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Synopsis

The direct, aerobic , selective oxidation of methane to liquid Ci-oxygenates presents an
opportunity for the conversion of an abundantly available carbon source to value added
products, without the need of additional, energetically intensive steps. This would also
incentivise the conversion of bio methane from sustainable sources to value added products.
The main issues encountered during the selective oxidation of methane to Ci-oxygenates are
low productivities, and the difficulty in maintaining a high selectivity towards Ci-oxygenates
such as methanol and formaldehyde at high methane conversions, which is referred to as the
conversion/selectivity trade-off. Thus, the development of catalytic systems capable of
attaining high methane conversion rates whilst maintaining high product selectivity is one of

the remaining challenges in catalysis.

The objective of this PhD study is to investigate the selective oxidation of methane, using
oxygen as an oxidant, over platinum-based catalysts at moderate temperature (220°C). The
moderate temperature is chosen because at higher reaction temperatures, the
conversion/selectivity trade-off becomes more pronounced, due to the more facile conversion
of Ci-oxygenates to CO», the thermodynamically favoured product for methane oxidation. Low
reaction temperatures on the other hand, result in high selectivity, albeit at a low productivity.

Oxygen was chosen as an oxidant due to it being cheap, abundant and environmentally friendly.

The selective oxidation of methane in the presence of water was initially conducted in a gas-
phase fixed bed reactor. Accidentally flooding the reactor resulted in the formation of selective
oxidation products such as formaldehyde, methanol and 1,3,5-trioxane, hence a trickle-bed
reactor was designed and commissioned. The oxidation of methane in the presence of liquid
water was found to be selective towards the formation of formaldehyde when evaluated over
10 wt.% platinum supported on the rutile phase of titania. Increasing the amount of water in
the feed enhanced the rate of methane consumption, whilst also enhancing the formaldehyde
selectivity, achieving a maximum conversion of up to 1% with a formaldehyde selectivity of
90%. A similar observation was made over 10% Pt/Al>Os, which yielded a maximum methane

conversion 0.5% with a formaldehyde selectivity of 65%.

Kinetic experiments over Pt/Al,O3 showed that the rate of methane conversion was zero order

with respect to both the concentration of methane and that of oxygen. Thus, the reaction was



determined to be product desorption limited in accordance with DFT studies which indicated
that the formation of a high stable di-c hydroxy-methoxy species becomes likely under these

conditions.

The unique role of the support was further demonstrated by performing the aerobic, selective
oxidation of methane over platinum supported on carbon and P25. The carbon supported
platinum (Pt/C) was the most active, achieving a conversion of up to 4% and a formaldehyde
selectivity of 99%, whereas platinum supported on P25 yielded a reasonable activity but a
different product slate (high selectivity towards the formation of CO> with some formation of
methanal and methoxy methanol). The activity trend was in the order of Pt/Al,O3 (Xcu, = 0.5%,
TOF = 0.07 hr'!, Stormaldenyde = 65%) < Pt/TiO2-P25 (Xcn, = 0.6%, TOF = 0.10 hr'!, Smethanol,
methoxymethanol = 10%) < Pt/TiO»-Rutile (Xcu, = 1%, TOF = 0.17 hr'!, Stormatachyde = 90%) < Pt/C
(Xcn, = 4%, TOF = 0.41 hr', Stormatdenyde = 99%). Hydrophobic supports are more active, which
is attributed to water preferential surrounding the metal particle, thereby facilitating product
desorption. The selectivity is determined by the acid/base properties of the supports. Alumina
and P25 also possessed the highest acid site density of the supported catalysts. Pt/P25 supported
catalyst was mainly selective for the formation of methanol and methoxy methanol (although
even this catalyst yielded initially some formaldehyde). The formation of methanol and
methoxymethanol, albeit at low selectivity, was attributed to the secondary conversion of
formaldehyde on the support acid/base sites. Furthermore, the adsorption of formaldehyde or

methanediol (formaldehyde hydrate) on acid sites may result in further oxidation over P25.

The catalysts deactivate in the aerobic, selective oxidation of methane, Alumina transformed
to boehmite under the strongly hydrothermal conditions applied in the reactor, induced by the
presence of liquid water at 220°C. This caused the sintering of platinum due to the
transformation of the support, and the resulting loss in the support surface area. Prolonged
exposure of carbon to liquid water resulted in support gasification/oxidation, and again loss of
platinum metal surface area. Platinum on titanium deactivated due to the formation of
polyoxymethylene on the surface, which may have been formed on the acid sites present in the

catalyst.

