous network after loading cobalt. In the case
of SCo(Cl)30-BC, a bimodal PSD was observed with the first and second peaks
centered at 3.5 nm and 5.8 nm (Fig .5A inset). This is attributed to the partial pore

blockage which suggests cobalt precursor was depositing against the walls of SBA-15.
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The PSD for SCo(CI)30 and SCo(Cl)40 (Fig. 5B) was significantly different from
those for SBA-15 and the Co-composites with lower Co-loading. The two major
differences are the existence of a much broader and bimodal PSD with the first peak
centered at 7 nm and the second at approximately 25 nm. This signifies the
morphological transformation of the mesoporous channels such that the pores are no

longer uniform.
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Fig. 5. (A) PSD of (a) SBA-15 (b) SCo(CI)5-A, (c) SCo(CI)5-1, (d) SCo(Cl)5, (e)
SCo(CI)10, (f) SCo(CI)20, inset (SCo(CI)30-BC) and (B) PSD of (a) SBA-15, (b)
SCo(CI)30 and (c) SCo(Cl)40

4.3.3.1.3 Scanning electron microscopy

Fig. 6 shows SEM images of SBA-15 and some Co-composites. The SBA-15 images
show that it consist of rod-like structural units or particles that are aggregated from end
to end and in parallel to form a rope-like macrostructure [42]. The particles have
straight, wavy and even curved shapes (Fig. 6¢, d and e). The width and length of the
particles are on average about 220 (x 20) nm and 900 (x 50) nm, respectively. Many
parallel stripes can be observed on the surface of these particles and can be attributed to
the uniform array of hexagonal channels, which are characteristic of the SBA-15

structure.

After loading cobalt below 30 wt% no significant changes were observed in the
morphology of the Co-composites. This is in agreement with the results obtained from
XRD and N, adsorption-desorption. However, increasing the Co-loading to 30 wt% and
beyond caused significant changes to the morphology of the particles. As can be seen in
Fig. 6e and f, the surface of the particles no longer showed the parallel stripes but,
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instead, cavities with diameters in the range 20-30 nm. However, the overall
macroscopic morphology of the composite particles appeared similar to that of the

particles in SBA-15 type composites with lower Co-loading.

| L S
Fig. 6. SEM images of (a, b) SBA-15, (c) SCo(Cl)5, (d) SCo(Cl)10, () SCo(CI)30 and
(f) SCo(Cl)40

4.3.3.1.4 Transmission electron microscopy

Fig. 7 shows the overall morphology of SBA-15 and some Co-composites at higher
magnification. The parallel channels could be observed when the electron beam was
perpendicular to the channels. However when the electron beam was parallel to the
channels, the highly ordered honeycomb-like structure was observed (white circles)
[33]. Fig. 7a illustrates a curved particle with the internal channels clearly visible. Due

to electronic contrast the channels are white and the silica walls are grey [33].
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¥

Fig. 7. TEM images obtained from (a) SBA-15, (b) SCo(Cl)5, (c) SCo(Cl)10, (d)
SCo(CI1)20 and (e, f) SCo(CI)30
The Co-composites, SCo(Cl)5, SCo(Cl)10, SCo(Cl)20, exhibited the same

morphological features as SBA-15. It is noteworthy that there was little contrast

between the support and cobalt oxide species inside the pores. This was contrary to
what was observed in composites with Co(NO3),.6H,0 as the metal precursor, where
patches of CozO, were observed throughout the SBA-15 [33]. Here, however, only
some dark spots of dimension 2-3 nm, relatively well dispersed along the walls of the
SBA-15 channels, were observed. In this case it appears that the cobalt oxide species are
more effectively interacting with the silica walls, rather than aggregating as cobalt oxide

clusters within the mesopores as observed with Co(NO3),.6H,0 as precursor.

Increasing the Co-loading to 30 wt% and beyond (SCo(Cl1)30 and SCo(Cl)40) made
the original mesoporosity of the SBA-15 unobservable. In these composites some
darker areas which can be referred to as cobalt rich domains were observed. Fig. 8f inset
shows a HRTEM image of SCo(CI)30 with lattice fringes which correspond to cubic
Co0,Si0O,4 (JCPDF file 00-029-0506, 0.24 nm lattice spacing of the (311) plane).
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4.3.3.1.5 Elemental analysis (ICP-MS)

The Co-content of the composites was measured after silica was digested in
HF/HNO; and the results are summarized in Table 2. There was little difference
between the actual and nominal Co-loading of the composites with lower loadings,
prepared using either the two-solvent method or impregnation (SCo(Cl)5, SCo(Cl)10
and SCo(Cl)5-1). The composite that was made via adsorption, SCo(Cl)5-A, had the
lowest Co-content. This is because the weak interaction between the cobalt precursor
and support in the adsorption method results in low metal deposition. SCo(Cl)30, as

expected, had the highest Co-content.

Table 2 Elemental analysis results

Catalyst Nominal Co content (wt %) Actual Co content (wt %)
SCo(CI)5 5 4.8
SCo(Cl)10 10 9.2
SCo(Co0)30 30 22.0
SCo(Cl)5-1 5 5.0
SCo(Cl)5-A 5 1.0

4.3.3.1.6 Diffuse reflectance UV-vis spectroscopy

Fig. 8A shows the DR UV-vis spectra of SCo(Cl)30 and SCo(Cl)30-BC. The UV-vis
spectrum of SCo(CI)30-BC exhibited a broad absorption band centered at 510 nm which
is attributed to Co®* in octahedral co-ordination [43]. A triplet absorption band at around
610-700 nm was also observed for this composite and is attributed to the *Ax(F) —
*T1(P) d-d electron transition in [Co(H,0).]*" [44].

The UV-vis spectrum for SCo(CI)30 was quite different to that of SCo(CI)30-BC.
The spectrum of SCo(CI)30 demonstrates a triplet at 539 nm, 613 nm and 664 nm.
These bands are attributed to d-d electron transitions, *Ax(F) = “Ta(F), *Ax(F) = *“T1(F)
and *A,(F) - “T1(P), characteristic of Co®" in tetrahedral co-ordination [2, 44-46].

The blue color of the sample, SCo(Cl)30 after calcination also signifies the presence
of Co®" in tetrahedral co-ordination [2, 47, 48]. However the pink color of
SCo(CI)30BC before calcination suggests the presence of Co®* in octahedral co-
ordination. This implies that during calcination the co-ordination chemistry underwent
change. As a result cobalt could possibly coordinate to the oxygen of the silica wall.

Harrison et al. reported a similar phenomenon when CoCl,.6H,0 was loaded onto silica
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gel glasses via impregnation. He reported color changes of the composites after
filtration, drying and calcination processes and investigated the co-ordination chemistry
of cobalt ions by means of DR UV-vis [43].

In this work, there were three ligands with the potential to co-ordinate to cobalt
before calcination; CI°, superficially adsorbed H,O and oxygen atoms from silica. Upon
calcination the first two ligands were presumably volatized as a result of decomposition
and thus the oxygen atoms from the surface silica remained the only available ligands to
co-ordinate to cobalt (Fig. 8B).

A broad band with low intensity can also be observed at around 400 nm, which can
be attributed to the presence of Co®* in octahedral co-ordination. Thus it can be
suggested that a fraction of cobalt precursor was oxidized to spinel Co30,4 and coexisted

with the dominant Co?" in tetrahedral co-ordination [33].
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Fig. 8. (A) DR UV-vis spectrum of (a) SCo(ClI)30, (b) SCo(CI)30-BC and (B)

Schematic structure of Co?* species
4.3.3.1.7 Fourier transform infrared spectroscopy

Fig. 9 shows the FTIR spectra of SBA-15 and all the Co-composites. The SBA-15
spectrum consisted of a broad adsorption band at around 3400 cm™, which is attributed
to the presence of geminal silanol groups with strong hydrogen bonds between them. In
addition, there was a low intensity band at 1630 cm™ arising from the deformation
modes of O—H bonds from adsorbed water [49]. The adsorption band at 960 cm™ can be
attributed to the Si-OH and Si-O-Si stretching vibration. The bands at around 1100 cm™,
820 cm™ and 470 cm™ are due to Si-O-Si bending and asymmetric stretching vibrations
[50]. The lowest frequency bands at 470 cm™ and 820 cm™ are attributed to the rocking
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mode of oxygen atom motion and bending vibrations of the oxygen atoms between
silicon atoms (Si-O-Si).
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All Co-composites except for SCo(Cl)30-BC spectra showed two additional
adsorption bands at around 580 cm™ (1) and 690 cm™ (& »), attributed to Co-O
vibration in the spinel Co304 lattice [39]. Since the intensity of these two peaks did not
increase upon increasing Co-loading, it is suggested that only small concentration of
incorporated cobalt is in the form of Co3zO4 which is in agreement with the results
obtained from DR UV-vis. This is different to our previous work using Co(NO3),.6H,0
where the intensity of Co-O peaks increased as the Co-loading increased, but this was

accompanied by a concomitant increase in cobalt oxide patch size [33].

When comparing SCo(CI)30-BC with SCo(CH30 (Fig. 10) and Co-composites of
lower Co-loading, two major changes are distinguishable. First the absence of bands at
around 580 cm™ and 690 cm™ for SCo(Cl)30-BC is indicative of the absence of cobalt
oxide species before calcination. Second, the significant decrease in the intensity of
3400 cm™, 1630 cm™ and 960 cm™ bands for SCo(Cl)30 relative to Co-composites with
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lower Co-loading suggests that during calcination most of the hydroxyl groups were
replaced by cobalt ions. The interaction between Si-OH and Co®* is known to lead to the
formation of a Si-O-Co amorphous phase [51]. Cui et al. reported an adsorption band at
1029 cm™ and attributed it to Si-O-Co bond [52]. In the present study this adsorption
band has probably overlapped with the Si-O-Si band centered at 1100 cm™such that it is

not distinctly observable.
4.3.3.1.8 X-Ray photoelectron spectroscopy (XPS)

Fig. 11 shows the XPS spectrum, from SCo(Cl)30, which consisted of two doublets.
The main doublet was comprised of peaks at binding energy 780.7 eV (2ps/2) and 796.7
eV (2p12). A second and broader spin-orbit doublet was observed at higher binding
energy, around 785 and 801 eV. The binding energy values and the shape of the main
doublet indicate that the cobalt species were in an oxidized state [53]. The presence of
the second spin-orbit doublet at a higher binding energy than the main doublet is

evidence of the presence of Co®" as the dominant phase.

The presence of these two doublets is attributed to the different charge-transfer type
screening on the Co 2p electrons created by photoemission. The main doublet arises
from a well-screened final state and the second doublet corresponds to a weakly-
screened final state. The second doublet is known as the shake-up satellite, which is less
strong for Co®* due to the enhanced screening of Co 2p electrons by 3d electrons.
However the intensity of the shake-up satellite in this work is more than what reported

previously for the Co-composites prepared from Co(NO3),.6H,0 [33].

In addition it is generally known that the spin orbit splitting (AE) can be used to
distinguish the oxidation state of the catalyst. This AE is reported to be 16 eV and 15 eV
for Co®* and Co®" species respectively [54]. The AE between 2p level peaks in this work
was 16 eV, which further suggests that the dominant species in this sample was Co?".
The AE determined in our previous study using Co(NO3),.6H,0 as precursor was found

to be 15 eV, indicating the formation of spinel Co3Oy in that case [33].
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4.3.3.1.9 Temperature programmed reduction

The reduction behavior for supported metal oxides is typically more complicated
than that of a bulk metal oxide. This is often attributed to variation in particle size on
the support, the porous structure of the support, the preparation method [55] and the
interaction between the metal oxide and the support [56, 57]. It has been reported that
bulk cobalt oxide, Co304, reduction is complete at 400 °C [33].

Fig. 12 shows TPR profiles of all the Co-composites. In all cases one reduction peak
was observed, suggesting the presence of predominantly one type of cobalt ions. The
reduction peaks for SCo(Cl)5, SCo(Cl)10, SCo(Cl20, SCo(CH30, SCo(Cl)40,
SCo(CI)5-A and SCo(Cl)5-1 were centered at 319 °C, 341 °C, 351 °C, 356 °C, 368 °C,
317 °C and 324 °C, respectively. The intensity of the reduction peaks as well as the
position of the peak maximum increased in proportion to the Co-loading [32]. The
change in the position of the peak maximum can probably be attributed to reduced
hydrogen diffusion rates in the composites with progressively higher Co-loading. The
N, adsorption-desorption analyses demonstrated that with increased Co-loading the
micropore volume decreased more than that of the mesopores, indicative of
progressively increased pore blockage, especially in the micropores. Hydrogen diffusion
might also be hindered due to the formation of water during the reduction process. As
the Co-loading increases, more water would be formed in the pores, thus restricting
hydrogen diffusion [58].

When comparing SCo(Cl)5 and SCo(Cl)5-1, the former’s reduction started at lower
temperature (280 °C) with the reduction peak centered at 319 °C. However the

reduction in SCo(Cl)5-1 started at 295 °C with the peak centered at slightly higher
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temperature (324 °C). Since the Co-content was quite similar in both composites, the
changes in the reduction behavior can be attributed to the nature of the cobalt oxide
species, most specifically their size. Since impregnation results in formation of larger
particles which probably resulted in more pore blockage [33, 59], (see section
4.3.3.1.2). This in turn may limit the diffusion rate of the hydrogen and increase the

reduction temperature.

The TPR profiles of the Co-composites prepared in this study are very different to
those previously reported using Co(NO3),.6H,0 as precursor [33]. In the previous study
the dominant phase was the spinel Co3O, with two reduction peaks evident,
corresponding to Co®* to Co?* and Co?* to metallic Co. A further reduction peak was
also observed, at high temperature, which was attributed to the fraction of cobalt oxide
species having strong interactions with the support [33]. This comparing of behaviors
clearly suggests that the nature of the cobalt precursor affects the nature of the

supported active species.
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4.3.4 Catalytic evaluation

The effectiveness of the Co-composites in liquid phase oxidation of cyclohexanol in
the presence of TBHP as an oxidant was investigated and the results are summarized in
Fig. 14A.

Fig. 14A demonstrates that the composite with the lowest Co-loading, SCo(Cl)5-A,
showed the highest catalytic activity. This catalyst also showed the highest surface area
and micro/mesopore volume (Table 1). This suggests that, due to less pore blockage in
SCo(CI)5-A, more catalytically active species were accessible for the reactants in this
composite. When comparing the catalytic activity of SCo(Cl)5 and SCo(Cl)5-1, the
former showed higher catalytic activity. In addition, SCo(CIl)5 showed higher surface

area and micro/mesopore volume than SCo(Cl)5-I. These data therefore suggest there
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was more pore blockage in SCo(Cl)5-1 and thus less accessibility of active speices for
the reactants. In addition, since the size and dispersion of the supported active species
had a noticeable impact on the catalytic activity, it is suggested that the low catalytic
activity of the SCo(CI)5-1 can also be partially attributed to the presence of relatively

larger particles both on the external and internal surface.

The catalytic activity of the composites prepared by the two-solvent method
decreased as the Co-loading increased from 5 wt% to 10 wt%. This corresponds to the
decrease in the surface area and micro/mesopore volume of SCo(Cl)10. However
further increasing the Co-loading to 30 wt%, SCo(CI)30, did not change the catalytic
activity from that for SCo(CI)10. It can be suggested that for SCo(Cl)30 the
transformation of the structure of the support eliminated the pores and therefore no
longer hindered the mass transfer of the reactants. As a result the catalytic performance
was quite similar to that of SCo(ClI)10.

A free radical mechanism is thought to be responsible for the oxidation reaction for
the Co-composites (Fig. 13). Through this mechanism Co®* serves to initiate the Haber-
Weiss decomposition of TBHP into tert-butoxy and tert-butylperoxy radicals as well as
H* and OH" [60]. In the next step, the tert-butylperoxy radicals propagate the reaction
by producing cyclohexanol radical, the active intermediate. Through this process TBHP
is reformed and can reenter the reaction cycle. The catalytic mechanism continues
through abstraction of a second hydrogen radical by tert-butoxy radical. This then
results in the formation of cyclohexanone as the desired product and tert-butanol as the
byproduct.

The presence of tert-butanol was confirmed by GC and GC-MS and its concentration
observed to increase as the reaction proceeded. Simultaneously the concentration of
TBHP decreased which demonstrates the consumption of the oxidant through the

catalytic reaction.
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Initiation by Haber-Weiss decomposition of TBHP
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Fig. 13. Suggested radical chain

OH O,H mechanism for oxidation
@ +ROO ——» Iij + ROOH reaction [61]
OH (o)

@ +RO ——» ROH+©

In order to confirm the catalytic activity of the cobalt oxide species, the same
oxidation reaction was conducted without the catalyst, but still in the presence of TBHP.
A maximum conversion of 7 % was obtained (Fig. 14B). When SBA-15 was used as a
catalyst under the same reaction conditions the maximum conversion of 10 % was
obtained [33]. Upon reducing the amount of catalyst by half SCo(CI)5, the maximum
conversion also decreased by a factor of two. These data indicate that cobalt oxide is
essential for the efficient progress of the oxidation reaction. This is thought to be
because the initiation of Haber-Weiss mechanism and TBHP decomposition are
strongly dependent on the concentration of the cobalt ions [61]. To investigate the effect
of the oxidant on the catalytic reaction, cyclohexanol was oxidized using SCo(Cl)5 as
the catalyst in the absence of TBHP. A maximum conversion of 2 % was obtained. This
result demonstrates that the presence of the oxidant is essential to propagate the

catalytic reaction.

To investigate the stability of the catalyst, the same reaction conditions were used to
catalyze cyclohexanol using SCo(Cl)5 as the catalyst. The solid catalyst was filtered out
of the mixture after 4 h (while the reaction mixture was still hot) and the reaction was
continued in its absence. It was found that the solution was still active even in the
absence of the solid catalyst. This suggests that a fraction of the active species must
have leached into the solution during the first 4 hours. ICP-MS analysis showed a trace
of Co (approximately 10% of the original concentration of cobalt in SCo(Cl)5) had

leaked in to the solution.