Platinum was alloyed with copper, silver and gold (yielding PtsM nanoparticles) using a

surfactant based wet chemical synthesis route that involved the use of Mo(CO)s as a reducing
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agent. The nanoalloys were synthesised in an effort to modify the binding strength of oxygen,
and, by proxy, oxygenates on the catalyst surface. Pure platinum nanoparticles were
synthesised as a reference material. The nanoparticles were deposited on the rutile phase of
titania, since Pt/TiO2-Rutile was the most productive and structurally stable catalyst. The alloys
were however not stable at conditions required to remove the surfactants. Initial tests in the gas
phase reactor yielded results in the following trend Pt3Cu/TiO> (Xcu, = 1.1%, TOF = 2.5 hr!,
Stormaldehyde = 66%) > Pt3AW/TiO2 (Xcu, = 0.6%, TOF = 2.2 hr!, Stomaldehyde = 65%) >
Pt3Ag/TiO2 (Xcn, = 0.3%, TOF = 0.5 hr!, Stormaldehyde = 63%) = Pt/TiO2 (Xcu. = 0.3%, TOF =
2.2 hr!, Stormaldehyde = 66%). The Pt3Ag/TiO, and Pt3Cu/TiO; catalysts were then tested in the
trickle bed reactor, where the methane conversion and formaldehyde selectivity were enhanced
further. The conversion of methane over Pt;Cu/TiO: increased to 5% (TOF = 2.7 hr'!,) in the
presence of liquid water (Sformaldehyde = 78%) while a maximum methane conversion for 3%
(TOF = 2.9 hr!) was obtained over Pt3Ag/TiO2 (Stormaldehyde = 74%). The high, but constant

TOF is attributed to the presence of molybdenum near the platinum site.

The high activity of platinum (possibly promoted) together with the favourable selectivity

shows the potential of this route for the aerobic, selective oxidation of methane.
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CHAPTER I: INTRODUCTION

1.1. CURRENT ENERGY LANDSCAPE: KEEPING TO OLD HABITS?

Hydrocarbons, in the form of crude oil, natural gas and coal (fossil fuels), form the bedrock of
modern society; they are a source of carbon and hydrogen, which are used as cornerstones of
energy-production [1-3]. Crude oil and coal have been heavily utilised to meet the demand for
transportation fuels, chemicals and for electrical generation, while the use of, and demand for,
natural gas has been increasing over the last two decades [4]. There has been, however, a
paradigm shift in terms of meeting future energy needs, and the focus is now on moving away
from fossil fuels to more sustainable fuel sources. This is mainly motivated by the harm to the
environment caused by the combustion of fossil fuels for power generation and transportation,
in addition to dwindling fossil fuel reserves. The development and use of solar-power, wind-
energy and carbon-neutral fuel sources have been researched extensively, with minor gains
having been made [5, 6]. The trends in energy consumption are presented in Figure 1.1. which
shows that the fossil fuels (coal, natural gas and crude oil) still dominate. Although, there is a

notable, albeit still minor increase in the usage of renewables in the form of solar and wind.

Other renewables
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Hydropower
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Figure 1.1: Trends in the global annual consumption of energy worldwide from 2001 to
2021, showing the emergence and increase in the usage of renewables, and a
general increase in the usage of natural gas (downloaded from [7] and adapted

from [4]).



The two main energy needs that fuel modern economies are power generation in the form of
electricity, and fuels for transportation [8]. Current infrastructure favours the use of carbon-
based fuels as energy vectors, with liquid fuels (with their high energy density) being especially
important for transportation [6]. Hydrogen has been identified as a potential alternative fuel as
it has a high specific energy (but a modest energy density), which would form the basis of a
hydrogen economy. However, the main issue with hydrogen is the difficulty in storage and
transportation [3], which poses difficulties in a seamless integration into existing energy
infrastructure. A methanol-based economy has been proposed as an alternative [1, 3, 9], and
entails the use of methanol and/or dimethyl-ether as energy carriers. Methanol is viewed as
more viable than hydrogen due to its possible integration into existing infrastructure without
needing major modifications [3], since it is a carbon-based liquid fuel. It is proposed that
methanol could be obtained from the conversion of COz, with green hydrogen from water
splitting. An alternative method for the production of methanol and other C;-liquid oxygenates

would be the direct conversion of methane to liquid products.