It is interesting to note that the Co-composites in the current work demonstrated

higher catalytic activity than the composites prepared using Co(NOj3),.6H,0O as the
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cobalt precursor [33]. This can be attributed to the higher dispersion of the cobalt oxide
species throughout the support or presence of the active species in the solution such that
the catalytic system is heterogeneous-homogeneous rather than simply heterogeneous.
A similar leak test was carried out for the catalyst prepared from Co(NOj3),.6H,0O
confirmed that this catalytic system was strictly heterogeneous. Further study is
required to determine if the leakage of the active species can be controlled.
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Fig. 14. Cyclohexanol oxidation (A) using various Co-composites and (B) under

various condition

4.3.5 Conclusion

The two-solvent method and CoCl,.6H,O were used to prepare a series of SBA-15
supported cobalt oxide composites with various Co-loadings. Analogous Co-composites
were also prepared by the more conventional methods of impregnation and adsorption.
A blue coloration was observed for all the Co-composites, regardless of the preparation

method, with the intensity in direct proportion to the Co-loading.

The mesoporous structure of the support, SBA-15, was preserved below 30 wt%
(nominal) Co-loading. SEM images showed parallel stripes on the surface of the SBA-
15 particles for the composites with Co-loadings lower than 30 wt%, which signified
the retention of the hexagonal channels of the support. Upon increasing the Co-loading
to 30 wt% (nominal) and beyond, a morphological transformation was observed in the
Co-composites. This transformation occurred during calcination and was confirmed by
N, adsorption-desorption, XRD, SEM and TEM. SEM images demonstrates the new
morphology of the SCo(Cl)30 as a continuous surface with random cavities of
approximately 20-30 nm in diameter. The stripes on the surface of the Co-composites

with lower Co-loadings were no longer observable in SCo(Cl)30.
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DR UV-vis results suggest that the dominant species in the composites after
calcination was Co?" in tetrahedral co-ordination. The XPS results support this

interpretation.

The composite with the lowest Co-loading, prepared by adsorption, exhibited the
highest catalytic activity. This can be attributed to its higher surface area, higher total
pore volume and more accessible active sites. Regarding composites prepared by the
two-solvent method, the catalytic activity was in order of SCo(Cl)5> SCo(CI)10 >
SCo(CI)30. The maximum conversion of cyclohexanol to cyclohexanone in the absence
of either catalyst (SCo(Cl)5) or TBHP was negligible. It was also observed that a
fraction of the active species was leached into the solution, so that some of the activity
for these series of composites in the liquid phase oxidation of cyclohexanol may be
attributable to this phenomenon.
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4.4  Appendix

4.4.1 ?2°Sj Magnetic angle spinning nuclear magnetic resonance spectroscopy

Figure 1 demonstrates 2°Si MAS NMR of SBA-15 as well as SBA-15 supported cobalt
oxide species with 5 wt%, 10 wt% and 30 wt% Co-loading. Mesoporous silica SBA-15
demonstrates three peaks at -92 ppm corresponds to the surface silicon atoms with two silanol
and two siloxane bonds (OSi);*Si(OH),; Q.. These silanol groups are known as geminal
silanol groups [1]. The second peak is at -101 ppm and attributed to surface silicon atoms
with one silanol group and three siloxane groups (SiO)3;*Si(OH); (Qs). These silanol groups
are known as single silanol groups either isolated or hydrogen-bonded. The third peak at -110
ppm is assigned to the silica backbone, which is silicon atoms with four siloxane bonds,
(Si0)4*Si; (Qa) [2].

The high intensity of Q3 and Q, associates with the high concentration of silanol groups in
SBA-15 [3]. As the Co-loading increased two significant changes were observed in the
spectra: (i) a progressive decrease in the intensity of Q, and (ii) peak broadening. The Q;
peaks decreased to a shoulder in Co-composites with 5 wt% and 10 wt% Co-loading. This
suggests the presence of less geminal groups after formation of cobalt oxide species inside
the pores. This can be attributed to the interaction of cobalt species with the oxygen of the
surface silanol groups during calcination. The peak broadening however can be attributed to
the paramagnetic properties of Co?". It is clear in the ?°Si MAS NMR that by increasing the
initial Co-loading from 5 wt% to 30 wt% the peaks became much broader. This can be
evidence of incorporation of more Co®" in the support. By increasing the Co-loading to 30
wt%, the spectrum became very broad such that the characteristic peaks of mesoporous silica
could hardly be distinguished. However, a very low intense peak can be observed at -101

ppm (Qs). This suggests the existence of high amount of paramagnetic Co?".
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5.1 Literature review

Cerium is among the fourteen lanthanides which, with scandium (Sc) and yttrium (Y), are
known as the rare earth elements. Cerium is the most abundant rare earth element in the
upper crust (64 ppm), it is even more abundant than tin (2.3 ppm) and copper (60 ppm) [1].
Cerium’s abundance and its high catalytic activity for various reactions in different sectors of
industry make its oxides one of the most interesting rare earth oxides industrially.

Cerium metal is thermodynamically unstable in the presence of oxygen. With its 4f*5d°6s?
electron configuration it has two common oxidation states, Ce** and Ce**. Cerium (IV) is the
only rare earth ion with an oxidation state higher than three that is stable in aqueous solution.

Its high oxidation state makes it a strong oxidizing agent [2].

The rare earth oxides are generally thermally stable materials and can therefore be used in
high temperature applications and cerium oxides are no exception. Ceria, CeOy, is a nontoxic
and highly stable oxide with the density of 7.13 g cm™ and melting point of 2600 °C [3].
Ceria crystallises in the fluorite structure with a face-centred cubic unit cell (space group
Fm3m, cell parameter 0.5411 nm; see Figure 5.1).

In the perfect ceria unit cell, without oxygen deficiency, the oxygen ions (O%) are
tetrahedrally coordinated to cerium ions (Ce*") and octahedrally coordinated to the

surrounding oxygen ions (Figure 5.1). The oxygen ions exist in discrete layers.

oxygen @@

cerium @

Figure 5.1. Ceria unit cell

The efficiency of the cerium oxides in catalytic applications is associated with the
migration of the anion, O, relatively freely through the lattice and also the ease of

reducibility from Ce** to Ce**.

This reduction process results in release of oxygen and affects the lattice parameter and, in
fact, the lattice parameter increases when Ce** reduces to Ce®", because the radius of Ce** is

larger than that of to Ce**. In order to maintain, neutrality, in the unit cell, for each two Ce**
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reduced one oxygen ion, O® should then leave the unit cell. This reduction process is
reversible and its reversibility depends on the oxygen partial pressure and the temperature at
which the reduction process occurs [4]. The ability of cerium ions to go through a redox cycle
(Eg. 5.1) is generally referred to as the oxygen storage capacity (OSC) of ceria [3].

CeO; S CeOzx +3 O; Eq.5.1

It is noteworthy that the fluorite oxide structure can be maintained even with a marked
deviation from stoichiometry. This suggests that, even with a loss of substantial amounts of
oxygen from the crystal lattice, the crystal structure of the CeO, is preserved so that, in an

oxidising environment, the existing sub-oxides can be readily re-oxidized [3].

5.1.1 Ceria applications
5.1.1.1 Ceria in the glass industry

One of the main industrial applications of ceria, mainly in the form of CeO, or
Ce0,.xH,0, is in the glass industry [5]. It is used a polisher to accelerate the polishing
process and also to improve the surface of the glass [6]. Ceria is also used as a decolorizer. At
the melting temperature of the glass, CeO, reduces to Ce,O3 by releasing oxygen [7]. In the
next step the Ce,O3 re-oxidizes on the surface of the iron, which leads to decolorization of the

iron in the glass.

Cerium and ceria in combination with other transition metal oxides can also be used to
colour the glass. For instance, ceria and titania provide a beautiful yellow colour, ceria in
combination with titania and manganese oxide also makes the glass yellow. The combination
of ceria, titania and copper oxide colours the glass turquoise. The photo stability of pigments
is also enhanced by the presence of cerium. This is because cerium compounds have low

absorption in the visible region and do not affect its transmission.
5.1.1.2 Ceria in catalysis

The catalytic activity of ceria and the mechanism(s) by which is involved in catalytic
processes are the subject of enormous interest [8]. It is also known that the catalytic
performance of the transition metal/metal oxides increases if ceria is added as a promoter or
used as a support [9-12]. Several factors are reported to be involved in this catalytic
enhancement including, in particular, the OSC of the ceria. This is facilitated by the redox

property of the cerium ions and the high mobility of the oxygen vacancies on the surface of
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the catalyst as well as in the bulk. Some of the most extensively investigated reactions which

are catalysed by ceria are briefly discussed below [13].

The “three-way catalyst” (TWC) is among the most important catalytic applications of
ceria. This system, used widely in the automotive industry, simultaneously converts harmful
emissions such as carbon monoxide and nitrogen oxides from fuel combustion to harmless,
environmentally-acceptable gases [14-16]. The ceria provides oxygen buffering capacity; it is
able to provide oxygen to some reactions and remove it from others. One way of representing

the reactions involved is as follows:

. Hydrocarbon combustion:

(2X+Y) CeO; + CyHy » 0

Ce,05 + ;-‘ CO, + % H,0

. Carbon monoxide oxidation:
4Ce0, + CO » 2 Ce,03+ CO,y
. NO, reduction

Ce,05 + NO — 2 CeO, + % N,

It should be noted that effective TWCs also require the presence of one or more platinum
group metals. However, the mediation (catalysis) afforded by ceria make the modern
automotive exhaust treatment catalysts substantially more effective than those without ceria.
The dispersion of the CeO,, its particle size and the active surface area of the CeO, particles
have a substantial influence on the catalytic activity of the CeO,, either bulk or supported.

5.1.1.2.1 Cobalt-cerium mixed oxides in catalysis

There is a reasonable body of literature on the use of cobalt and cerium in combination as
catalysts. Most of these catalysts have been prepared by co-precipitation.

Cobalt-cerium mixed oxides were used for N,O decomposition. These catalysts
demonstrated higher catalytic performance relative to pure cobalt oxide and ceria separately
[17]. The synergistic effect between cobalt and cerium was reported to improve the redox
property of the metal mixed oxide and thus showed higher catalytic activity in nitrous oxide
decomposition. The same catalytic behaviour was reported when cobalt-cerium mixed oxide

catalysed soot oxidation [18].
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Cobalt-cerium mixed oxides showed high thermal stability and catalytic performance in
CO and n-alkane oxidation [19]. This was attributed to the higher dispersion and smaller
crystal size of the Co304 [20].

Cobalt-cerium mixed oxides were prepared and activated at different calcination
temperatures to catalyse CO oxidation [21]. The composites prepared at the optimum
calcination temperature showed higher catalytic performance and this was attributed to the
total conversion of the cobalt precursor to Co3z0,4. At low calcination temperature only a small
fraction of the cobalt precursor transformed into Co3O4 nanoparticles. However, at very high
temperatures large clusters large clusters were formed. These two phenomena led to a
decrease in the catalytic performance of the composites.

Liotta et al. exploited the co-precipitation method to prepare a series of cobalt-cerium
oxide with different Co:Ce atomic ratios. It was shown that when the Co:Ce atomic ratio was
equal to 1, the catalytic activity of the composite was the same as that of pure Coz0,4 in
propene oxidation. This was attributed to the textural properties of the mixed metal oxide
catalyst [22]. It was also reported that when ceria was used as a catalyst for propene oxidation
the active sites were electrophilic O, and O™ species on the surface. However, in the case of
cobalt-cerium oxide both the electrophilic oxygen species on the surface and the lattice
oxygen (Mars and krevelen mechanism, see chapter 1, section 1.5.5) were reported to

participate in the catalytic reaction.

The same group also compared the catalytic performance in methane oxidation of cobalt-
cerium oxide containing 30 wt% cobalt with pure CozO4 and CeO,. The better performance
of the mixed catalyst was attributed to the improvement in morphological and redox
properties of the cobalt-cerium oxide composites as well as to better dispersion of the Co304
phase [23, 24].

The effect of Pd as a promoter on the catalytic performance of cobalt-cerium oxide
composites in CO oxidation was investigated [25]. It was reported that O, spillover was

facilitated in the presence of Pd, thus improving the catalytic performance.

Mesoporous ceria similar to mesoporous transition metal oxides can be used as a support.
Tsoncheva et al. reported preparing ceria, zirconia and magnesium oxide supported CozO4 via
impregnation. Mesoporous ceria supported Co30,4 demonstrated higher catalytic performance
in methanol decomposition than SBA-15, MgO or ZrO, supported Co3z04 [12]. This high
catalytic performance was attributed to the synergy between Cos0,4 and CeO, as well as the

easier release of oxygen due to the presence of CeO,.
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Harrison et al. also prepared CeO; supported Co3O4 Vvia co-precipitation and impregnation
[26]. The catalytic performance of these composites in diesel soot oxidation was compared
with alumina, silica and tin (IV) oxide supported cobalt oxide. It was reported that ceria
supported Co30,4 had better catalytic activity and this was attributed to the presence of Co304
as the dominant phase [26]. However in alumina, silica and tin (IV) oxide supported cobalt
oxide the dominant phase was reported to be Co®" in strong interaction with the support. The
strong metal support interaction was reported to be the main reason for poor catalytic activity
when alumina, silica and tin (V) oxide supported cobalt oxide were used as catalysts.

Some research groups have reported using ceria as a promoter to increase the performance
of the catalyst. Qi et al. reported the effect of ceria and Pd addition on the catalytic
performance of Al,O3; supported CozO, for benzene oxidation. It was shown that in the
presence of the promoter the catalytic activity increased as the proportion of ceria in the
composite increased. This was attributed to the better dispersion of cobalt oxide crystals on
the support due to the presence of CeO, [27]. Mu et al. showed that the synergy between
cerium and cobalt enhanced the catalytic performance of Co3O,4 supported on Ce containing
SBA-15 in deep oxidation of benzene [28].

5.1.1.2.2 Other mixed oxides systems containing ceria

Copper-cerium mixed oxides are known to be promising materials in various catalytic
applications such as NO reduction [29], hydrocarbon oxidation [30] and CO oxidation [31].
The high catalytic activity of these composites is generally attributed to synergistic effects
between the two oxides. These include the presence of oxygen vacancies in CeO, and the
facile redox interaction between the copper and cerium redox couple [8, 32]. Mesoporous
CeO, was used as a support for CuO nanoparticles to catalyse CO oxidation. It was
demonstrated that mesoporous CeO, as a support showed higher catalytic performance
compared to nonporous analogues. This was attributed to the high dispersion of the active

sites which results in high availability of the active sites for the reactants [31].

High surface area copper-cerium oxide was prepared using the surfactant-template
method. This composite was shown to have promising catalytic activity in CO oxidation. The
high dispersion of CuO entities was reported to be the main reason for high catalytic activity

of this composite [33].
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5.2 General overview

Since the catalytic performance of transition metal oxides is improved by the presence of
the CeO; either as a dopant or support, the focus of this chapter has been to investigate the
effect of ceria as a dopant for cobalt supported on SBA-15. The morphology, dispersion and
catalytic activity a number of composite materials prepared in a variety of ways have been
investigated in detail.

Chapter five comprises three manuscripts in which the impact of cerium on the dispersion

and catalytic properties of supported cobalt oxide species were investigated.

Publication 1, ( section 5.4) focuses on the impact of cerium as a dopant on the dispersion,
morphology and catalytic activity of SBA-15 supported cobalt prepared by the two-solvent
method and using Co(NO3)..6H,0 (5 wt%), Ce(NO3)3.6H,0 (0.5 wt%) as metal precursors.
For comparison SBA-15 was separately loaded with Co(NO3),.6H,O (5 wt%) or
Ce(NO3)3.6H,0 (5 wt% ) via the same method. In the cases of both the Ce-doped Co-
composite and non-doped Co-composite, Co3O,4 patches were formed throughout the SBA-
15. However, the Ce-doped Co-composites showed better dispersion and smaller sized Co304
patches than the non-doped Co-composites. This Ce-doped Co-composite also showed higher
catalytic activity in liquid phase oxidation of olefins and alcohols compared to the non-doped
Co-composite. The synergistic effect between cobalt and cerium is possibly due to the
improvement in the redox properties of the catalytic system in the presence of Ce**/Ce**. The
higher dispersion and smaller size of Co30, patches could also improve the catalytic activity
of the Ce-doped Co-composites. This paper also investigates the effect of the support on the
catalytic activity by comparing a neat Co-Ce oxide composite and a supported Ce-doped Co-
composite that both have the same Co:Ce weight ratio. The neat Co-Ce oxide composite had
negligible catalytic activity in oxidising 1-phenyethanol to its corresponding products and

this was attributed to the low surface area of the composite.

Publication 2, (section 5.5) concerns the impact of Ce(NO3)3.6H,0 (0.5 wt%) as a dopant
on the crystallinity, dispersion and catalytic activity of the composites prepared from
CoCl,.6H,0 (5 wt%) as cobalt precursor, again via the two-solvent method. For comparison
SBA-15 was separately loaded with CoCl,.6H,0 (5 wt%) or Ce(NO3)3.6H,0 (5 wt%) using
the same method. It was found that addition of cerium increased the catalytic activity of the
Co-composite in liquid phase oxidation reactions. This Ce-doped Co-composite showed

higher catalytic activity than its analogous composite prepared from CoCl,.6H,0O alone. It
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was found that the addition of ceria did not overcome the issue of cobalt leakage into the
reaction solution. It was also found that, upon adding cerium as a dopant, the crystallinity of

cobalt oxide species did not appear to improve.