Methane, the main component of natural gas, is a readily available carbon source that can also
be obtained via methane recovery technologies such as hydraulic fracturing [4, 10]. Methane
is also emitted from municipal waste landfills, and can also be sustainably produced through
the anaerobic digestion of biomass, particularly biowaste (a product referred to as biomethane)
[11]. The increasing abundance of this cheap carbon resource, especially in the form of
increasing accessible natural gas reserves, which is sometimes treated as a waste product,
presents an opportunity for the development of technologies that can efficiently utilise
methane. This is particularly relevant for Africa and South Africa, since most countries in the
continent have agricultural-based economies and are experiencing an increase in the generation
of municipal and agricultural waste [12]. Furthermore, Africa, being without significant oil
refining capacity, stands to benefit from the generation of fuels, energy and chemicals from

biomass [13].

1.2. METHANE AS A VALUABLE RESOURCE

Methane is mainly used as a fuel for heating, but it can also be used for the generation of
chemicals. Industrially, methane, in the form of natural gas, is used indirectly as a feedstock
for the generation of liquid fuels [14, 15]. Methane is first reformed to syngas (CO and H»
mixture), which is then converted to liquid fuels and chemicals via the Fischer Tropsch process,

or via the methanol synthesis process. The reforming of methane to syngas is a highly



energetically intensive process which becomes economical for large scale operations [16, 17],
where methane is reformed in the presence of steam or CO; at high temperatures (~1000°C).
Here, some of the natural gas is combusted to meet the energy demand of the process.
Combustion of the feed also contributes to CO2 emissions, which increases the carbon footprint
of the methane reforming process [18]. It is hence desirable to directly convert methane to C;-
liquid oxygenates. Achieving the single-step conversion of methane to useful products such as
methanol and formaldehyde would enable the production of high value chemicals from a
relatively cheap feedstock in a single step, and, will provide a route for the efficient utilization
of methane [15, 19]. The routes for the direct and indirect methane utilization are presented in
Figure 1.2.The direct functionalisation of methane to methanol or formaldehyde could also
enable the use of methane as a liquid organic hydrogen carrier. Formaldehyde and methanol
could undergo dehydrogenation to obtain hydrogen, possibly over platinum or copper-based

catalysts [20-22].
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Figure 1.2: An outline of processes for the direct and indirect routes for methane

functionalisation [14, 23, 24].



Methane is a highly symmetrical, non-polar molecule that is relatively inert, especially
compared to long-chain hydrocarbons [25]. The activation of methane is, however, possible
through the use of enzymatic, thermal or catalytic processes. The major issue encountered
during the activation of methane, and attempts at methane functionalisation to Ci-oxygenates,
stems from the difficulty in preventing the consecutive oxidation of the desirable product, viz.
methanol and/or formaldehyde [26]. It has been widely reported that the selective oxidation of
methane to oxygenates such as methanol and formaldehyde suffers from a
conversion/selectivity conundrum, wherein the oxygenate selectivity decreases with increasing
conversion, due to the facile conversion of the formed oxygenates to CO; [23, 27-29]. Hence,
the selective oxidation of methane through selectively activating the H3;C-H bond has been

referred to as the holy grail of chemistry.

1.3. THESIS AIM

This thesis aims to contribute to the search for a methane functionalisation process by
documenting an experimental study in the development of metallic, platinum-based catalysts
for the selective oxidation of methane to Ci-oxygenates, using oxygen as the oxidant, and water

as a co-reactant.

1.4. THESIS OUTLINE

Chapter II presents a review of the existing literature on the various strategies explored for
the selective oxidation of methane to Ci-oxygenates and presents the basis for the study
presented in this thesis, Chapter III details the development of the strategies for the
investigation of the selective oxidation of methane to Ci-oxygenates, encompassing the catalyst
design, development of the experimental protocols and the product analyses which forms part
of the catalyst evaluation. Chapter IV is a discussion on the in-depth study of the activity of
platinum-based catalysts for the selective oxidation of methane in the presence of liquid water,
while Chapter V details the investigation of the support effects on the selective oxidation of
methane in the presence of liquid water. Chapter VI is an investigation of the effects of
modifying the d-band of the catalytically active platinum via alloying on the rate of methane
conversion and product selectivity. Chapter VII is the overall discussion that serves as a
comparison of the different catalytic systems investigated, and Chapter VIII presents the

conclusions and recommendations for the further improvement of this work.