Publication 3, (section 5.6) concerns the effect of Co:Ce ratio on the morphology and
catalytic activity of Ce-doped Co-composites prepared via the two-solvent method. Here
SBA-15 was loaded with fixed amount of CoCl,.6H,O (5 wt%) and various amounts of
Ce(NO3)3.6H,0 (0.5-2 wt%). All the composites showed a blue coloration. Cobalt oxide
species were highly dispersed throughout the SBA-15, regardless of the amount of Ce-
loading. With increasing Ce-loading more crystalline spherical CeO, nanoparticles could be
observed within the SBA-15 mesopores. These particles were also highly dispersed and, due
to the Z-contrast, could be seen as bright spots in STEM images. The composites with 0.5
wt% and 1.5 wt% Ce-loading showed the highest catalytic activity. This irregular pattern of
behaviour with increasing Ce-loading is not easy to explain and requires more investigation.
However it was suggested that the extent by which ceria covers the surface of the supported
cobalt oxide species can affect the synergistic effect between cobalt and cerium. It is
hypothesized that certain Co:Ce weight ratios provide improved redox interactions between

the cobalt and ceria oxide species and, thus, better catalytic activity.
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5.4 Effect of Ce-doping on the dispersion of Co3O4nanorods supported on SBA-15

Jamileh Taghavimoghaddam, Gregory P. Knowles, Alan L. Chaffee
School of Chemistry, Monash University, Victoria 3800 Australia

Abstract

SBA-15 supported cobalt oxide, cerium oxide and Ce-doped cobalt oxide composites were
prepared via the two-solvent method using Co(NO3),.6H,0 and Ce(NO3)3.6H,0O as metal
precursors. The potential of Ce-doping to improve the dispersion of the Co3O,4 nanorods and
catalytic performance of SBA-15 supported Co3Oy in the tert-butylhydroperoxide oxidation
of alcohols and olefins was investigated. A neat Co-Ce oxide mixture was separately
prepared via a co-precipitation method for comparison to investigate the impact of a high
surface area support on the catalytic activity of Ce-doped Co-composites. The Co:Ce weight
ratio in the precursors for both neat and supported Ce-doped Co-composites was 10:1. All the
composites were characterised by N, adsorption-desorption, XRD, FTIR, ICP-MS, TEM,
HRTEM, SEM, STEM and elemental mapping. The catalytic performance of the composites
was monitored by GC and GC-MS during the course of reaction. It was found that the use of
cerium as a dopant improved the dispersion of the crystalline Co30,4 nanorods in the support.
The Ce-doped Co-composite also showed higher catalytic activity in the liquid phase
oxidation reaction than either the supported Co-composite or Ce-composite. This can be
attributed to the higher dispersion of Co30,4 nanorods in the former composite and thus higher
available surface area, and to the beneficial effect of Ce-doping on the redox properties of the
catalyst. Neat Co-Ce demonstrated negligible catalytic activity, probably due to its much
lower surface area than that of supported Ce-doped Co-composite.

Keywords: Supported Co3O4; Ceria; Dopant; Dispersion; Liquid phase oxidation; Two-
solvent method

5.4.1 Introduction

Oxidation of organic substrates is a fundamental transformation in industry, as the
corresponding oxidation products can often be valuable chemical intermediates. The use of
heterogeneous catalysts for these oxidation reactions is of significant interest in order to
improve the conversion of the reaction, selectivity of the products and recovery of the
catalyst [1, 2]. Metal oxides, more specifically the transition metal oxides, are known to be

important in catalytic processes. Many of these oxides can be relatively stable in more than
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one oxidation state so that, they can facilitate oxidation-reduction or “redox” cycles. Among
the transition metals, cobalt oxides, typically the spinel-structure Co304, have been shown to
be particularly efficient catalysts in oxidation of hydrocarbons [3]. Spinel Co304, contains
cobalt cations in two different oxidation states; Co*" in tetrahedral and Co®" in octahedral co-
ordination [4].

The catalytic activity and selectivity of metal oxide nanoparticles strongly depends on
their structural characteristics, specifically their size, dispersion and shape [5]. The size of the
metal oxide nanoparticles is known to have a substantial impact on their catalytic
performance since it affects the ‘active surface area’ [6, 7]. In the case of supported metal
oxides, however, the type of the support plays a key role in determining the size and
dispersion of the particles and therefore their catalytic activity [8-10]. The use of a high
surface area support can enhance the dispersion of the active sites and thus the accessibility
of active surface area to reactants [11]. This high accessibility also facilitates the adsorption
and diffusion of reactant molecules, thereby increasing the conversion to product(s).

Ceria has been used as a promoter for various supported metal oxide catalysts [12, 13].
The oxygen storage capacity and the redox properties of Ce**/Ce** make ceria a desirable
dopant for cobalt oxides [14]. Both supported and bulk ceria-doped Co-composites have been
previously used as oxidation catalysts with better catalytic performance than non-doped
analogues [12, 15]. It is also known that ceria as a dopant can not only improve the dispersion
of the metal oxide particles, but also reduce the size of these particles [12]. This results in
enhancement of the catalytic performance through the provision of higher active surface area
[12]. Bulk ceria-doped Co30, was tested for liquid phase oxidation of alcohols to the
corresponding carbonyls [16]. It has also been reported that ceria-doped Co3O,4 showed better
catalytic activity than either pure cobalt oxide or pure ceria. Todorova et al. reported that
SiO, supported Co304/CeO, gave higher conversions for n-hexane and CO oxidation than
either SiO, supported Co30,4 or SiO; supported CeO,. It was also shown that the sequence in
which the cobalt and cerium precursors were added to the support affected the catalytic
performance of the final products [17].

We previously reported the effect of the Co-loading on the dispersion and morphology of
SBA-15 supported Co3O, particles. It was found that the composites with higher dispersion
and smaller Co30, particle size had better catalytic performance [18]. This was attributed to

less pore blockage and better accessibility to active particles [19].
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The present study concerns the effect of CeO, as a dopant on the dispersion and
morphology of the CoszO, nanorods supported on SBA-15 as well as on the catalytic
performance of the resulting composite. Co(NO3),.6H,O and Ce(NO3)3.6H,O were used to
prepare Ce-doped Co-composites via the two-solvent method [20]. SBA-15 was also
separately loaded with Co(NOs3)..6H,O or Ce(NO3)3.6H,0 individually via the same two-
solvent method. A neat Co(NO3),.6H,0/Ce(N0O3)3.6H,O composite was also prepared via the
co-precipitation method to study the effect of support on the catalytic performance of the
composites with the same Co:Ce weight ratio. Morphological and chemical characterisation
of the composites was carried out using various techniques such as X-ray diffraction (XRD),
N, adsorption-desorption, temperature programmed reduction (TPR), Fourier transform
infrared spectroscopy (FTIR), inductively coupled plasma-mass spectrometry (ICP-MS),
scanning electron microscopy-electron (SEM), transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM), scanning transmission electron
microscopy (STEM) and elemental mapping. Finally the composites were catalysed the
oxidation of alcohols and olefins in the presence of tert-butylhydroperoxide (TBHP), and the
products were identified by gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS).

5.4.2 Experimental
5.4.2.1 Catalyst preparation

SBA-15 was prepared using the method first described by Zhao and co-workers [21]. A
supported Ce-doped Co-composite was synthesized using the two-solvent method [20] and
Co(NO3),.6H,O and Ce(NO3)3.6H,0. SBA-15 was first suspended in dry hexane (the
hydrophobic solvent). The desired amounts of Co(NO3),.6H,0 and Ce(NO3)3.6H,0 to obtain
nominally 5 wt % and 0.5 wt % loading respectively, were dissolved in distilled water. The
total amount of water used for both metal aqueous solutions corresponded to the pore volume
of the mesoporous silica SBA-15, previously determined by N, adsorption-desorption. The
aqueous solution of cobalt precursor was added to the hydrophobic solution and the mixture
was stirred for 15 min. Cerium precursor aqueous solution was then added dropwise to the
mixture while stirring for a further 15 min. The mixture was sonicated for 15 min and stirring
was continued for a further 2 h. The solid was recovered by filtration and dried in air at room
temperature overnight. Finally, the sample was calcined by heating in air at 2 °C min™, then
holding at 700 °C for 6 h [22]. This composite is referred to as SC05-Ce0.5.
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Non-doped Co-composite and Ce-composite were prepared separately with nominally 5
wt% Co or 5 wt% Ce, respectively, via the same two-solvent method. Here again the desired
amount cobalt or cerium precursor was dissolved in water of volume equal to the pore
volume of the SBA-15 and added dropwise to the hydrophobic mixture (SBA-15 dispersed in

n-hexane). These composites are referred to as SCo5 and SCe5, respectively.

A neat Co-Ce composite (10:1 by wt) was synthesized via co-precipitation [16]. The
required amounts of Co(NOs3),.6H,O and Ce(NO3)3.6H,O were dissolved in the minimum
amount of deionised water. To this solution, aqueous ammonia (28 %) was added dropwise,
with constant stirring, to obtain pH 10. The mixture was filtered and continuously washed
with water so as to obtain a neutral filtrate. The precipitate was dried in air overnight at 110
°C, then ground and calcined by heating in air at 2 °C min™, then holding at 350 °C for 6 h.

This composite is referred to as Co-Ce.
5.4.2.2 Characterization of materials structural morphology/chemsitry

Low-angle and wide-angle XRD patterns were obtained with a Bruker D8 Focus powder
diffractometer using monochromatic CuK, source radiation (1=1.5406 A) operated at 40 kV
and 30 mA over the 26 ranges of 0.4-4° and 15-80° respectively. Data in the 26 range 0.4-4°
were collected with a step size of 0.02° and a step time of 0.1° min™’. Data in the 26 range 15-

80° were collected with step size of 0.02° and step time of 1° min™.

N, adsorption-desorption isotherms were obtained at -196 °C on a Coulter Omnisorb 360-
CX gas sorption analyzer. Samples were outgassed under vacuum at 150 °C overnight prior
to analysis. Pore volumes (P,) calculated from the desorption branch, BET surface areas over
the relative pressure (p/po) range 0.05-0.3, [21], and pore size distributions (PDS) using the
BJH method [21] were calculated for each data set. The total pore volume of supported Ce-
doped Co-composites was measured at relative pressure p/p0 = 0.9, however the total pore

volume of neat Co-Ce composite was measured at relative pressure p/p0 = 0.99.

FTIR spectra were collected using a BIO-RAD FTS 40 spectrometer. The materials were
diluted 1/300 in dry KBr, dried at 110 °C for 4-6 h, then pressed into pellets (under vacuum)

immediately prior to analysis.

ICP-MS was carried out using a GBC OPTIMAS 9500 ICP-MS. All catalysts were
digested in HNO3 and HF at 120 °C prior to measurement [23].
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TEM and HRTEM images were collected using a JEOL 2011 transmission electron
microscope equipped with a LaBg emitter (point resolution 0.21 nm) at an accelerating
voltage of 200 kV.

STEM was carried out using a JEOL 2100F microscope equipped with a high angular
annular dark field (HAADF) detector (camera length 10 cm and 0.5 nm probe) to collect
elemental mapping profiles. A 50 mm JEOL Si(Li) electron dispersive x-ray EDX detector

was used for elemental mapping.

SEM was carried out using a JEOL 7001F field emission gun scanning electron

microscope.

GC was carried out on an Agilent 6850 gas chromatograph equipped with an flame
ionization detector (FID) detector and a polar capillary column (BP20, 60 m x 0.25 mm).
GC-MS was carried using an Agilent 5973 mass spectrometer (source conditions: El, 70 eV,
200 °C) coupled to a 6890 series GC system.

5.4.2.3 Catalytic tests

Liquid phase oxidation of organic substrates was performed in a round bottomed flask. In
each test, 0.1g of catalyst was added to 20 mmol of substrate in 5 mL of acetonitrile. After
reaching the desired temperature for the reaction (80-83 °C), the oxidant, TBHP, (24 mmol)
was added dropwise over approximately 10 min. Reactions were carried out under reflux and

monitored by GC, samples being taken every 4 h up to 24 h.

5.4.3 Results and discussion
5.4.3.1 Characterization of supported catalysts
5.4.3.1.1 Low-angle X-ray Diffraction (XRD)

Low-angle XRD patterns of pure SBA-15, SCo5, SCe5 and SC05-Ce0.5 are shown in Fig.
1. The XRD pattern for pure SBA-15 exhibited three characteristic peaks at 20 = 0.94°, 1.52°
and 1.78°. These peaks were indexed to the (100), (110) and (200) diffractions of the two
dimensional (2D) hexagonal mesostructure (space group pémm) with dioo spacing of 9.8 nm
[24, 25]. Similar XRD patterns were obtained for SC05-Ce0.5, SCo5 and SCeb5, indicating
that after Co and/or Ce loading the mesostructure of the support was preserved. However, the

intensity of the main (100) peak decreased after Co and/or Ce loading when compared to the
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pure SBA-15. This indicates that the mesoporosity in the composites was lower, probably

because some pores had been filled by the metal oxides while others remained empty [26].
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5.4.3.1.2 N, adsorption-desorption

Fig. 2 A presents the N, adsorption-desorption isotherms obtained for SBA-15 and all
supported composites. The textural properties of the SBA-15 and all the composites,
including the BET surface areas, pore diameters (Pg), total pore volumes (P,) and micropore
volumes (Pymic) are summarized in Table 1. The Co and/or Ce content are also included in
Table 1. SBA-15 exhibits a type IV isotherm with H1 hysteresis according to the IUPAC
classification [25]. The sharp inflection on adsorption branch of the isotherm between relative
pressures (p/po) 0.6-0.8 are characteristic of good quality SBA-15 and confirms the narrow
PSD of the pure SBA-15 [27]. The adsorption at lower relative pressure p/po < 0.3 in SBA-15
is associated with the presence of micropores in the silica walls, which connect the

cylindrical channels.
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Fig. 2 N, adsorption-desorption isotherm of (A) pure SBA-15 and all supported composites

(to avoid overlapping of the isotherms they have been displaced) and (B) Co-Ce composite

After Co and/or Ce loading the general shape of the isotherms was nearly identical to that

of pure SBA-15. This similarity confirms that the mesoporous structure of the support was
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preserved after loading Co and/or Ce. However some changes in the isotherms were
observed, such as the decrease in the volume of adsorbed N, both in the micropore and
mesopore regions. In addition, the capillary condensation step of all supported composites
occurred at a lower relative pressure than for pure SBA-15. This suggests the formation of Co
and/or Ce oxide inside the mesopores [8, 28-30]. The slope of the capillary condensation for
SCo5 and SCo05-Ce0.5 was not as sharp as that of pure SBA-15, indicating a relatively
broader PSD for these two composites [31]. A shoulder was observed on the desorption
branch of SCe5 at relative pressure (p/po) 0.45, which can be attributed to the cavitation

phenomenon, i.e., incomplete pore blockage [32].

Upon loading Co or Ce on SBA-15, SCo5 or SCe5, the surface area, micropore and
mesopore volume decreased significantly. However, essentially no decrease in surface area
and micropore and mesopore volume for SCo05-Ce0.5 relative to SCo5 and SCe5 was
observed. This is attributed to the presence of Co3;O,4 nanorods inside the mesopores of SBA-
15. From previous work, it is known that the loss of surface area and pore volume is only
partially attributable to the pore filling by cobalt oxide, Co30,4, because the actual volume
occupied by Co30, is very low [19, 33]. In our samples the occupied volume related to cobalt
oxide and cerium oxide in SCo5, SCe5 and SC05-Ce0.5 was calculated to be 0.0116, 0.008
and 0.0118 cm?, respectively. This is based on the determined metal oxide concentrations and
the known density of the spinel Co3O,4 and fluorite CeO, (assuming that the active patches are
Co304and CeO,), which was 6.11 and 7.21 g cm™, respectively. Thus, it is suggested that the
formation of cobalt and/or cerium oxides within the SBA-15 mesopores blocked parts of the
micropore and mesopore networks so that they became inaccessible to N, (chapter 3,
publication 3, section 3.4.4)

The neat Co-Ce composite, by contrast, exhibited a type Il isotherm (Fig. 2 B), which is
characteristic of nonporous materials [34]. This composite possesses a relatively low surface
area (91 m? g') and micropore and mesopore volumes compared to the supported

composites.

Table 1 Textural properties of SBA-15 and all

Sample Seer(M?g?)  Pg(nm)  P,(em®*g)?®  Pumic(cm®g’)®  Co:Ce (wt %)°
SBA-15 946 6 1.1 0.36 0.0:0.0
SCeb 589 5.6 0.79 0.23 0.0:5.0
SCo5 588 5.6 0.79 0.23 5.0:0.0
SCo5-Ce0.5 585 5.6 0.77 0.22 5.0:0.5
Co-Ce 91 - 0.17 0.02 10.0:1.0

a: Total pore volume, b: micropore volume and c¢: Co and Ce content measured by ICP-MS
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Fig. 3 A shows the PSD of pure SBA-15 and all the composites. Pure SBA-15 showed a
narrow PSD similar to those of SCo5 and SCo05-Ce0.5. However the PSD of SCe5 was
broader than those of the other supported composites. A shoulder on the low diameter side of
the main peak at 5.6 nm is consistent with the occurrence of partially blocked pores, as
previously described [19, 35]. The Co-Ce composite also showed a very broad PSD and

exhibited a preponderance of pores with diameters greater than 10 nm.
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Fig. 3 PSD of (A) SBA-15 and all supported composites and (B) Co-Ce composite
5.4.3.1.3 Wide-angle X-ray Diffraction

Fig. 4 shows the X-ray diffraction patterns of the pure SBA-15, all supported and neat Co-
Ce composites. No diffraction peaks were observed for the SBA-15 except for a broad peak
at 15°<20<30° which is attributed to the amorphous silica [36-38]. This broad peak was

common to all the supported composites.

The XRD pattern for neat Co-Ce composite showed diffractions at 20 = 27.44°, 32.02°,
46.22° and 55° corresponding to the (111), (200), (220) and (311) crystal planes of the
fluorite structure of CeO, (JCPDF file 00-034-0394) [15] as well as at 26 = 36.56°, 43.92°,
55.44°, 58.38° and 64.32°, corresponding to the (311), (400), (422), (511) and (440) crystal
planes of the spinel structure of Co3O, (JCPDF file 01-073-1701) [4, 18]. No diffraction
peaks related to a mixed oxide phase were observed, suggesting that the Co3zO4 and CeO,
formed two separate phases.

The SCe5 XRD pattern showed weak diffraction peaks at 20 = 27.47°, 31.5°, 46.2°,
55.37°, 77.05° corresponding to the (111), (200), (220), (311), (331) crystal planes of the
fluorite structure of CeO, [15, 17]. The low intensity of the diffraction peaks in SCeb5
suggests that either the particle size was very small or that the particles were highly dispersed

throughout the support.
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The XRD pattern of SCo5 exhibited the diffraction peaks for spinel Co3z0,4 listed above.
The average particle size was calculated to be 25 nm using the Scherrer equation [39]. This
was larger than the pore diameter of SBA-15 determined by N, adsorption-desorption and
can be explained by the growth of Co30, particles in adjacent connected pores, leading to the
formation of crystalline Co3O, patches with an apparent particle size larger than the

mesopore diameter [19].

For the Ce-doped Co-composite, SC05-Ce0.5, the intensity of the diffraction peaks was
less than that for the SCo5. The average particle size for this composite was calculated to be
10 nm, which is two and a half times smaller than for SCo5. This can be attributed to the
presence of smaller CozO4 patches with better dispersion, which is in agreement with the
TEM results (see section 5.4.3.1.4). It is noteworthy that no diffraction peaks corresponding
to the fluorite CeO, structure can be observed; this can be attributed to the low Ce-loading

and/or its high dispersion throughout the support.
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5.4.3.1.4 Morphological investigation

Fig. 5 shows the SEM images of the pure SBA-15 and all the composites. SBA-15
consisted of rod-like particles with an average width and length of 220 + 20 nm and 900 + 50
nm respectively. Similar morphologies have been reported previously [40, 41]. The
secondary aggregation of the particles from end to end or side to side resulted in a rope-like
macrostructure. The surface of the SBA-15 particles exhibited uniform stripes that are
consistent with the straight channels that are expected to be present. These stripes were also
present on the surface of the supported composite particles, implying that the mesoporosity
was preserved after loading cobalt and cerium. This is in agreement with N, adsorption-

desorption and low-angle XRD results.
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The neat Co-Ce composite displayed an uneven surface and consists of crumb-like
particles with a large degree of porosity. Fig. 5e demonstrates that the particles aggregated to
form clusters with pores of sizes broadly consistent with the pore size distribution measured
by N, desorption.

R

Fig. 5 SEM images of
(a) SBA-15,

(b) SCo5-Ce0.5,

(c) SCo5,

(d) SCe5 and

(e) Co-Ce

Fig. 6 shows TEM images of all the composites. The presence of highly ordered channels
in the supported composites clearly indicated the preservation of the SBA-15 mesoporous
structure, which is in agreement with the results obtained from XRD, N, adsorption-
desorption and SEM. The parallel channels of SBA-15 could also be observed after Co and/or

Ce were loaded on the support.

In the case of SCe5 (Fig. 6 ¢ and c*) highly dispersed cerium oxide particles were
observed throughout the SBA-15. These particles appeared as black dots due to the electronic
density differences from the silica and were only seen inside the SBA-15 pores. The size of
these particles was measured to be less than 5 nm. Since these particles were smaller than the
pore diameter of the SBA-15, once formed on the internal surface of pore wall, they could
have caused partial pore blockage. This is in agreement with the results obtained from N,
adsorption-desorption. The parallel lattice fringes with 0.31 nm d-spacing corresponding to
(111) planes in fluorite structure CeO, (JCPDF file 00-034-0394) could be observed in the
HRTEM image.

In SCo5 spinel Co304 patches were observed (Fig. 6 a and a*) well dispersed throughout
the SBA-15 [19]. Each patch was comprised of crystalline CozO4 nanorods connected to each
other with small bridges through the micropores [38]. These patches formed in various sizes,
with widths and lengths in the range of 50-100 nm and 75-200 nm respectively. The lattice
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fringes of spinel Co3O4 with 0.42 nm d-spacing corresponding to (111) planes (JCPDF file
01-073-1701) were observed in the HRTEM image. This confirmed the formation of
crystalline Co3zO,4 nanorods inside the pores of SBA-15. It is interesting that the dispersion
behaviour of Co30,4 observed in this work differs from that of CeO, formed within the pores
of the SBA-15. While Co30, particles formed nanorods, which extended their growth via
micropores to the adjacent mesopores upon calcination, CeO, formed fine spherical particles

within individual pores.

Fig. 6 (a) STEM image of SCo5,
(a*) HRTEM image of SCo5,

(b) STEM image of SC05-Ce0.5,
(b*) HRTEM image of SC05-Ce0.5,
== (c) TEM image of SCe5,

£ (c*) HRTEM image of SCeb5,

d) TEM image of Co-Ce and

, (d*) HRTEM image of Co-Ce

In the Ce-doped Co-composite the patches of CozO,4 could still be observed throughout the
support. However cerium addition had decreased the size of the patches and improved their
dispersion. Here, most patches were comprised of just 2-3 adjacent nanorods such that the
average widths and lengths of the patches were 15-25 nm and 40-60 nm respectively (Fig. 6
b). Some single rods were also observed in the channels of SBA-15. A similar phenomenon
has been previously reported where coventional silica was used as support [17].
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Fig. 6 d and d* show the TEM and HRTEM images of the neat Co-Ce composite. In this
work the size of the Coz04 clusters was measured to be approximately 20-50 nm, which
suggests that Co3zO, particles did not aggregate substantially during calcination. This can be
attributed to the presence of CeO, and its inhibition of Co3zO,4 aggregation, as reported by Hou
et al [12]. Sean et al. reported that for bulk Co304/CeO,, the spaces between Co30, particles
were filled with CeO,, and thus the aggregation of Co3O4 particles at high temperature was
prevented [42]. The HRTEM image exhibited the lattice fringes of both Co304 and CeO,,
demonstrating that there was phase separation. Even with careful examination of various

areas of the neat Co-Ce composite no mixed phase domains could be identified.

Fig. 7 shows the STEM images and elemental mapping profiles of SCo5 and SCo5-Ce0.5.
Spinel Co3O,4 patches were observed for both SCo5 and SCo5-Ce0.5, but they were more
evenly dispersed in the latter composite. This can be attributed to the presence of CeO, as a
dopant [17]. CeO; particles were also highly dispersed throughout the support and, in the case
of SC05-Ce0.5, CeO, particles appeared to concentrate near where the Co30,4 patches were

located (Fig. 7 b white circles).

Fig. 7 STEM images and elemental mapping profiles of (a) SCo5 and (b) SCo5-Ce0.5
5.4.3.1.5 Fourier transform infrared spectroscopy

Fig. 8 shows the FTIR spectra of all the composites. The bands at 470 cm™, 1081 cm™ and
808 cm™ were due to asymmetric and symmetric Si-O-Si stretching vibrations respectively
[43]. The broad band at around 3400 cm™ was due to the presence of surface —OH groups
with a strong hydrogen bond interaction between them. The bending vibration of Si-OH was
observed at around 964 cm™ [44]. The band at 1630 cm™ was assigned to the deformation
modes of —OH bonds of the adsorbed water [45]. Spectra obtained for SCo5 and SC05-Ce0.5
showed, in addition, absorbance peaks centred at 690 cm™ and 580 cm™ consistent with Co-O
stretching vibrations (black arrows) [46-48]. The band at 580 cm™ is associated with Co®*-O

vibrations in octahedral positions of the spinel lattice while the band at around 690 cm™ is

224



attributed to Co®*-O vibrations in tetrahedral positions. Cerium oxide did not show any bands

in the scanned region [17].
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5.4.3.1.6 Catalyst evaluation

The catalytic performance of all the composites was evaluated in the oxidations of 1-
phenylethanol, trans-2-hexene-1-ol, norbornene and cinnamyl alcohol in the presence of

TBHP. The results are summarized in Table 2.

To compare the catalytic performance of SCo5-Ce0.5 with that of SCo5 and SCe5, 1-
phenylethanol was used as the substrate. SCo5 and SCe5 showed similar catalytic activity for
this oxidation (entries 2 and 3). However when SC05-Ce0.5 was used as a catalyst, the
reactivity doubled (entry 4). Cobalt oxide is generally known to be an effective catalyst for
oxidation reactions, typically at high temperature in the gas phase, due to its high oxygen
mobility [15, 49]. It was separately reported that the redox behaviour of Co®*/Co®* facilitates
the catalytic reaction [19]. In addition, the high oxygen storage capacity of ceria as well as
the redox behaviour of Ce**/Ce*" was reported to further facilitate oxygen mobility in a series
of bulk Co30,/CeO, composites. These properties were reported to improve the catalytic
performance of Co30,/CeO, composites with certain Co:Ce ratio in low temperature propane
oxidation [50]. Thus, it appears that,the synergistic effect between cobalt and cerium, which
can be due to improvement of Co**/Co* redox property in the presence of Ce**/Ce**, which
is well known in gas phase reactions [51], may also be the main reason for the higher
catalytic activity of SCo05-Ce0.5 in this liquid phase system. Other groups have proposed that
CeO; can partially cover the surface of the supported metal oxide [52, 53] and the extent of
this coverage was reported to play a crucial role in the catalytic activity of Ce-doped metal
oxide composites [53]. In the present case it is suggested that in SC05-Ce0.5 a CeO, rich

domain partially covered the surface of Co30, to facilitate the synergistic effect between
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cobalt and cerium. If the CeO, were to fully cover the surface of the Co30, species it might
be expected that the catalytic behaviour would be less favourable, because there would then
be less chance for both the Co®*/ Co®" and the Ce®'/ Ce** to perform as catalytically active
species and, therefore, the catalytic activity of SCo5-Ce0.5 might be expected to be similar to
that of SCeb5.

The higher dispersion of CozO4 nanorods can also be considered to be an important factor
in improving the catalytic performance of SC05-Ce0.5 relative to SCo5. This is because in
heterogeneous catalysis the dispersion of the active species on the support is of significant
importance in its catalytic performance [8, 53, 54]. The STEM, TEM images (section
5.4.3.1.4) and XRD patterns (section 5.4.3.1.3) clearly indicated the better dispersion and

smaller size of the cobalt clusters in SCo5-Ce0.5 compared to SCo5.

SCo05-Ce0.5 was also evaluated for cyclohexanol oxidation (entry 5) and demonstrated
better activity than SCo5 [19]. (Note that pure SBA-15 showed no activity for this reaction
[19]). So these results underline the importance of the presence of both cobalt oxide, Co30y,
and cerium oxide, CeO; for optimum catalytic performance. Trans-2-hexen-1-ol was also
selectively catalysed to its corresponding epoxide in the presence of SC05-Ce0.5 (entry 6).
However cinnamyl alcohol was selectively oxidized to cinnamaldehyde (entry 8). It can be
noted that cinnamaldehyde is essentially a dehydrated product of the corresponding epoxide
which could have been formed as an intermediate. No further oxidation of the carbonyl

groups to carboxylic groups was observed.

The total conversion of norbornene into norbornene oxide in the presence of SCo5-Ce0.5
was also observed (entry 7). The catalytic activity was higher for this substrate than for the
other substrates used in this work, a feature which is attributed to the presence of an exposed

double bond in the strained ring.

The recyclability of SCo5-Ce0.5 was tested for the 1-phenylethanol oxidation. This was
done by simply separating the catalyst via filtration after the catalytic reaction, washing it
several times with acetonitrile, drying it at 100 °C, then adding fresh substrate. SC05-Ce0.5
could be used up to four times without significant change to its catalytic activity.

In order to investigate the impact of a high surface area support on catalytic performance
of Ce-doped Co-composites, 1-phenylethanol oxidation was carried out in the presence of
neat Co-Ce composite. Relatively low conversion was observed for this composite over the

24 h reaction period, which can be attributed to its relatively low surface area (91 m? g*).
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This result was as expected and validates the use of support to facilitate the dispersion of the

catalytically active species and prevent their aggregation into large clusters.

Table 2 Oxidation of organic substrates

Entry Catalyst Substrate Time(h) product Conversion %
4 6

OH 8 7 10

1 Co-Ce 12 13
24 19

4 12

OH 8 7 22

2 SCo5 12 31
24 60

4 13

OH 8 i 25

3 SCe5 12 36
100 62

OH 4 28

8 7 59

4 SCo05-Ce0.5 12 87
24 100

ol 4 o 20

8 | 33

5 SCo05-Ce0.5 12 42
24 63

4 14

8 23

6  SC05-Ce05 -~y 12 TS on 31
24 35

4 50

8 90

7 SCo05-Ce0.5 12 100
24 o 100

4 15

8 19

NS
on 12 ©/\/\0 23
24 40

8 SCo5

%%

Reaction condition: catalyst (0.1 g), substrate (20 mmol), TBHP (24 mmol), acetonitrile
(5ml)
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5.4.4 Conclusion

SBA-15 supported Ce-doped Co-composite was prepared via the two-solvent method
using Co(NOs)2.6H,O and Ce(NO3)3.6H,O as metal precursors. The morphological
characterisation of this composite indicated better dispersion and smaller Co3zO4 patch size
than that for the non-doped Co-composite. The catalytic performance of Ce-doped Co-
composite was higher than that of either non-doped Co-composite or Ce-composite. This was
attributed to the better dispersion of Co30, species in the former composite, such that more
active surface area was available for the reactants. In addition, the extent to which CeO; as a
dopant covered the surface of Co3zO, species was suggested to have an impact on the
synergistic effect between cobalt and cerium and thus improve the redox properties of the

catalytic system.

The impact of the high surface area support was also investigated in this study for Ce-
doped Co-composites and neat Co-Ce composite with the same Co:Ce weight ratio. The
catalytic activity of neat Co-Ce composite was five times less than that of Ce-doped Co-
composite in oxidation of 1-phenylethanol. This is attributed to the low surface area, and thus

poor dispersion of active species, in neat Co-Ce composite.
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5.5 Effect of Ce-doping on the structure and redox properties of the SBA-15

supported cobalt oxide species in catalytic oxidation reactions

Jamileh Taghavimoghaddam, Alan L. Chaffee
School of Chemistry, Monash University, Victoria 3800 Australia

Abstract

The effect of CeO, as a dopant on the crystallisation and dispersion of cobalt oxide species
supported on mesoporous silica SBA-15 was investigated. CoCl,.6H,0 and Ce(NO3)3.6H,0
were deposited on SBA-15 using the two-solvent method and subsequently calcined to obtain
the composite material. CoCl,.6H,0 and Ce(NO3)3.6H,0 were also individually deposited on
SBA-15 using the same procedure to compare the morphology, dispersion, crystallization,
leakage and catalytic activity of the Ce-doped and non-doped Co-composite materials. All the
composite materials were characterised by N, adsorption-desorption, XRD, FTIR, ICP-MS,
TEM, HRTEM, SEM, STEM and elemental mapping. The elemental mapping profile of Ce-
doped Co-composite demonstrates highly dispersed ceria and cobalt oxide species throughout
the SBA-15. No trace of any mixed cerium-cobalt oxide phase was observed.

It was found that the Ce-doped composite exhibited better catalytic activity for the liquid
phase oxidation of a series of small olefins and alcohols than did either pure ceria or pure
cobalt oxide composites. This can be attributed to the synergistic effect between cobalt oxide
and ceria that results from an improvement in the redox properties of Co®*/Co®". However,
the incorporation of ceria did not overcome the leakage of cobalt species into the reaction
solution that occurred during the course of reaction.

Keywords: Supported cobalt oxide; Ceria; Dopant; Dispersion; Liquid phase oxidation;
Two-solvent method.

5.5.1 Introduction

The catalytic oxidation of olefins and alcohols has received much attention in recent
decades because the products are valuable intermediates in the chemical industry, particularly
for petrochemicals and pharmaceuticals [1]. Conventionally, stoichiometric amount of
oxidants such as chromium (V1) have been used to oxidized these substrates [2]. However,
this approach is expensive, produces large amounts of heavy metal waste and usually uses

chlorinated solvents, which are not considered environmentally friendly. Due to new
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legislation the design of green catalytic processes for various oxidation reactions is of utmost
importance. This involves designing processes which reduce or remove the need to use
hazardous materials and minimize or eliminate generation of hazardous and undesirable by
products [3, 4]. Transition metal oxides, particularly cobalt oxides, are attractive materials for
mediating oxidation reactions because of their oxygen mobility [5] and ability to undergo

repetitive oxidation-reduction, or, redox cycles [6].

It is a generally accepted concept that the surface area of the catalyst is one the key factors
in determining its activity [7, 8]. It would be expected that as the active material’s particle
size decreases, the surface area increases, thereby providing more active surface area for
interaction with the reactants.[9, 10]. One way to increase the surface area of a transition
metal oxide is to deposit it on a high surface area support, for example a mesoporous silica
such MCM-41 [11] or SBA-15 [12]. The high surface area of the support enhances the
dispersion of the active species and the walls of the mesoporous silica prevent the
aggregation of the metal oxide particles into large clusters [13, 14]. In this approach the
channels of the support can also provide a ‘reaction chamber’ through which the reactant
molecules can diffuse and interact with the active sites, thereby increasing the catalytic
activity. Supported cobalt oxide has been reported to catalyse the liquid phase oxidation of
alcohols and olefins [15-17], the deep oxidation of hydrocarbons [18], CO oxidation [19-22],

styrene epoxidation [23, 24] and methane combustion [25, 26].

Ceria is well known for its redox properties (Ce*/Ce®"), its high oxygen storage capacity
(HOSC) and its ability to make oxygen more available for oxidation processes [27]. It has
been reported that the presence of cerium in different oxidation states, together with oxygen
ions on its surface is critical to these properties [28]. Ceria has been used as a promoter for
various supported metal catalysts [29, 30] and its effectiveness in this role has been attributed
to properties such as: (a) high thermal and mechanical resistance [31], (b) HOSC [32, 33] and

(c) ability to improve the dispersion of the principal catalytic metal or metal oxide entity [29].