CHAPTER II: LITERATURE REVIEW

THE SELECTIVE OXIDATION OF METHANE TO C1-OXYGENATES

2. BACKGROUND AND INTRODUCTION

The first report on the selective oxidation of methane over a ferrous sulfate catalyst in the
presence of hydrogen peroxide was made in 1930 [15]. The oxidation products formed were
methanol, formaldehyde and formic acid. More systematic studies followed, particularly those
reported by Boomer and Thomas [30-32], Newitt and Haffner [33] and Bone [34]. Despite over
a century of research in the direct oxidation of methane to oxygenates [35], a commercial
process is yet to be identified. Although a number of approaches have been investigated, none
have met the activity and selectivity standards required for commercialisation, which specify a
minimum single pass methane conversion of 5% and methanol selectivity of 80%, while a
minimum selectivity of 50% is required for the formation of formaldehyde or acetic acid [36-

38].

The challenge in the selective oxidation of methane stems from its chemistry. Methane is highly
stable, symmetrical, non-polarisable and impervious to nucleophilic or electrophilic attack,
with a C-H bond dissociation energy of 439 kJ.mol™! [39]. The C-H bond dissociation energies
of the desired products, methanol or formaldehyde, are much lower with 402 kJ.mol! and 369
kJ.mol"! respectively [39]. This means that, under conditions where methane is activated, the
C-H bond in formed methanol and formaldehyde is more labile and would undergo further
oxidation to CO2 which is also the thermodynamically favoured product. This is particularly
relevant for the high temperature gas phase activation of methane, since the initial cleavage of
the methane C-H bond requires energy in the form of heat to speed up the reaction [40]. The
relative potential energies of the product compounds in the conversion of methane to CO: is

presented in Figure 2.1 [41, 42].
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Figure 2.1: Schematic representation of the consecutive reaction of the formed oxygenates
during the selective oxidation of methane, and the associated bond dissociation

enthalpies of the C-H bonds of CH4, CH30H and CH»O [39].

The challenge in the selective oxidation of methane then lies in preventing the consecutive
conversion of the formed oxygenates to CO>. A number of approaches have been taken in
solving this problem, ranging from tailoring reaction conditions, catalyst development and

adopting product protection strategies [37, 43].

2.1 HIGH TEMPERATURE OXIDATION OF METHANE

2.1.1. HOMOGENEOUS, GAS PHASE OXIDATION OF METHANE

Initial studies in the selective oxidation of methane were performed at high temperature in the
presence or absence of a catalyst. In the absence of a catalyst, the reaction proceeds via a radical
pathway [44, 45]. Briefly, methane is fed into the reactor in the presence of oxygen in a
temperature range of 300 to 500°C at pressures ranging from 15 to 50 bar. The oxygen
concentration is varied from 1 to 10% in order to stay above the upper explosion limit, since
oxygen and methane mixtures become explosive in a certain concentration range [46, 47], and
to ensure that oxygen remains the limiting reagent to prevent the complete combustion of
methane to CO; [48]. The selectivity towards methanol seems to be sensitive to the oxygen
concentration, with higher oxygen concentrations resulting in a higher methane conversion, but

a lower selectivity for the formation of methanol [35, 49, 50].



Increasing the reaction pressure was found to favour methanol selectivity in the homogeneous
oxidation of methane, whilst the increase in temperature had the opposite effect [48, 51].
Promising results for the autocatalytic oxidation of methane to methanol have been reported
by Gesser et al. [52], Feng et al. [53] and Zhang et al. [54] with methanol selectivity in the
range of 80 % at a methane conversion of around 8% [51]. Reproducibility of these experiments
has however proven to be challenging [51]. This was attributed to differences in reactor designs
[48, 54]. In essence, the difficulty in reproducing results from the autocatalytic oxidation of
methane to methanol stems from the reaction pathway using radicals, which is difficult to

control [44, 55, 56].