Supported or bulk Ce-doped cobalt oxides have been used as catalysts for oxidation
reactions [34]. Hou et al. reported that by doping small quantity of ceria into Co3O, smaller
particles with higher surface area and dispersion were obtained. Their composite, compared
to pure Co304, showed higher catalytic activity [29]. Co304/CeO, was tested for liquid phase
oxidation of alcohols to the corresponding carbonyls [35]. It was reported that the
C0304/Ce0, showed better catalytic activity than either pure Coz0,4 or CeO,. Todorova et al.

reported that supported Co304/CeQO; gave higher conversion for n-hexane and CO oxidation.
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They also showed that the sequence in which the metal precursors were added to the support

affected the catalytic properties of the catalysts [36].

We previously reported the effect of ceria as a promoter on the morphology, dispersion
and catalytic activity of SBA-15 supported Co30,4 prepared using Co(NO3),.6H,O as a
precursor (chapter 5, publication 1, section 5.4) It was found that ceria, as a promoter,
improved the dispersion of the Cos0,4 throughout the support. The Ce-doped Co-composite
comprised both Co3O, single rods and Co3O4 patches. These patches were composed of 2-3
nanorods in adjacent pores of SBA-15. By comparison, Coz0O, patches on the non-doped
composite were composed of 4-7 nanorods in adjacent pores. The Ce-doped Co-composite
demonstrated higher catalytic activity than the non-doped composite. This was attributed to
the higher dispersion of the catalytically active particles and/or a synergistic effect between
Co304 and CeO, due to the improvement of Co*/Co® redox properties, in the presence of
ce**/ce™.

We have recently reported the results of our study in which CoCl,.6H,0 was deposited on
SBA-15 using various preparation methods (chapter 4, publication 2, section 4.3). These
composites showed higher catalytic activity than those prepared with Co(NO3),.6H,0 as
metal precursor [16]. It was found that the cobalt oxide phase, using CoCl,.6H,O as
precursor, was highly dispersed and amorphous; however, some leakage of cobalt was
observed from these composites, causing them to behave more as a mixed ‘heterogeneous-
homogeneous’ catalytic system rather than a straight forward heterogeneous system. It has
been reported that the addition of dopant reduced the amount of leakage in ceria-zirconia-
copper oxide composites [37]. Hence, the purpose of this study is to investigate the impact of
ceria as a dopant on the dispersion, crystallinity, leakage and catalytic activity of SBA-15
supported cobalt oxide composite. Here CoCl,.6H,O and Ce(NO3)3.6H,O were used to
prepared SBA-15 supported cobalt oxide, ceria and Ce-doped cobalt oxide composites via the
two-solvent method. The composite materials were characterized by X-ray diffraction
(XRD), N adsorption-desorption, fourier transform infrared (FTIR), inductively coupled
plasma-mass spectrometry (ICP-MS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM)
scanning transmission electron microscopy (STEM) and elemental mapping. The catalytic
activity of all composites was monitored by gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS) during the course of reaction by withdrawing

samples every 4 h up to 24 h.
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5.5.2 Experimental
5.5.2.1 Synthesis of the SBA-15 support

Mesoporous silica SBA-15 was prepared using the method first described by Zhao and co-
workers [38]. Ce-doped Co-composite was synthesized using the two-solvent method [39]
with CoCl,.6H,0 and Ce(NOs3)3.6H,0 as metal precursors. SBA-15 was first suspended in
dry hexane (the hydrophobic solvent). The desired amounts of CoCl,.6H,O and
Ce(NO3)3.6H,0O to obtain nominally 5 wt% and 0.5 wt% loadings respectively were
separately dissolved in distilled water. The total amount of water used for the addition of both
metal aqueous solutions corresponded to the pore volume of the mesoporous silica SBA-15
previously determined by N, adsorption-desorption.

The cobalt aqueous solution was first added dropwise to the hydrophobic solution and the
mixture stirred for a 15 min. Next the cerium aqueous solution was added in the same manner
to the mixture, stirred for further 15 min, followed by 15 min sonication. The mixture was
stirred for a further 2 h. The solid was then recovered by filtration and dried in air at room
temperature overnight. Finally, the samples were calcined by heating in air at 2 °C min™, then
holding at 700 °C for 6 h [40]. This composite is referred to as SCo(Cl)5-Ce0.5.

Supported cobalt oxides and ceria (without doping) were prepared separately via the two-
solvent method to achieve 5 wt% Co and 5 wt% Ce loadings, respectively. These composites
are referred to as SCo(Cl)5 and SCeb5.

5.5.2.2 Characterization techniques

Low-angle XRD patterns were obtained with a Bruker D8 Focus powder diffractometer
operated at 40 kV and 30 mA over a 26 range of 0.4-4° using a monochromatic CuK, source
radiation (1=1.5406 A). Data were collected with a step size of 0.02° and a step time of 0.1°
min™,

N, adsorption/desorption isotherms were obtained at -196 °C on a Coulter Omnisorb 360-
CX gas sorption analyzer. Samples were outgassed at 150 °C overnight prior to analysis. Pore
volume, BET surface area [41], and the pore size distribution (PDS) as giving by the BJH

method [38] were calculated for each data set.

FTIR spectra were collected via a BIO-RAD FTS 40 spectrometer. The materials were
diluted 1/300 in KBr, dried at 110 °C for 4-6 h, then pressed into pellets under vacuum prior

to analysis.
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ICP-MS was carried out using a GBC OPTIMAS 9500 ICP-MS. Prior to measurement all
catalysts were digested in HNO3 and HF at 120 °C [42].

TEM and HRTEM were carried out using a JEOL 2011 transmission electron microscope
equipped with a LaBg emitter (point resolution 0.21 nm). An accelerating voltage of 200 kV
was used for this study.

STEM was carried out on a JEOL 2100F microscope equipped with a high angular annular
dark field (HAADF) detector (camera length 10 cm and 0.5 nm probe). The electron
dispersive X-ray spectroscopy (EDX) detector was a 50 mm JEOL Si(Li) used for elemental
mapping.

SEM was carried out using a JEOL 7001F field emission gun scanning electron

microscope.

GC was carried out on a Varian 3700 gas chromatograph equipped with an FID detector, a
30 m polar capillary column (SGE 30QC5/BP20 1.0y, ID 0.53 mm) and an Agilent EZChrom
Elite (version 3.2.1) data system. GC-MS was carried out on an Agilent 5973 Network MS
coupled to a 6890 series GC system (source conditions: El, 70 eV, 200 °C).

5.5.2.3 Catalytic tests

Liquid phase oxidation of organic substrates was performed in a round bottomed flask. In
each test, 0.1g of catalyst was added to acetonitrile (5mL) containing substrate (20 mmol).
After reaching the desired temperature for the reaction (80-83 °C) the oxidant, tert-
butylhydroperoxide, TBHP, (24 mmol) was then added dropwise over approximately 10 min.
Reactions were carried out under reflux and monitored by GC, withdrawing samples every 4
hupto 24 h.

5.5.3 Results and discussion
5.5.3.1 Characterization of supported catalysts
55.3.1.1 Low-angle XRD

Fig. 1 shows the low-angle XRD patterns of pure SBA-15 and all the composites
materials. The XRD patterns have been displaced to assist in distinguishing the peaks. The
XRD pattern obtained from pure SBA-15 exhibited three characteristic peaks at 260 = 0.92°,
1.54° and 1.78°. These peaks were indexed to the (100), (110) and (200) diffractions of the

two dimensional (2D) hexagonal mesostructure (sapce group pémm) [41, 43] with a digo
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spacing of 9.6 nm. Similar XRD patterns that were obtained from SCe5, SCo(CIl)5 and
SCo(CI)5-Ce0.5, indicating that after cobalt and/or cerium loading the mesostructure of the
support was preserved. However, the intensity of the main peak (100) decreased in SCe5
compared to pure SBA-15. This suggests that the degree of mesoporosity in this composite
decreased due to the presence of cerium oxide particles inside some pores while a small
fraction of pores were empty [44]. The decrease in the intensity of (100) peak was not as
great for SCo(ClI)5 and SCo(Cl)5-Ce0.5, suggsting that the cobalt and cerium oxide particles
were relatively better dispersed throughout the SBA-15 so that the changes in the structure of

the support were too small to be detected.

6000 = SBA-15
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—— SCo(Cl)5-Ce0.5
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Fig. 1 Low-angle XRD patterns of

3000 1 SBA-15 and all the composites
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5.5.3.1.2 N, adsorption-desorption

Fig. 2 illustrates the N, adsorption-desorption isotherms of SBA-15 and all the composite
materials. The corresponding textural properties are summarized in Table 1. SBA-15
exhibited a type IV isotherm with H1 hysteresis following the IUPAC classification [41]. The
adsorption at lower relative pressure p/pp<0.25 in SBA-15 is associated with the presence of
micropores in the walls, which connect the cylindrical mesopores [45]. A sharp inflection at
relative pressure (p/po) in the range 0.6-0.8 was also observed for this isotherm and was
attributed to the capillary condensation of N, in the mesopores. This is characteristic of good
quality SBA-15 with 2D cylindrical channels [41]. The sharpness of the hysteresis loop is
attributed to the narrow PSD for pure SBA-15 [46].

The shape of the isotherms of all the composites was nearly identical to that of SBA-15.
This similarity suggests that the integrity of the support, SBA-15, was preserved after loading
cobalt and cerium. The capillary condensation step for all the composite materials occurred at
a lower relative pressure than for SBA-15. The slope of the capillary condensation part of the

isotherms of these composite materials was not as high as that of pure SBA-15. This indicates

237



a broader PSD for the composite materials relative to pure SBA-15. This was more
pronounced for SCe5 than for SCo(Cl)5 and SCo(Cl)5-Ce0.5, suggesting the PSD of SCeb5

was broader than those of the latter composites.

In addition, a shoulder was observed on the desorption branch of SCe5. This suggests
partial pore blockage in this composite and is referred to as the “cavitation phenomenon”
[47]. The data suggest that for this sample the cerium oxide particles have grown against the
silica walls such that some of the pore volume was only accessible via a narrow pore neck.
As a result during desorption, though N, first desorbed from empty pores at the relative
pressure p/pp=0.6, partially blocked pores showed delayed N, desorption until the vapour
pressure was reduced to p/po=0.45 [48].

—SBA-15

1001 ——sco(c)s
£ ——SCe5
800 1 Fig. 2 N, adsorption-desorption
g g. 2 p p
S 600 1 isotherm of SBA-15 and all the
[ - -
£ 4001 composite materials
S 200 (

0 T T T T 1

0.00 0.20 0.40 0.60 0.80 1.00

Relative pressure (p/p,)

Table 1 Textural properties of SBA-15 and metal composites

Sample Seer(m?g)®  Pg(nm)®  Py(cm®g)®  Pym(cm®g)?  Co:Ce (wt %)
SBA-15 946 6 1.1 0.36 0.0:0.0
SCeb 589 5.6 0.79 0.23 0.0:5.0
SCo(Cl)5 560 5.6 0.77 0.22 5.0:0.0
SCo(CI)5-Ce0.5 548 5.7 0.77 0.21 5.0:0.5

a: Surface area, b: averagepore diameter, c: total pore volume and d: micropore volume

A substantial loss in the surface area of the composite materials as well as the decrease in
both average pore diameter and pore volume relative to pure SBA-15 suggested that the metal
oxide particles were formed inside the pores of SBA-15. In addition, the decrease in volume
of adsorbed N, at relative pressure p/po< 0.25 (micropore volume, P,y) after metal (cobalt
and/or cerium loading) suggests that a fraction of micropores were also blocked due to the

presence of either cobalt or cerium oxide inside the mesopores [49-52].
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5.5.3.1.3 Scanning electron microscopy

Fig. 3 shows the SEM images of SBA-15, SCo(Cl)5-Ce0.5 and SCe5. The rope-like
macrostructure of SBA-15 was comprised of rod-like structural unit particles, aggregated to
form the SBA-15 macrostructure [53]. The individual particles of SBA-15 prepared in this
study were typically 900 + 50 nm long and 220 + 20 nm wide [17]. The overall morphology
of SBA-15 was common to all the composite materials. On the surface of the individual
particles, parallel stripes were observed, which are attributed to the uniform array of
hexagonal channels of the support. This further suggests that the mesostructure of the support
was preserved after loading cobalt and/or cerium. This supports the deduction from the N,
adsorption-desorption and XRD results that the mesostructure of the support was preserved

after loading cobalt and/or cerium.

Fig. 3 SEM images of (a) SBA-15, (b) SCo(Cl)5, (c) SCe5 and (d) SCo(Cl)5-Ce0.5
5.5.3.1.4 Transmission electron microscopy

Fig. 4 shows the TEM images of SCo(Cl)5-Ce0.5 and SCe5. Both composite materials
showed the highly ordered parallel channels with the electron beam perpendicular to the
channels, and a well-ordered honeycomb structure when the electron beam was parallel to the
channels (Fig. 4 a and b dotted circles) [16, 39]. For SCo(CI)5-Ce0.5 composite, not much
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contrast was observed between the support and cobalt and/or cerium oxide species. This was
not the case when Co(NO3),.6H,0 and Ce(NO3)3.6H,0 were used as metal precursors, where
highly dispersed patches of Co3O4 as well as single nanorods of CosO, were observed
throughout the SBA-15 (chapter 5, publication 1, section 5.4).

(a) [ | (b) . _Hongycomb
. St

ructires s, o
g &

Parallel
‘Channels

Fig. 4 TEM images of (a, b) SCo(Cl)5-Ce0.5 and (c, d) SCe5

Here it seems that the crystallization of cobalt oxide species inside the mesopores was
prevented due to the high decomposition temperature, normally above 500 °C, of the counter
ion (CI') (chapter 4, publication 1, section 4.2). In our previous study of SBA-15 supported
CoCl,.6H,0, it was speculated that cobalt oxide species were formed which interact with the
support; Co** was tetrahedrally co-ordinated to the oxygen of the silica wall (chapter 4,
publication 2, section 4.3). Comparing SCo(Cl)5-Ce0.5 with the non-doped Co-composite

previously reported (chapter 4, publication 2, section 4.3), gave no indication that the
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addition of Ce(NO3)3.6H,0 improved the crystallization of the cobalt oxide species. Some
darker spots were observed, mainly on the walls of the SBA-15, which can be attributed to
the cobalt oxide species on the internal side of the walls (white circles Fig. 4b). No lattice
fringes could be observed at higher magnification and this can be attributed to the interaction
between Si-OH groups and Co?* resulting in formation of an amorphous Si-O-Co phase [54]
so that no crystalline Co phases were formed. The decrease of the surface area and pore
volume of SCo(Cl)5-Ce0.5 also suggested that cobalt oxide species were formed inside the
pores (section 5.5.3.1.2).

Fig. 4c and d show the SCe5 composite, in which the spherical cerium oxide particles
were highly dispersed throughout the SBA-15. The size of the particles were about 5 nm and
the parallel lattice fringes with 0.31 nm d-spacing, corresponding to the (111) planes in
fluorite CeO, (JCPDF file 00-034-0394), were observed in HRTEM image.

Fig. 5 shows the STEM images and elemental mapping profiles of SCo(Cl)5-Ce0.5. The
high dispersion of both the cobalt oxide species and ceria on SBA-15 was evident from the
profiles. The somewhat higher contrast for cobalt relative to cerium is attributed to its higher
concentration. No separate phase belonging to cobalt rich or cerium rich species was

observed.

%
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Fig. 5 STEM images and elemental mapping profiles of SCo(Cl)5-Ce0.5
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5.5.3.1.5 Fourier transform infrared spectroscopy

Fig. 6 shows the FT-IR spectra of SBA-15 and all the composite materials. The bands at
about 470 cm™, 1081 cm™ and 808 cm™ common to all composites were assigned to Si-O-Si
stretching vibrations respectively [55]. The bending vibrations of Si-OH were observed at
around 964 cm™ [56]. The band at 1630 cm™ was assigned to the deformation modes of —OH
bonds of adsorbed water [57]. Two peaks were registered for all samples containing cobalt.
These bands, at around 690 and 580 cm™ were attributed to the stretching vibrations of Co-O

bonds mostly in a spinel structure [36, 58-60]. It was reported previously that small fraction
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of the CoCl,.6H,0 transformed into spinel Co3O4, while the remaining cobalt was in
amorphous cobalt silicate form (chapter 4, publication 2, section 4.3). The Si-O-Co vibration
was reported to occur at 1029 cm™ [61], but in this work it could overlap with the Si-O-Si
band and so not be distinguishable. No characteristic peaks could be observed for S-Ce in the
studied region [36].

250 - —SBA-15
——SCo(Cl)5
] ——SCo(Cl)5-Ce0.5
200 SCe5
= 150 - ~ _
< Fig. 6 FT-IR Spectra of SBA-15 and
E 100 - all the composite materials
50 -
0 1= . . .
1900 1400 900 400

Wavenumber (cm?)

5.5.3.1.6 Catalyst evaluation

The catalytic activity of the composite materials was evaluated for the oxidation of a series
of organic substrates in the presence of TBHP. Table 2 summarises the results of oxidation
reactions using SCo(Cl)5, SCe5 and SCo(Cl)5-Ce0.5 as catalysts. It is clear that the catalytic
activity for oxidation of 1-phenylethanol was increased nearly by a factor of two after
introducing cerium as a dopant (entry 2 and 3). This can be attributed to the synergistic effect
between cobalt and cerium resulting an improvement in the redox properties of the cobalt

ions brought about by close interaction with Ce**/Ce** [62].

The SCe5 catalyst was examined with only one substrate, 1-phenylethanol (entry 1), and
exhibited a considerably lower activity than did SCo(Cl)5 or SCo(Cl)5-Ce0.5. This
composite showed a high dispersion of spherical ceria particles throughout the SBA-15, but
no reduction peak characteristic of ceria (Ce** to Ce** or Ce®*" to metallic Ce) was observed in
temperature programmed reduction profile, TPR, of this sample (see supporting information,
section 5.5.6). The irreducibility of the ceria particles suggests that the two-solvent method
resulted in strong interaction between ceria and the SBA-15 support in the resulting
composite and, this maybe one reason for the poor catalytic activity of SCe5. The relatively
poor catalytic activity of supported ceria catalysts is already known for catalysts prepared by
other methods [36].
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Norbornene showed the highest catalytic activity among all substrates when SCo(Cl)5-
Ce0.5 was used as the catalyst (entry 7). Benzyl alcohol was the next most reactive substrate
(entry 6). These substrates also showed the highest catalytic activity when oxidized by SBA-
15 supported Co304 [17] and Ce-doped SBA-15 supported Co30,4 (chapter 5, publication 1,
section 5.4). The exposed double bond in the strained ring of norbornene and the inherent
reactivity of benzylic hydrogen (and associated stability of the benzylic radical) explain the

high catalytic activity of these two substrates [17].