2.1.2. HIGH TEMPERATURE OXIDATION OF METHANE: EFFECTS OF SOLID CATALYSTS

Initial, high temperature studies investigating the use of solid catalysts were reported by
Boomer and Thomas [30, 31], which focused on silver and copper-based catalysts at
temperatures ranging from 300 to 500°C and pressures of 140 to 230 bar. The use of a copper
catalyst had a positive effect on the methanol yield [30, 31]. Over these systems, the activation
of methane was reported to be facilitated by activated, adsorbed oxygen on the catalyst surface
or nucleophilic, lattice oxygen (equations 2.1 and 2.2.) at low oxygen concentrations [31]. The
effect of the catalyst becomes less clear at high oxygen concentrations, particularly at high

pressures, since the radical mechanism is suspected to be dominant under these conditions [32].
CH4 + Oy —» CH30H Equation 2.1
CH4 + Cu20 — CH30H + 2Cu Equation 2.2

Other high-temperature catalytic studies shifted towards the investigation of oxide-based
systems, such as vanadium [57-61], molybdenum [62-64], iron [65] copper oxides [66, 67],
and phosphates [68]. These systems operate at lower pressures and tend to favour the formation
of formaldehyde, particularly when using O; as the oxidant. The dehydrogenation of methane,
and addition of oxygen have been identified as the key steps in the selective oxidation of
methane over these catalytic systems. The activation of methane over an oxide forms a weakly-
bound methyl species adjacent to a surface-bound oxygen on the oxide, which rapidly reacts
with the surface to form a methoxide species, which constitutes the oxygen insertion step [37,

69]. The methoxide species then decomposes to form formaldehyde and COx [69, 70].

An analysis of historical data of the high temperature methane oxidation over metal oxide

catalysts yielding formaldehyde [66] showed that support contributions can mask the role of



the metal oxide in this selective oxidation of methane. The effect of the support was then
minimised by using the least active support towards methane, which was determined to be j3-
silicon carbide. The selectivity for the formation of formaldehyde was ultimately correlated
with a reduced electro-negativity of the transition metal involved, with increasing
electronegativity favouring formaldehyde selectivity, implying the role of electron transfer in
the reaction which was proposed to play a role during the activation of methane by H-

abstraction [66, 71].

Mechanistic studies of the selective oxidation of methane over silica-supported MoOs3 catalysts
showed the reaction to proceed via a Mars-van Krevelen mechanism, wherein methane is
activated by lattice oxygen from MoQOs, which is replenished by oxygen from the gas phase
[72]. At lower conversions and temperatures, the catalyst achieved a methane conversion of
0.1%, and a formaldehyde selectivity of 63%. Increasing the reaction temperature (from 550
to 630°C) led to an increase in the methane conversion (from 0.1 to 5.0%), but a decline in the
formaldehyde selectivity (from 63 to 12.5%) [72]. The MoOs catalyst is sensitive to changes in
the oxygen concentrations. Lower oxygen concentrations result in the reduction of MoOs to
MoO., which reduces the formation of formaldehyde, thus reducing the selectivity of the
process [73]. The speciation of molybdenum on the support, dictated by the molybdenum
loading, also affects the catalytic activity. High activity is obtained at low molybdenum
loadings, which is attributed to the presence of a highly-active, highly-dispersed mononuclear

molybdate species [72].

Silica-supported vanadium oxide catalysts (V20s) are capable of operating at lower reaction
temperatures (460 to 500°C) in the selective oxidation of methane compared to MoOs systems,
and are selective for the formation of both methanol and formaldehyde [74, 75]. V205 requires
activation with N>O for sufficient methane conversion [75] in contrast to molybdenum-based
catalysts. Highly-dispersed monomeric VOx species have been identified as the most active
and selective for the selective oxidation of methane to formaldehyde and methanol [57, 75].
Phosphates and pyrophosphates have shown some promise for the selective oxidation of
methane yielding formaldehyde [67, 68, 76, 77]. It has been proposed that methane over metal
phosphates is activated by the redox-active Lewis acidic iron sites transferring the hydrogen to

the weakly-basic surface phosphate groups [68].

The performance results of the various oxide and phosphate-based catalyst are compared with

those of other systems in Table 2.1. The main issue with traditional metal-oxide based systems



is that high formaldehyde selectivities are obtained at low methane conversions; they are still

affected by the conversion/selectivity trade-off (see Figure 2.2).
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Figure 2.2: The conversion/selectivity relationship during the selective oxidation of methane
to formaldehyde over molybdenum oxide, vanadium-oxide, metal-oxide and

phosphate-based catalysts [78].

A B»0Os-based system was recently reported for the selective oxidation of methane to CO and
formaldehyde, achieving a 46% selectivity towards formaldehyde at a methane conversion of
6%. Although this system performs marginally better than known oxide systems, the process
is still mostly selective towards the formation of CO [79]. The oxygenate selectivity was not
negatively affected by an increase in the O2/CHg ratio. In fact, an increase in the oxygen partial
pressure positively impacted the rate of reaction. The activation of methane was determined
through kinetic measurements and isotopic labelling experiments to occur via an Eley-Rideal
mechanism [79]. The catalyst loading was 20 wt.% of B>0Os yielding multiple layers of boron
oxide on the support, which is claimed to nullify any effects of the support identity on the
catalytic performance. The reaction mechanism is presented in Figure 2.3. The activation of
methane is thought to occur via an Eley-Rideal mechanism yielding a surface methoxy species,

which undergoes H-abstraction by an adjacent hydroxyl group to yield formaldehyde.



Figure 2.3: The reaction mechanism for the activation of methane to formaldehyde over the
B>0Os-based catalyst. Reproduced with permission from [79], © Springer Nature
2020.

2.2. LOW-TEMPERATURE ACTIVATION OF METHANE TO METHANOL

2.2.1 ENZYMES AND THEIR ANALOGUES

The selective oxidation of methane to methanol occurs readily in nature and is facilitated by
methanotrophic bacteria, which utilize methane as a carbon and energy source. The formed
methanol is an intermediate in the methanotroph metabolic pathway, and can be further
converted to formaldehyde, formic acid, and ultimately, carbon dioxide (see Scheme 2.1) [80,
81]. The selective oxidation of methane to methanol (AGny = -454 kJ.mol") [82, 83] is
catalysed by methane mono-oxygenase (MMO) which utilize oxygen as an oxidant and
nicotinamide adenine dinucleotide (NADH) as a co-oxidant, according to equation 2.3 and 2.4
[84]. Two forms of MMO have been identified. One form is water soluble and contains a di-
iron active centre (soluble methane monooxygenase, s-MMO) [85-87], while the other is
membrane bound and possibly possesses a di-nuclear copper active centre (particulate methane

monooxygenase, p-MMO) [88, 89].
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carbon
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Scheme 2.1: Metabolic pathway for the oxidation of methane in methanotrophic bacteria

adapted from [86].
2NADH —» 2NAD"+2H"+4¢ Equation 2.3
CH,+0,+2 e+2H M—MO> CH,OH + H,0 Equation 2.4

Although p-MMO is the superior catalyst, it has not been studied as much as s-MMO due to
loss of stability upon purification and difficulty in isolation [81, 90]. To that effect, most of the
understanding of this biological process is obtained from s-MMO studies. The s-MMO protein
comprises of three components, namely the hydroxylase, which is the active site containing a
di-iron cluster (MMOH), the Fe>S: cluster-containing reductase (MMOR) which facilitates
electron transfer [91], and the regulatory protein (MMOB) which facilitates the access of the
substrate to the active site [92]. The oxidation of methane by s-MMO is initiated by the
activation of the di-iron p-oxo centre, located within the hydroxylase unit, by O». This oxidises
the di-iron (II) species, generating a di-iron (III) Hperoxo intermediate, which is referred to as
the intermediate P. The intermediate evolves to form a di-iron (IV) species (commonly referred

to as Q), which activates methane (see Figure 2.4) [93-95].

Methane is then introduced to the active site, where it undergoes hydroxylation to form an
adsorbed methanol intermediate [81, 86]. Methanol is immediately eliminated after its
formation, generating di-iron (III) species that are reduced by NADH associated with the
reductase subunit, generating the Fe (II) di-iron cluster [94, 96].
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Figure 2.4: a) Catalytic cycle showing the activation of the di-iron MMO site with O, to form
reactive intermediates and the activation of methane to methanol and b) the
structure of Q, the di-iron (IV) reactive species. Reproduced with permission from

[93], © 2014 Springer Nature.