Cyclohexene was oxidised to 1,2 cyclohexanediol and 2-cyclohexene-1-one during the
course of reaction (entry 9). The selectivity with respect to 1,2 cyclohexanediol, the more
highly oxidised product, increased as the reaction proceeded. After 24 h the total conversion
to the products was 83 % while the GC results showed that more than half of the TBHP was
still in the reaction mixture. It is noteworthy that though equimolar quantities of TBHP and
substrate were combined at the beginning of the reaction, the consumption of TBHP was not
sufficient to produce the product mixture obtained after 24 h of reaction. The same
phenomenon was reported previously for catalysts prepared from Co(NO3),.6H,0O as metal
precursor. In that case it was proposed that oxygen (from air) participated in the reaction as a
co-oxidant [17]. Here, it is thought that the same explanation applies and that the oxidation of
cyclohexene occured at least partially via a parallel reaction that was only initiated by TBHP.

Styrene was also oxidised to acetophenone and styrene oxide (entry 8). If the TBHP was
the only oxidant in the catalytic reaction, no further conversion to the products would be
expected after 12 h as all the TBHP added would have had to be consumed to obtain the
conversion found after 12 h of reaction. However conversion increased up to 24 h, which
again suggested the participation of atmospheric oxygen in the reaction through a parallel

mechanism.

Isopropanol and 2-butanol (entries 10 and 11) were oxidised to the corresponding ketones
with promising results. In these cases the GC results demonstrated that the TBHP was the
main oxidant in the reactions and that the stoichiometric amount of TBHP was used to

oxidise the substrates to the products.

Cinnamyl alcohol (entry 12) was selectively oxidized to cinnamaldehyde. This can be
attributed to the conjugation of the double bond with the benzyl ring which facilitates the
rearrangement and dehydration of the potential epoxide intermediate to cinnamaldehyde as a
final product.
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Table 2 Oxidation of organic substrate

Entry Catalyst Substrate Time (h)  Product %Conversion()®
OH 4 o 13
8 25
1 SCe5 ©)\ 12 (j)k 36
24 62
OH 4 o 27
8 45
2 SCo(Cl)5 O)\ 12 [j)k 60
24 96
OH 4 o 53
8 89
3 SCo(Cl)5-Ce0.5 O)\ 1 [j)k 100
24 100
OH 4 o 21
) 32
4 SCo(Ch)5 © 12 é 43
24 62
OH 4 o 32
8 51
5 SCo(Cl)5-Ce0.5 © 12 é 65
24 87
4 0 56 (50:50)
o 8 80 (30:70)
6 SCo(Cl)5-Ce0.5 ©/\ 12 ©/\O©J\0H 100 (5:95)
24 100 (0:100)
4 70
8 100
7 SCo(Cl)5-Ce0.5 Ab 12 Lb 100
24 o 100
4 o 25 (34:66)
N 8 O 43(28:72)
8 SCo(Cl)5-Ce0.5 ©/\ 12 ©J\ ©/<‘ 57 (33:77)
o4 93 (16:84)
4 0 30 (48:52)
8 on 52 (40:60)
9 SCo(Cl)5-Ce0.5 | :| 12 é Oi 70 (36:64)
o4 oH 83 (20:80)
4 28
/\( 8 /\"/ 46
10 SCo(Cl)5-Ce0.5 1 12 ! 59
24 80
4 23
OH 8 o 40
11 SCo(CI)5-Ce0.5 )\ 12 )I\ 50
24 63
4 25
12 SCo(Cl)5-Ce0.5 ©/\/\OH8 NN, 36
: 12 44
24 64

% presents ratio of the two isomer products generates during the course of reaction
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To check the catalyst stability, the solid composite SCo(CI)5-Ce0.5 was separated from
the reaction mixture used to oxidize 1-phenylethanol after 4 h of reaction (while the mixture
was still hot). The reactivity of the solution, without solid catalyst, was monitored every 4 h
up to 24 h. Although the catalytic activity was reduced relative to the reaction with solid
catalyst, the solution did still show some activity. ICP-MS analysis indicated that
approximately 10 % of the original amount of the cobalt had leaked into the reaction solution
after 4h. This phenomenon also occurred in the absence of the dopant (chapter 4, publication
2, section 4.3) and suggests that the addition of ceria did not improve the cobalt leakage. So,
again, it appears that this catalytic system might more appropriately be described as a mixed

‘heterogeneous-homogeneous’ system.

5.5.4 Conclusion

The effect of adding Ce(NO3)3;.6H,0 as a dopant to SBA-15 supported CoCl,.6H,0O was
investigated using the two-solvent method of catalyst preparation. The catalytic activity of
the Ce-doped Co-composite was evaluated for liquid phase oxidation of a series of organic
substrates in the presence of TBHP. The Ce-doped Co-composite demonstrated higher
catalytic activity compared to its non-doped analogue, and both were superior to SBA-15 and
supported CeO,. The improved activity is attributed to the synergistic effect between ceria
and cobalt oxide species, which comes about as a result of improvement of the cobalt ion
(Co?*/Co%") redox properties in the presence of Ce**/Ce**. Addition of ceria, as a dopant, did
not improve the crystallisation of cobalt oxide species on the surface of SBA-15. The
addition of ceria also did not improve the leakage of cobalt into solution which occurred
during the course of the reaction. SBA-15 supported CeO, showed poor catalytic activity,
which is attributed to the strong interaction between the fine spherical CeO, particles and the

support.
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5.5.6 Supportin information

Ceria as a dopant enhances the redox properties of the SBA-15

supported cobalt oxide species

Jamileh Taghavimoghaddam, Alan L. Chaffee
School of Chemistry, Monash University, Victoria 3800 Australia

Temperature programmed reduction (TPR) experiments were carried out with a Setaram
Thermogravimetric Analyser (TAG24). Typically 10 mg of calcined catalyst was flushed
with high purity argon (Ar) at 150 °C for 2 h, to drive off moisture, and then cooled to 20 °C.
Next, the flow was switched to 10% H./Ar and the temperature raised at 5 °C min™ to 1100
°C, where it was held for 20 min under 10% H,/Ar, and then 20 min under Ar. The gas flow
rate over the sample was maintained at 70 cm® min™%. The weights of the samples both before

and after analysis were also separately measured with an analytical balance.

Fig. S1 TPR profile of
SCeb
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5.6 The impact Co:Ce ratio on the dispersion and catalytic activity of cobalt-cerium

oxide supported on SBA-15

Jamileh Taghavimoghaddam, Gregory P. Knowles and Alan L. Chaffee
School of Chemistry, Monash University, Victoria 3800 Australia

Abstract

The effect of the Co:Ce ratio on the morphology, dispersion and catalytic activity of
supported cobalt-cerium oxide (SCo(Cl)-Ce) composites was investigated. SBA-15 was
loaded with a fixed amount of cobalt (CoCl,.6H,0, 5 wt%) and various amounts of cerium
(Ce(NO3)3.6H,0, 0.5-2 wt%) by the two-solvent method. Regardless of the amount of
dopant, a blue coloration was observed for all the composites. The dominant phase in these
composites, as previously reported, was amorphous C0,SiOq4. This is in agreement with the
blue coloration of the composites. The SCo(Cl)-Ce composites were characterised using
XRD, N, adsorption-desorption, ICP-MS, TEM, HRTEM, STEM and TPR. Fine spots were
observed in both TEM and STEM images which can be attributed to the presence of CeO,.
HRTEM images also showed the lattice fringes of cubic CeO,. Catalytic activity of these
composites was evaluated for liquid phase oxidation of a series of organic substrates and the
progress of the catalytic reaction was monitored by GC and GC-MS. A synergistic effect was
clearly observed when ceria was added as a dopant, but no clear relationship between the

Co:Ce ratio and catalytic activity of the composites could be established

Keywords: Supported cobalt-cerium oxide, oxidation reaction, Co-Ce composite,

Heterogeneous catalyst

5.6.1 Introduction

Rare earth oxides have been widely studied as promoters to improve the catalytic activity
of a wide range of metal oxide-based catalysts [1]. Among rare earth oxides, cerium oxide,
typically CeO,, has been used as a structural and electronic promoter in heterogeneous
catalysts. The presence of CeO, as a promoter has been demonstrated to influence secondary
processes, which affect the catalytic activity of the transition metal oxides. These secondary
processes are related to ceria’s oxygen storage/release capacity, a feature which is associated

with its Ce**/Ce®" redox properties [2]. The inclusion of ceria has also been reported to result
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in an improvement to the dispersion of supported transition metal oxides [3, 4] (chapter 5,

publication 5.1). It can also improve the thermal stability of the supported metal oxides [2].

Cobalt-cerium oxide composites have been used as catalysts for a wide range of reactions
such as methanol oxidation [5], methane combustion [6], propane oxidation [7], diesel soot
oxidation [8], benzene oxidation [9], CO oxidation and n-hexane oxidation [10, 11]. The
effect of ceria as a promoter on the morphology, dispersion and catalytic activity of SBA-15
supported Co30,4 has been previously reported by our group (chapter 5, publication 1, section
5.4). When Co(NO3),.6H,0 was used as the precursor, it was observed that the addition of a
small amount of ceria increased the dispersion of Co3zO4 and hence improved the catalytic
activity. In this case, the Co3O,4 occurred as patches of adjacent nanorods, which were formed

when SBA-15 mesopore channels were filled with Co30,.

Larachi et al. investigated the effect of Mn:Ce ratio in a series of manganese-ceria mixed
oxide. They reported that the surface area of the composites as well as the percentage of
phenol conversion had a volcano relationship with Mn:Ce ratio [12]. Several other groups
also reported a similar behaviour when manganese-ceria mixed oxides catalysed wet phenol
oxidation [13, 14]. XPS analyses demonstrated the coexistence of Ce** and Ce*" on the
surface of the manganese-ceria mixed metal oxide, but Ce*" was the predominant species
[12]. It was suggested that electron transfer from Ce to Mn decreased the proportion of Ce®*
on the surface and increased the catalytic activity of composites with certain Mn:Ce ratios
[12].

This study addresses the effect of Co:Ce ratio on the morphology and catalytic activity of
Ce-doped Co-composites prepared by the two-solvent method, using CoCl,.6H,O and
Ce(NO3)3.6H,0 as metal precursors. The activity of the composites was evaluated in the
liquid phase oxidation of cyclohexanol, 1-phenylethanol, benzyl alcohol and norbornene in

the presence of tert-butylhydroperoxide (TBHP).

5.6.2 Experimental
5.6.2.1 Synthesis of the SBA-15 and supported mixed oxide catalyst support

SBA-15 was prepared using the method first described by Zhao and co-workers [15]. The
template was removed via calcination by heating in air at 1 °C min™ up to 550 °C for 6 h and
then cooled down to room temperature. Ce-doped Co-composites, (SCo(Cl)X-Ce Y, where S,
X and Y represent support, nominal Co and Ce-loading based on weight percentage), were

synthesized using the “two-solvent” method [16]. SBA-15 was first suspended in dry n-
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hexane. The hydrophobic mixture was stirred for approximately 15 min prior to the addition
of Co and Ce aqueous solutions containing the desired amount of CoCl,.6H,O or
Ce(NO3)3.6H,0. For each preparation, the Co aqueous solution was added first, in a dropwise
manner, to the hydrophobic solution, followed by 15 min stirring. The Ce aqueous solution
was then added to the mixture in a similar manner. The mixture was sonicated for 15 min and
then stirred for 2 h. The solid was then recovered by filtration and air-dried at ambient
temperature. Finally, the samples were calcined by heating in air at 2 °C min™, then holding
at 700 °C for 6 h. The supported mixed oxides in this study are referred to as SCo(Cl)5-
Ce0.5, SCo(Cl)5-Cel, SCo(Cl)5-Cel.5, SCo(CIl)5-Ce2. For comparison SBA-15 was
separately loaded with CoCl,.6H,0 (5 wt%) or Ce(NO3)3.6H,0 (5 wt%) via the two-solvent

method. These composites are referred to as SCo(CI)5 and SCeb.
5.6.2.2 Characterization techniques

Low-angle X-ray diffraction (XRD) patterns were obtained with a Bruker D8 Focus
powder diffractometer with monochromatic CuK, source radiation (1=1.5406 A) operated at
40 kV and 30 mA over 26 ranges of 0.4-4°. Data were collected with a step size of 0.02° and
a step time of 0.1° min™,

N, adsorption/desorption isotherms were obtained at -196 °C on a Coulter Omnisorb 360-
CX gas sorption analyzer. Samples were outgassed at 150 °C overnight prior to analysis. Pore
volume, BET surface area, [17] and the pore size distribution (BJH method) [15] were

calculated for each data set.

Fourier transform infrared (FTIR) spectra were collected from a BIO-RAD FTS 40
spectrometer. The materials were diluted 1/300 in dry KBr, then pressed into pellets (under

vacuum) immediately prior to analysis.

Temperature programmed reduction (TPR) experiments were carried out with a Setaram
Thermogravimetric Analyser (TAG24). Typically 10 mg of calcined catalyst was flushed
with high purity argon (Ar) at 150 °C for 2 h, to drive off moisture, and then cooled to 20 °C.
Next, the flow was switched to 10% H,/Ar and the temperature raised at 5 °C min™ to 1100
°C, where it was held for 20 min under 10% H,/Ar, and then 20 min under Ar. The gas flow
rate over the sample was maintained at 70 cm® min™. The weights of the samples both before

and after analysis were also separately measured with an analytical balance.
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Inductively coupled plasma-mass spectrometry (ICP-MS) was carried out using a GBC
OPTIMAS 9500 ICP-MS. Prior to measurement all catalysts were digested with HNO3 and
HF at 120 °C [18].

Transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) were carried out using a JEOL 2011 transmission electron microscope
equipped with a LaBg emitter (point resolution 0.21 nm). An accelerating voltage of 200kV

was used for this study.

Scanning Transmission Electron Microscopy (STEM) was carried out using a JEOL 2100F
microscope equipped with a high angular annular dark field (HAADF) detector (camera
length 10 cm and 0.5 nm probe). The electron dispersive X-ray spectroscopy (EDX) detector
was a 50 mm JEOL Si(Li) used for elemental mapping.

Gas chromatography (GC) was carried out on a Varian 3700 gas chromatograph equipped
with an FID detector, a 30 m polar capillary column (SGE 30QC5/BP20 1.0y, ID 0.53 mm)
and an Agilent EZChrom Elite (version 3.2.1) data system. Gas chromatography-mass
spectrometry (GC-MS) was carried out on an Agilent 5973 Network MS coupled to a 6890
series GC system (source conditions: El, 70 eV, 200 °C).

5.6.2.3 Catalytic tests

Liquid phase oxidation of various organic substrates was performed in round bottomed
flasks. In each test, 0.1g of catalyst (contains 5 mg cobalt and 0.5-2 mg cerium) was added to
acetonitrile (5 mL) containing the organic substrate (20 mmol). The oxidant, TBHP, (24
mmol) was then added dropwise over approximately 10 minutes. Reactions were carried out

under reflux and monitored by GC, withdrawing samples every 4 h up to 24 h.

5.6.3 Results and discussion
5.6.3.1 Characterization of supported mixed oxides catalysts
5.6.3.1.1 X-ray diffraction (XRD)

Fig. 1 displays low-angle XRD patterns obtained from SBA-15, SCe5, SCo(Cl)5 and all
the SCo(Cl)-Ce oxide composites. The diffraction patterns have been displaced to be able to
distinguish the peaks easier. All samples exhibit three well-resolved diffraction peaks at
0.94°, 1.56° and 1.84° which can be indexed to the planes (100), (110) and (200),

characteristic of highly ordered mesoporous silica SBA-15 [16]. The dio Spacing between

254



(100) planes for SBA-15 was calculated to be 9.39 nm. The cell parameter (ap), which
corresponds to the distance between two pores (ag = 2d100 /V3) was 10.85 nm [19]. It can be
seen that the mesoporous structure in all the composites was preserved after loading both Co
and Ce.

However, the intensity of the (100) peak decreased with increasing Ce-loading. This can
be attributed to the presence of cerium oxide species, partially filling the pores, which in turn
reduced the apparent degree of periodicity in the composites relative to that of the SBA-15.
As the Co-loading was the same in all composites, the decrease in periodicity can be
attributed to the presence of more cerium oxide. In addition, a slight shift towards higher 26
was observed for all the composites relative to SBA-15. This suggests that the SBA-15
mesoporous structure experienced some further shrinkage as it was calcined (a second time)

to convert the metal precursors to their oxide forms (chapter 4, publication 2, section 4.3).

—SBA-15

= SCo(CI)5
—SCe5

= SCo(CI)5-Ce0.5
——SCo(Cl)5-Cel

| SCo(Cl)5-Cel.5
SCo(Cl)5-Ce2 SBA-15 and SCo(Cl)-Ce composites

Fig. 1 Low-angle XRD patterns of

Intensity a.u
(

0.7 1.7 2.7 3.7
20 (deg)

51.1.1.1 N, adsorption-desorption

Fig. 2 shows the N, adsorption-desorption isotherms of SBA-15 and SCo-Ce oxide
composites. The isotherms have been displaced to avoid overlapping. For comparison the
isotherms of SCe5 and SCo(Cl)5 are also included. SBA-15 exhibited a type IV isotherm
with H1 hysteresis loop according to IUPAC classification [20]. There was a sharp inflection
at relative pressure (p/po) in the range 0.6-0.8, corresponding to multilayer N filling of the
mesoporous channels. As seen in Fig. 2, all the SCo(Cl)-Ce oxide composites had similar
isotherms to that of SBA-15. This indicates the preservation of the mesoporous system.
However, the capillary condensation region for SCo(Cl)-Ce oxide composites was shifted to
lower relative pressure compared to that of SBA-15, suggesting the formation of metal oxide
species inside the pores [16]. It is also noteworthy that the slopes of the capillary

condensation region of the SCo(Cl)-Ce oxide composite isotherms were not as high as the
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corresponding slope of the SBA-15 isotherm, indicative of broader PSD relative to that of
SBA-15 [21].