The high efficiency displayed by MMO for methanol production is attributed to a) induction
of a reactive oxidative reductive environment through the generation of highly reactive, high-
spin metal species, b) a “gating mechanism” that imposes strict control of reactant access to
the active site whilst also ensuring the transport of methanol away from the active site, and c)

a carefully controlled and precisely timed electron transfer between MMOR and MMOH after
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the formation of methanol has terminated, regenerating the active site [91, 97-99]. Access to
the di-iron active site of MMOH is via either a hydrophilic pore that is involved in proton

transfer, or a hydrophobic cavity [100, 101].

The enzymatic oxidation of methane to methanol is governed by the principle of site isolation
and site control, whereby access of reactants to active sites is heavily restricted resulting in a
highly selective process (i.e. Scuon = 100%, see Table 2.1) [102]. Although MMOs are
efficient catalysts for methane oxidation under mild conditions, significant barriers to large
scale implementation exist, such as low productivities, limited working temperature ranges,
stability issues, poisoning of the enzymes by methanol (which limits their productivity) and
high costs associated with expressing and purifying the proteins [81, 84, 103-105]. It is also
important to remember that after synthesis, methanol undergoes further metabolic processes
where it is ultimately converted to CO> as part of the respiration process of methanotrophs.
Hence, to prevent this process, inhibitors will need to be applied, which adds further to the
complexity of this process [106, 107]. Even so, the study of these enzymatic systems has lent

insight that has informed the design of biomimetic catalyst systems [56, 81, 108].

2.2.1.1. BIO-INSPIRED ORGANOMETALLIC COMPLEXES

An example of a pMMO synthetic analogue is the tri-copper complex [Cu! Cu! Cul(7-N-
Etppz)]!*, which was found to be active for the selective oxidation of methane to methanol in
acetonitrile at room temperature. The catalyst was activated by O to form the highly reactive
[Cu'! Cu! (u-0),Cu™(7-N-Etppz)]'* intermediate that is capable of activating methane. The
reaction of methane with the oxidised active centre yields methanol, and reduces the complex
to form a [Cu' Cu" (u-O).Cu" (7-N-Etppz)]'* species that requires reduction by hydrogen
peroxide to reform the [Cu' Cu' Cu'(7-N-Etppz)]'" complex (see Figure 2.5).
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Figure 2.5: Catalytic cycle for the activation of the tri-copper complex, methane oxidation
and site regeneration by H>O; and the abortive cycle which occurs when CH4 does

not interact with the complex. H20: is then used to complete the abortive cycle

[109].

The tri-copper complex possesses a hydrophobic alkane binding cleft at the base of the
complex, which is selective to small, linear alkanes [110, 111]. Essentially, the architecture of
this complex takes inspiration from methane monooxygenase, and is an attempt at designing a
catalyst that works according to the principles of site-isolation in order to ensure controlled
activation and functionalisation of methane. The catalyst is reported to be completely selective
for the formation of methanol [109]. A turnover frequency of 0.05 s*! (at a conversion of 0.1%)
was obtained when H>O; was used as an oxidant [112]. Immobilizing the complex on to
mesoporous silica nanoparticles modified with alumina yielded a turnover frequency of 0.01 s
'and a total conversion of 17.4% (over a period of three and a half hours) [110]. The catalysts
progressively lost activity when subsequent reaction cycles were conducted, with an estimated
10% loss in activity per cycle. This was attributed to loss of the tri-copper complex, either
through dissociation of the complex from the nanoparticles or decomposition of the complex

[110].

Di-iron based s-MMO inspired synthetic analogues have proven to be challenging, due to the
difficulty in generating stable, high valent bis (p-oxo) diiron (IV) species which are active for

methane activation [98, 113-115]. An alternative strategy that seems to have worked is the
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design of nitrogen-bridged diiron phthalocyanine and porphyrin complexes, which have been

found to be capable of stabilising high valent Fe(IV) oxo-species [116].

A nitrogen-bridged p-nitrido iron tetra-tert-butylphthalocyanine complex ([FePc(‘Bu)s]2N)
containing two equivalent iron centres was found to be active for the selective oxidation of
methane to formic acid and formaldehyde at low temperatures. The complex forms a
Fe!'VNFe"OOH species upon activation with hydrogen peroxide, and converts methane at a
turnover frequency of 0.001 s [117]. Adding dilute sulfuric acid to the complex yields a
strongly oxidising Fe!V-N-FeV=0 species which significantly improves activity, increasing the

turnover frequency to 0.008 s [113].