The hysteresis loop of the SCe5 isotherms was quite different to that of isotherms of
SCo(Cl)-Ce oxide composites or SCo(Cl)5. A two-step N, desorption was observed on the
desorption branch of the isotherms of this composite. This can be attributed to the formation
of isolated particles inside the mesopores, which partially blocked the pores, such that they
behaved like ink bottle mesopores [22]. The hysteresis loop of these pores closed at around
relative pressure p/po=0.4 [23] (chapter 3, publication 3, section 3.4). The PSD of this
composite, SCe5, was broader than those of either SCo(Cl)-Ce or SCe5 (Fig. 3). This is in
agreement with the shape of the isotherm and the possibility of the presence of partially
blocked pores [23]. The PSD of SCo(Cl)-Ce oxide composites became progressively broader

as the Ce-loading increased to 1 wt% and beyond.

----- SBA-15 ———SCe5 02 T -----SBA-15

Jooeee SCo(Cl)5 SCo(Cl)5-Ce0.5 018 4 SCe5

+—— SCo(Cl)5-Cel SCo(Cl)5-Cel.5 ' n SCo(Cl)5
. +——sco(chs-ce2 e 0.16 1 A SCo(CI)5-Ce0.5
2 / 014 4 ] SCo(Cl)5-Cel
£ ] SCo(Cl)5-Cel.5
S 012 1 \ SCo(Cl)5-Ce2
[5) P
X A 0.1
2 0.08 +,
g -
> 0.06 +
E 0.04 A
S 0.02 1

t t t t t 0 - t t |
0 0.2 04 0.6 08 1 2 4 8 16 32
Relative pressure (p/py) Pore diameter (nm)

Fig. 2 N, adsorption-desorption isotherms Fig. 3 PSD of SBA-15 and all the
SBA-15 and all the composites composites

Table 1 Textural parameters of parent SBA-15 and catalysts

Sample Sger(m® g™ D, (NM)  Viiero(cm® g™)? Vr(em®g?)P° Co:Ce (Wt %)°
SBA-15 946 6.16 0.35 1.06 -
SCo(CI)5 560 5.7 0.22 0.79 5.0:0.0
SCeb 589 5.50 0.23 0.79 0.0:5.0
SCo(CI)5-Ce0.5 556 5.74 0.17 0.79 5.0:0.5
SCo(Cl)5-Cel 582 5.70 0.19 0.75 5.0:1.0
SCo5(CI)-Cel.5 564 5.75 0.19 0.75 5.0:15
SCo(Cl)5-Ce2 611 5.71 0.21 0.79 5.0:2.0

a: micropore volume, b: total pore volume c: actual Co and Ce content from ICP-MS
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The calculated textural parameters from these isotherms, including BET surface area,
average pore diameter and micropore volume and total pore volume as well as the Co and Ce
contents for each composite, determined by ICP-MS, are summarized in Table 1. It is clear
that upon loading Co and/or Ce on SBA-15 the surface area and micropore and mesopore
volumes decreased noticeably. This can be attributed to the formation of cobalt oxide and/or

cerium oxide species inside the pores of the support, SBA-15.
5.6.3.1.2 Transmission electron microscopy

Fig. 4 shows the morphology of SBA-15 and all SCo(Cl)-Ce oxide composites with
different amounts of Ce as dopant. It can be seen that the integrity of the SBA-15 channels
was preserved after both Co and Ce were loaded on the support. The parallel channels and the
highly ordered honeycomb structure (Fig. 4a white circle) of the support could be clearly

observed with the electron beam perpendicular and parallel to the channels, respectively [16].

Honeycb
4— channels

50 nm

Fig. 4 TEM images of
(a) SBA-15,

(b) SCo(CI)5-Ce0.5,

(c) SCo(Cl)5-Cel,

(d) SCo(Cl)5-Cel.5 and
(e) SCo(Cl)5-Ce2

v 50 nm

In TEM images of all SCo(Cl)-Ce oxide composites dark spots which were highly
dispersed throughout the support could be observed. Some of these spots were very small and
it is speculated that they may have corresponded to cobalt oxide particles located inside
micropores rather than in the mesopores. Yuranov et al. reported the presence of dark spots in
the framework of SBA-15, similar to those observed in this work, and attributed them to the

257



presence of Pd nanoparticles in the micropores of SBA-15 [24]. By increasing the Ce-loading

more dark spots with average size less than 5 nm could be observed.

Fig. 5 shows STEM images of selected composites. Because of the high Z-contrast, the
metal oxides would be expected to appear as bright spots, and indeed bright spots are evenly
dispersed throughout the support. The number of bright spots increased noticeably when the
Ce-loading was increased from 0.5 wt% to 2 wt%. Since the Co-loading remained the same,

bright spots can be attributed to the cerium oxide species.

Fig. 5 STEM images of
(a) SCo(Cl)5-Ce0.5,
(b) SCo(Cl)5-Cel

Fig. 6 displays HRTEM images of selected composites. Both SCo(Cl)5-Cel and
SCo(Cl)5-Ce2 (HRTEM image, Fig. 6d, taken from the area within the dotted circle in Fig.
4e) exhibit crystal lattice fringes with d spacings of 0.31 and 0.28 nm, which can be attributed
to (111) and (200) planes of cubic CeO, (JCPDF file 00-034-0394), respectively. This also

suggests that the dark spots were due to the presence of crystalline CeO..

Fig. 6 HRTEM images of
(a, b) SCo(Cl)5-Cel and
(c, d) SCo(Cl)5-Ce2
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5.6.3.1.3 Temperature programmed reduction

Fig. 7 displays the TPR profiles of the SCo(Cl)-Ce oxide composites. Generally the
reduction behavior of supported metal oxide composites is more complicated than that of
bulk metal oxides. This is attributed to the large number of extra factors which can have an
effect such as the size of the metal oxide particles [25], the H, diffusion rate within the pores,
strong metal-support interaction (SMSI) [26, 27], the presence of promoters which can

facilitate H, spill over [4, 28] and the extent of pore blockage.

In our previous study SBA-15 supported cobalt oxide species, prepared using CoCl,.6H,0
(5 wt%) via the two-solvent method, exhibited single step reduction with a peak centered at
319 °C (chapter 4, publication 2, section 4.3). It was also reported earlier by Bi et al. that
SBA-15 supported ceria showed two reduction peaks, at 500 °C and 830 °C [29]. The first
reduction peak was attributed to the Ce** on the surface and the second one to the Ce** in the
bulk of the CeO, [11].

In order to study the reduction behavior of SCe5, this composite was reduced under the
same condition as SCo(Cl)-Ce oxide composites. No peak(s) related to the above-mentioned
ceria reduction could be observed. This is possibly due to the preparation method and
associated nature of the ceria particles. The previous report concerned SBA-15 supported
CeO,, prepared via impregnation, which dresulted in the formation of large crystalline clusters
of CeO; both on the external and internal surfaces of SBA-15 [29]. However, the formation
of fine spherical CeO, particles in SCe5 was recently reported by our group (chapter 5,
publication 1, section 5.4). It seems likely that these Ce species might have had strong
interactions with the support which inhibited their reduction.

Upon adding ceria (0.5 wt%) as a dopant a slight shift to higher temperature (327 °C)
relative to the non-doped Co-composite was observed in the reduction peak (chapter 4,
publication 2, section 4.3). A similar increase in the reduction temperature of Ce-doped Co-
composite was observed by Todorova et al. when comparing the Ce-doped and non-doped
composites [11]. By increasing the amount of dopant the reduction temperature was
progressively shifted to higher temperature. The increase of the reduction temperature can be
attributed to the oxygen release capacity of ceria. Since ceria tends to favor release of oxygen
from its surface, as its concentration increases, it becomes increasingly difficult for the cobalt
to be reduced [11, 30]. When the amount of dopant increased to 2 wt% (SCo(Cl)5-Ce2) not
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only did the reduction peak shift to higher temperature, but the intensity of the peak also

decreased, suggesting that some of the Co was no longer able to be reduced.

—— SCo(CI)F-Ce2

5 —— SCo(CI)5-Cel5

«

2 —SCCCeL  Fig. 7 TPR profiles of SCo(Cl)-
©
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k) SCe5

100 300 500 700 900
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5.6.3.1.4 Catalyst evaluation

SCo(Cl)-Ce oxide composites were used as catalysts to investigate the effect of Co:Ce
ratio on the catalytic activity of the composites in liquid phase oxidation reactions and the

results are summarized in Table 2.

It was previously shown that by adding a small amount of cerium (0.5 wt%) to either
SBA-15 supported Co30, (prepared using Co(NO3),.6H,0, chapter 5, publication 1, section
5.4) or to SBA-15 supported cobalt oxide species (prepared using CoCl,.6H,0, chapter 5,
publication 2, section 5.5) the catalytic activity in liquid phase oxidation reactions increased.
This was attributed to the synergistic effect between cobalt oxide and ceria, which occurs due
to an improvement in the redox properties of Co®*/Co®" in the presence of Ce®*/Ce**. In the
case of ceria-doped SBA-15 supported Coz0,4 the dispersion of CozO,4 nanorod/patches was
also increased (chapter 5, publication 1 and 2, section 5.4 and 5.5). However, the SBA-15
supported ceria, SCe5, showed lower catalytic activity than either SCo(Cl)5, or the Ce-doped
Co-composites (chapter 5, publication 1, section 5.4). Rosynek also reported that the catalytic
activity of ceria in gas phase oxidation reactions was 10-100 times less than that of a
transition metal oxide [31].

In this study, the effect of Co:Ce ratio on catalytic activity of SCo(Cl)-Ce oxide
composites provided interesting results (Fig. 8a). It can be seen that that the activity behaved
in an irregular manner as the Ce-content varied. For all substrates, the highest catalytic
activities were obtained with the SCo(Cl)5-Ce0.5 and SCo(Cl)5-Cel.5 composites. The
composite with intermediate Ce-content, SCo(CI)5-Cel.0, and the composite with the highest

260



Ce-content, SCo(Cl)5-Ce2.0, both provided lower activity. It is noted that these composite
formulations were prepared and their catalytic activities determined in replicate experiments,

to confirm the validity of the reported data and trends.
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Fig. 8 (a) Conversion percentage of organic substrates as a function of Ce-content in
composites after 4 h of reaction and (b) BET surface area as a function of Ce-content in

composites

An explanation for this irregular behavior is not easy to suggest. As seen in Fig. 8b, the
two composites with the highest activity also had the lowest surface areas. Therefore it does
not appear that surface area was the principal determinant of catalytic activity. Instead it is
suggested that the catalytic activity of these composites was determined by the nature of the
active cobalt sites and their interaction with ceria. In particular, it is hypothesized that ceria in
SCo(CI)5-Ce0.5 and SCo(Cl)5-Cel.5 composites may have interacted with the surface of the
cobalt oxide species more effectively such that the surface of the cobalt oxide species was
partially covered with a ceria-rich phase. As a result the boundary formed between fine ceria

particles and cobalt oxide species would be more extensive.

This hypothesis was suggested in part by the comments by Zhaung et al., who reported
that when ceria is used as a dopant for supported nickel oxide the catalytic activity for steam
reforming improved [32]. Zhaung et al, suggested that ceria, as a promoter, can partially
cover the surface of the metal oxide and facilitate the interaction with reactants [32]. Wang
and Qin reported the presence of Ce®* on the surface of Ce-doped supported nickel oxide and
attributed the presence of these species to the redox properties of ceria [33]. In a study of
catalytic wet oxidation, Larachi et al also observed Ce** on the surface of composites with
various Ce:Mn ratios and similarly attributed this to the redox behavior of ceria [12].
However, their results indicated that, the predominant form of ceria on the surface was Ce™**.

It was suggested that the lower abundance of Ce** on the surface was a result of electron
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transfer from Ce to Mn. In any case, they reported that it was the availability of mixed

oxidation states, or redox behavior that facilitated the catalytic activity [12].

In the light of these prior studies, it appears that it is likely to be the redox properties of
ceria and the impact that this has on the supported cobalt oxide that brings about the
synergistic effect. The ceria may be responsible for either stabilization of the active
intermediates, improvement of Co®*/Co®" redox properties or better interaction between
active intermediates.

Suggested parallel mechanism in the
presence of cerium

ROOH + Co** ——» RO +Co*" +OH" o

Initiation by Haber-Weiss decomposition of TBHP

OH

ROOH + Co®™ ——» ROO + Co*"+H" :

+Ce*" — +Ce3t+HF
OH OH
. OH o
+ROO — 3 +ROOH : .
ROO dj +RO0 — é +ROOH
OH o .
. H"+Ce’* ——» H+Ce*
+RO — +ROH . .
H+RO —>» ROH

-

Fig. 9 Suggested mechanism of involvement of ceria as a dopant in catalytic reactions

A proposed mechanism, shown in Fig. 9, suggests that the redox properties of ceria may
facilitate the formation of cyclohexanol radical. The active radicals can then enter the
mechanistic cycle, thereby, enhancing the reactivity.

If this hypothesis is correct, it remains unclear why the composites with 1 wt% and 2 wt%
Ce-loading exhibited lower activities. Perhaps, in these two composites the nature of the
interaction between ceria as a promoter and cobalt oxide species was different or less
extensive. Further surface analyses, by XPS will be necessary to provide a better

understanding of this phenomenon.
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Table 2 Oxidation of organic substrates

Catalysts Substrate Reaction time(h) Product Conversion %( )*
OH 4 o 32
8 51
SCo(Cl)5-Ce0.5 é 12 é 65
24 87
OH 4 o 16
8 30
SCo(Cl)5-Cel é 12 65 42
24 £
OH 4 o 20
8 38
SCo(Cl)5-Cel.5 é 12 é 50
24 £
OH 4 o 18
8 34
SCo(Cl)5-Ce2 é 12 é 46
24 74
OH 4 o 53
8 89
SCo(Cl)5-Ce0.5 ©)\ 12 ©)‘\ 100
24 100
OH 4 (0} 25
8 45
SCo(Cl)5-Cel ©)\ 12 (j)k 60
24 85
OH 4 (0] 53
8 91
SCo(Cl)5-Cel.5 ©)\ 12 (j)k 100
24 100
OH 4 (0] 38
8 68
SCo(Cl)5-Ce2 ©)\ 12 ©J\ 75
24 100
4 o 56 (50:50)
8 80 (30:70)
) OH
SCo(Cl)5-Ce0.5 ©/\ 12 @/\ o [D)k OH 100 (5:95)
24 100 (0:100)
4 o 51 (55:45)
8 81 (28:72)
) OH
SCo(Cl)5-Cel ©/\ 12 ©/\ o [D)k OH 100 (9:91)
24 100 (0:100)
4 o 57 (50:50)
8 85 (32:68)
) OH
SCo(Cl)5-Cel.5 ©/\ 12 ©/\ o ©)k OH 100.(3:97)
24 100 (0:100)
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Catalysts Substrate Reaction time(h) Product Conversion %( )?

4 0 50 (55:45)
SCo(Cl)5-Ce2 @AOH 182 ©/\o ©)‘\0H Igo( 2(;;3

24 100 (0:100)

4 70
SCo(Cl)5-Ce0.5 Ab 182 Aﬁ\o 188

24 100

4 58
SCo(Cl)5-Cel Lb 182 Li\o 188

24 100

4 74
SCo(Cl)5-Cel.5 Lb 182 Li\o 188

24 100

4 59
SCo(Cl)5-Ce2 Lb 182 Li\o 188

24 100

% presents ratio of the isomer products generates during the course of reaction

5.6.4 Conclusion

The effect of the Co:Ce ratio on the morphology, metal dispersion and catalytic activity of
a series of SCo(Cl)-Ce oxide composites prepared via the two-solvent method using
CoCl,.6H,0 (5 wt%) and Ce(NO3)3.6H,0 (0.5-2 wt%) was addressed. The integrity and
mesoporosity of the original SBA-15 was preserved in all the product composites. TEM and
STEM images demonstrated that by increasing the amount of Ce as a dopant, more dark spots
(TEM) and light spots (STEM) were formed evenly throughout the support. Lattice fringes of
cubic CeO, were observed in HRTEM images. There was a clear synergistic effect for these
mixed catalysts; however, neither the surface area nor the Co:Ce (bulk) ratio of the
composites could be correlated with catalytic activity. It is suggested that the synergistic
effect may be the result of the dispersed cobalt oxides species being partially covered by a

ceria rich species. However, this remains to be validated.
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Chapter 6

Conclusion and future work




6.1 Concluding remarks

The objectives of this study were to investigate the impact of cobalt precursor, cobalt
loading, preparation method and cerium as a dopant on the morphology and dispersion of the
catalytically active species supported on SBA-15. The catalytic activity of the resulting Co-
composites was evaluated in liquid phase oxidation reactions of a series of organic substrates
in the presence of TBHP. Three series of Co-composites were prepared in which
Co(NO3),.6H,0O and CoCl,.6H,O were used as cobalt precursors and Ce(NO3)3.6H,0 as
cerium precursor. The relatively recently devised ‘two-solvent’ method was used to prepare
most of the Co-composites, but this was compared with conventional wet impregnation and
adsorption methods.

6.1.1 SBA-15 supported Co3;04 nanorods

The first section of this study (Chapter 3) focused on the impact of Co-loading and
preparation method when SBA-15 was loaded with Co(NO3),.H,O. Here 1 wt%, 5 wt%, 10
wt% and 30 wt% cobalt were loaded on SBA-15 via the two-solvent method. These
composites are referred to as SCo-1, SCo-5, SCo-10 and SCo0-30. A Co-composite with 5
wt% (nominal) Co-loading was also prepared via adsorption and is designated SCo-5-A (with
actual loading 1 wt%). Wet impregnation was also employed to deposit 1 wt% and 5 wt%

cobalt on SBA-15 and these Co-composites are referred to as SCo-1-1 and SCo-5-1.

The mesoporous structure of SBA-15 was preserved regardless of the preparation method
even at a Co-loading as high as 30 wt%. This was demonstrated by low-angle XRD, SEM
and TEM analyses. A dark brown coloration was observed for all composites, with the
intensity proportional to the Co-loading. Formation of crystalline CozO4 was confirmed by
wide-angle XRD and the presence of Co®" in tetrahedral and Co*®* in octahedral sites of the
spinel structure was shown by DR UV-vis and FT-IR analyses. N, adsorption-desorption
analyses suggested that CozO, species were formed inside the pores of SBA-15, which
caused pore blockage to various extents for all the Co-composites. The pore blockage was
shown to be proportional to the Co-loading in the series prepared by the two-solvent method.

TEM, STEM images and elemental mapping profiles showed the formation of the Co304
patches throughout the SBA-15 for all Co-composites prepared using Co(NOs3),.H,O as
precursor. These patches were comprised of nanorods which had grown in adjacent
mesopores and appeared to be interconnected via ‘bridges’ that filled what were originally

the micropores of the SBA-15. For the series of composites prepared by the two-solvent
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method, the Co3z0, patches were formed predominantly inside the pores of the SBA-15,
incorporating nearly all the cobalt available. The size of these patches was proportional to the
Co-loading and, in the case of SCo-30, the length of the patches exceeded 400 nm. For the
composite prepared via adsorption the patches were also formed to a large extent inside the
pores of the SBA-15, but not all the cobalt in the solution was incorporated. The actual low
concentration of the cobalt in this composite (1% Co) resulted in the formation of small
patches similar to those of SCo-1. However, for the Co-composites prepared via
impregnation, Co3O,4 patches were found both on the external and internal surface of SBA-
15, with all the available cobalt incorporated. In these composites some Co304 patches were

observed to form at the apertures of the pores, causing noticeable pore blockage.

The catalytic activity of the series of Co-composites prepared by the two-solvent method
in liquid phase oxidation reactions was found to be in reverse proportion to the Co-loading as
follows: SCo0-1>SCo0-5>SCo0-10>SCo0-30. The higher catalytic activity of SCo-1 was
attributed to its higher surface area, lesser pore blockage and better dispersion of cobalt.
Despite the lower amount of cobalt present, the catalytically active species were more
available to interact with the organic substrates. SCo-5-A and SCo-1 contained a similar
amount of cobalt, yet the catalytic activity of SCo-5-A was slightly lower. This was attributed
to differences in the preparation method, which resulted in the presence of some partially
blocked pores in SCo-1. Thus, a greater number of active Co-species were accessible to the
organic substrates in SCo-1. SCo-5-1 showed slightly higher catalytic activity than SCo-30;
this is attributed to the significant level of complete pore blockage in SCo-30 which made
much of the cobalt completely inaccessible to the reactants. Recycling tests on SCo-5 and
SCo-1 showed that these catalysts could be used up to four times without significant change
in their catalytic activity. Thus, the results presented here indicate that the two-solvent
method is an effective technique to facilitate the high dispersion of Co304 species throughout
the support compared to the more conventional techniques. However, only small amounts of
cobalt could be added profitably, since it was also demonstrated that, as the amount of cobalt
increased, the pores became blocked and this limited the accessibility to catalytically active
sites. The leak test on SCo-5 confirmed that active cobalt species did not leak into the
solution during the reaction. This indicated that the catalytic system was strictly

heterogeneous.

A mechanistic pathway for liquid phase oxidation of benzyl alcohol was suggested based

on the results collected from GC and GC-MS. This substrate was oxidized first to
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benzaldehyde and then on to benzoic acid. However the amount of TBHP added as an
oxidant was not stoichiometrically sufficient to facilitate this ‘double oxidation’. In addition
after the completion of the catalytic reaction, with 100 % conversion to benzoic acid, TBHP
was still present in the reaction mixture. This suggested that oxidation was mediated by air

and that TBHP acted mainly as an initiator of the catalytic reaction.

6.1.2 SBA-15 supported highly dispersed cobalt oxide species

In this section (Chapter 4) the precursor CoCl,.6H,0 was used. SBA-15 was loaded with
various amounts of CoCl,.6H,0 via the two-solvent method, adsorption and conventional wet
impregnation. The series prepared by the two-solvent method are referred to as SCo(Cl)5,
SCo(CI)10, SCo(CI)20, SCo(CI)30 and SCo(Cl)40, with 5 wt%, 10 wt%, 20 wt%, 30 wt%
and 40 wt% Co-loading, respectively. To investigate the effect of the calcination step on the
morphology of the Co-composite with 30 wt% Co-loading, part of the sample was separated
before calcination and is referred to as SCo(CI)30-BC. When adsorption and impregnation
were used as a means of preparation the composites are designated SCo(Cl)5-A and
SCo(Cl)5-1, respectively. A blue coloration with intensity proportional to the Co-loading was
observed for all the Co-composite products, regardless of preparation method. This was the
first obvious physical difference between this series of Co-composites and the series prepared
from Co(NO3),.6H,0.

Low-angle XRD demonstrated that the mesoporous structure of SBA-15 was preserved at
Co-loadings below 30 wt %. However, when the Co-loading was increased to 30 wt% or
beyond, the Co-composites underwent a morphological transformation such that no
characteristic peaks could be observed for these composites in low-angle XRD patterns. The
SEM and TEM images showed that the highly ordered channels of the support had collapsed,
and the periodic structure (hexagonal array of mesopores) within the particles was destroyed.
The general shape of the original particles did not change significantly, but a new intra-
particulate morphology appeared as a continuous surface with cavities approximately 20-30
nm in diameter. This morphological transformation occurred during the calcination step,
since the mosoporosity was observed to be preserved in SCo(Cl)30-BC. N, adsorption-
desorption analyses exhibited a progressive decrease in the surface area and pore volume of
Co-composites as the Co-loading was increased from 5 wt% to below 30 wt%. This
suggested the formation of cobalt oxide species inside the pores of the support. However this
trend was disrupted for the Co-composites which underwent the morphological

transformation, SCo(Cl)30 and SCo(Cl)40. A substantial reduction in the surface area and
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pore volume was observed for these composites (in agreement with the results obtained from
low-angle XRD, SEM and TEM).

For all the catalysts prepared with CoCl,.6H,0 as precursor, the cobalt oxide species were
observed to form a highly dispersed amorphous phase. Elemental mapping profiles showed
high dispersion of cobalt throughout the composite, even for those cases in which the
morphological transformation had occurred. This is quite different to what was observed for
Co-composites prepared from Co(NO3),.6H,0, where the cobalt was present as a crystalline
cobalt oxide phase (Co304) which formed into patches displaying a different dispersion
behaviour. Using CoCl,.6H,O as precursor, it appears that some interactions are able to
develop between the oxygen of the silica support and the product cobalt entities.

The DR UV-vis and XPS analyses indicated that Co®* in tetrahedral co-ordination was the
dominant species and this is concordant with the blue coloration observed for these Co-
composites. It is suggested that before the calcination step, CI', superficial H,O and O™ of the
silica wall all had the potential to interact with the Co®*. However, during the calcination
step, due to decomposition and evaporation of the first two ligands, the oxygen of the silica
walls remained as the only available ligand for Co?". Lattice fringes corresponding to
Co0,Si0O,4 were observed in HRTEM images, which further supported the significance of this

interaction.

The catalytic activity of this series of Co-composites was evaluated for the liquid phase
oxidation of cyclohexanol, using TBHP as an oxidant. It was shown that the catalytic activity
in the absence of either solid catalyst or TBHP was negligible. Negligible conversion was
also observed when pure SBA-15 was used as a solid catalyst. The composite with the lowest
Co-loading, SCo(Cl)5-A, showed the highest catalytic activity. This high catalytic activity
was observed, for this series again, for the composite with the highest surface area, least pore
blockage and, thus, highest availability of active Co species to the oxidation substrates.
Amongst the series prepared via the two-solvent method, SCo(Cl)5 was the most active
composite. However, the activities of SCo(CI)10 and SCo(Cl)30 were quite similar. Since
SCo(CI)30 had undergone the morphological transformation, it was the accessibility of the
active cobalt species, rather than the change in the surface area, that is considered to offer the
main reason for the relative similarity in catalytic behaviour of these two composites. The
catalytic activity of SCo(Cl)5-1 was also similar to that of SCo(Cl)10 and SCo(Cl)30. Closer
examination of the reaction system using the composite SCo(Cl)5 indicated there was some

leakage of cobalt into the liquid phase of the reaction mixture. After separation of the liquid
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and solid phases, the solution was shown to retain catalytic activity. Thus the catalysts
prepared using this precursor, might better be thought of as a mixed heterogeneous-
homogeneous system. These series of Co-composites showed higher catalytic activity than
those prepared from Co(NOs3),.6H,0O. This can be attributed either to the higher dispersion of
the cobalt oxide active species and/or to leakage of cobalt into the solutions for the series

prepared from CoCl,.6H,0.

From comparison of the results of these first two sections, it can be concluded that the
nature of the cobalt precursor significantly affects the physical and chemical properties of the

resulting Co-composites, as well as their dispersion and catalytic behaviour.

6.1.3 Ce-doped Co-composites

The third section of this thesis concentrated on the effect of cerium, as a dopant or
promoter, on the morphology, dispersion and catalytic activity of the SBA-15 supported
cobalt oxide species. Here Ce(NO3)3.6H,0 was used as cerium precursor and Co(NO3),.6H,0
or CoCl,.6H,0 were used as cobalt precursors. Ce-doped SBA-15 supported Co30,4, SCo5-
Ce0.5, was prepared by loading SBA-15 with 5 wt% of Co(NOs3),.6H,O and 0.5 wt%
Ce(NOs3)3.6H20 via the two-solvent method. Neat Co-Ce oxide, Co-Ce, was also prepared
using Co(NO3),.6H,0 and Ce(NO3)3.6H,0 via co-precipitation to investigate the effect of the
high surface area support on the catalytic activity of the Ce-doped Co-composites. SBA-15
was separately loaded with 5 wt% Ce(NO3)3.6H,0 (SCe5) or 5 wt% Co(NO3),.6H,0 (SCo5)
via the two-solvent method to assist in investigating the differences between the doped and

non-doped Co-composites.

Low-angle XRD demonstrated that the mesoporosity of all the supported composites,
either doped or non-doped, was preserved. Wide-angle XRD patterns of SCe5 and SCo5-
Ce0.5 demonstrated the presence of crystalline CeO, and Co30,4, species, respectively.
Comparison of the XRD patterns of SC05-Ce0.5 and SCo5 indicated that the intensity of the
Co30, characteristic peaks was reduced in the former composite. In addition, the TEM and
STEM images for SCo5-Ce0.5 showed the presence of Co3z0,4 single nanorods as well as
Co30, patches which were less extensive than those of SCo5. The TEM images of SCe5
displayed fine spherical CeO, particles with average size less than 5 nm, which were evenly
dispersed throughout the support. The HRTEM images showed lattice fringes corresponding
to CeO; and Co30y4, in SCe5 and SCo05-Ce0.5 composites, respectively. It was clear that upon
adding cerium as a dopant the dispersion of Cosz0, species improved while the size of

aggregates (patches) decreased. This was consistent with the wide-angle XRD results. For the
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Co-Ce composite the lattice fringes of CeO, and Co3O4 were also observed in HRTEM
images. However, wide-angle XRD patterns did not show any diffraction peaks related to a

mixed cobalt-cerium oxide.

The catalytic activity of SC05-Ce0.5, SCo5, SCe5 and Co-Ce was investigated for the
liquid phase oxidation of a series of organic substrates in the presence of TBHP. Among the
supported catalysts the highest catalytic activity was observed for SCo5-Ce0.5, which can be
at least partially attributed to the higher dispersion of the Co30O4 patches. The apparent
synergistic effect between the cobalt and cerium may also be partly attributable to improved
redox properties mediated by the cerium in this mixed metal system. Negligible catalytic
activity was observed for the Co-Ce composite, emphasizing the importance of the high
surface area support in improving the catalytic activity of the cerium-doped cobalt oxide

species.

A separate series of samples was prepared by loading SBA-15 with CoCl,.6H,0 (5 wt%)
and Ce(NO3)3.6H,0 (0.5-2 wt%) as cobalt and cerium precursors, respectively, via the two-
solvent method. These Ce-doped Co-composites are referred to as SCo(Cl)5-CeX, where S
represents SBA-15, Co(Cl): CoCl,.6H,0, Ce: Ce(NO3)3.6H,0 and X: Ce wt%. This work had
two main objectives: (i) investigation of the effect of cerium as a dopant on the crystallinity,
dispersion and catalytic activity of the Ce-doped Co-composites prepared from CoCl,.6H,0
and (i) investigation of the impact of Co:Ce ratio on the morphology of the active species
and thus their catalytic activity.

Regardless of the amount of dopant (cerium) added, low-angle XRD demonstrated the
preservation of the mesoporosity in the resultant Ce-doped Co-composites. As the amount of
Ce-loading increased the number of fine dark spots (in TEM images) or bright spots (in
STEM images), attributed to CeO, species, progressively increased. When the amount of
cerium as a dopant reached 1 wt% the lattice fringes of CeO, could be observed by HRTEM.
However, no lattice fringes related to cobalt oxide species could be observed. Thus the

addition of cerium did not improve the crystallinity of cobalt oxide species.

Elemental mapping profiles showed that both cobalt and cerium were highly dispersed
throughout the composites in all cases so that there was no indication that the addition of
ceria improved the dispersion of cobalt species. However the catalytic activity of the
SCo(CI)5-Ce0.5 was observed to be higher than that of either SCo(Cl)5 or SCe5. This is
attributed to an improvement in the cobalt redox properties mediated by the cerium in what

can be described as a synergistic effect. Among the Ce-doped Co-composites prepared with

273



different amounts of Ce-loading the relationship between activity and cerium concentration
was irregular such that SCo(Cl)5-Ce0.5 and SCo(Cl)5-Cel.5 demonstrated the highest
catalytic activities. It was suggested that at certain Co:Ce ratios the resulting ceria phase may
have more effectively covered the surface of the cobalt oxide species such that synergy

(improved redox behaviour) was increased.

In the light of the results obtained in this section it can be concluded that Ce-doped
composites have higher catalytic activity than non-doped composites. In the case of
composites prepared with nitrate precursor, cerium obviously improved the dispersion of the
active species. However, the results also suggested that there is a synergistic effect between
cobalt and cerium, due to improved redox properties, and that this improves the catalytic

activity in the mixed metal systems.

6.2 Future work

There are many opportunities to follow up on aspects of the work reported here. Some

prospects for future work are identified below:

1- In the current work, mesoporous silica SBA-15 was chosen as a support and the
resulting CosO,4 particles (from Co(NOj3),.6H,O using the two-solvent method) formed
dispersed patches throughout the support. The patch-like morphology of the Co304 particles
was attributed to the presence of the micropores in the SBA-15 framework which
interconnected the mesopores. Therefore it would be interesting to investigate the
morphology and dispersion of Co3zO4 particles on mesoporous silica that does not have
micropores), using the same precursor and preparation method. Suitable mesoporous silica
type would be MCM-41.

2- In this thesis SBA-15 supported Coz04 composites with the highest Co-loading (30
wt%), prepared using Co(NO3),.6H,O via the two-solvent method, showed the lowest
catalytic activity. This was attributed to pore blockage and accessibility limitations to the
active species by the reactants. In this Co-composite most of the Co3zO4 was bounded by the
silica wall and therefore not available for the catalytic interaction. It would be interesting to
investigate the catalytic activity of these Co-composites after the removal of SBA-15. It
might be expected that upon SBA-15 removal (using HF or NaOH as etching reagents) a
greater proportion of Co30,4 surface would be available to the reactants, and this might result

in improvement of catalytic activity.
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3- In the current work two series of Co-composites were prepared via the two-solvent
method, using Co(NO3),.6H,O or CoCl,.6H,O as cobalt precursor. The resulting Co-
composites exhibited different physical, chemical and dispersion behaviours. A suggested
experiment is to premix the desired amount of both metal precursors and then add this
mixture to the hydrophobic solution (SBA-15 dispersed in n-hexane) and investigate the
morphology and dispersion of the resulting mixed precursor Co-composites. It is unknown
whether this would result in mixture of the different types of cobalt dispersion observed when

the two precursors are used independently or in some other phenomena.

4-  Further investigation using X-ray photoelectron spectroscopy (XPS) is required to
achieve a better understanding on the surface chemistry of Ce-doped Co-composites. It is
expected that this would shed light on the nature and concentration of the oxide species on

the surface of Ce-doped Co-composites and how this varies with Co:Ce ratio.

5- In this thesis the use of Ce(NO3)3.6H,0 (0.5 wt%) as a dopant with Co(NO3),.6H,0
(5 wt%) as cobalt precursor led to improvement in dispersion of the Co3O,4 patches and a
reduction in the size of these patches. It would be interesting to investigate the impact of
Co:Ce ratio on dispersion and catalytic activity for a series of Co-composites prepared with
different amount of cerium from these precursors. Variation of the sequence in which the

metal precursors are added is also worth studying.

6- In the current study two series of Co-composites were prepared, via the two-solvent
method using either Co(NO3),.6H,0 or CoCl,.6H,0, with different dispersion behaviour. It
would be interesting to investigate the catalytic activity of these composites in other
reactions, for example in the Fischer-Tropsch synthesis (FTs). Cobalt-based heterogeneous
catalysts are well known to be effective in the FTs but it is reduced forms of cobalt, rather
than oxidised forms that are active. As a result it would be interesting to investigate the
availability, reducibility and activity of the cobalt active species in a similar series of
composites with various Co-loadings and prepared from different precursors for the FTs.
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