Biomimetic complexes also achieve low productivities despite excellent selectivity (especially
displayed by the tri-copper complex). In addition, they require reactivation (with H2O2/H2SO4)
to complete the catalytic cycle [98, 113] and are prone to decomposition [81, 113].

2.2.1.2. FE AND CU EXCHANGED ZEOLITES

Iron and copper containing zeolites have also been studied as solid analogues of sMMO (Fe)
and pMMO (Cu). The zeolite-based systems are activated with nitrous oxide [118], hydrogen
peroxide [119-121] or oxygen [122] to yield electrophilic metal-oxygen species capable of
activating strong C-H bonds [97, 123]. Fe-based zeolites are unreactive towards O and are
instead activated by N>O at 200-250°C to form reactive surface oxygen species, referred to as
a-O sites [124-127]. The Fe(Il) a-site is a mononuclear, extra-framework, high-spin square
planar complex that is coordinated to anionic Al-O-Si ligands [126, 128]. The a-Fe(II) species
undergoes activation to an a.-O, a mononuclear high-spin Fe(IV)=0 species that is highly active
for the activation of the methane C-H bond [129-131]. The activation of methane occurs via
hydrogen abstraction, yielding a Fe(III)-OH intermediate and methyl radical. The OH group
then rotates away, followed by reaction with the methyl radical, forming the C-O bond which
yields adsorbed methanol [132, 133]. Figure 2.6 shows the mechanism for the activation of

methane over a a-O site. The oxygen is attached to the Fe(IV) species.

15



1
1027 Y4 1.10
106~ "%

119 ¢ 136
1454/

Figure 2.6: Activation of methane over the Fe(IV)=O0 site, with a) showing the coordination
of methane to the Fe(VI)=0O site, followed b) by hydrogen bonding to the
Fe(IV)=0 site, c¢) oxygen abstraction to form the Fe(Ill)-OH intermediate and
methyl radical, d) rotation of the OH group and e) formation of the adsorbed
methanol. Adapted with permission from [132], © 2016, the American Chemical
Society.

The oxidation of methane over Fe exchanged zeolites follows a cyclical process [134-136], that
is initiated by the pre-treatment of the zeolite at 800-900°C (forming reduced species via auto
reduction that are inert to oxidation by O) [131, 136, 137], followed by activation with N,O
at 200-250°C. The zeolite is cooled to room temperature, upon which methane is introduced at
room temperature. Methanol is extracted by hydrolysis with water [127] at 250°C [131, 138].

Thus, additional reagent needs to be introduced to facilitate product desorption at the end of
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the reaction cycle. Furthermore, the entire process does not take place under similar conditions

(i.e. cycling between different temperatures).

Parfenov et al. [118] attempted to close the catalytic cycle by conducting a series of
experiments at temperatures above 200°C, where CH4, N2O and H>O were introduced
simultaneously over Fe-ZSM-5. Although desorption of the gas phase product was achieved
without a separate hydrolysis step, the selectivity towards oxygenates decreased through coke
formation, especially at high CHs conversions. The introduction of water was necessary to
suppress coke formation. Better methanol yields were obtained at low conversions (conversion

below 1 %) [118].

The selective oxidation of methane using N2O as an oxidant over Fe-ZSM-5, Fe-Beta and Fe-
FER catalysts in a fixed bed reactor resulted in the formation of dimethyl ether, formaldehyde,
methanol (Fe-FER, Xcu, = 2.8, Ssel. ox. = 59%) and ethylene (Fe-ZSM-5, Xcn, = 2.2, Ssel. ox. =
40%) at a reaction temperature of 350°C in the absence of water [139]. The other catalysts were
chiefly selective towards the formation of CO and CO; (see Table 2.1). The formation of
ethylene over Fe-ZMS-5 was attributed to the conversion of methanol to dimethyl ether,
followed by further conversion to ethylene. Although the reaction over Fe-based zeolites

becomes catalytic above 200°C, this is achieved at the expense of oxygenate selectivity [118].

Hutchings addressed the problem of high temperature activation and product extraction by
developing a process that occurs in an aqueous phase using H>O; as the oxidant [119, 140].
This process is however not very selective to methanol, rather favouring the formation of
methyl hydroperoxide (CH3OOH), which subsequently decomposes into methanol [120, 140-
144]. The active site of these zeolites is reported to be a dinuclear iron species that is activated
to form a di-ferric active site with a ferryl (Fe(IV)=0) and an iron-hydroperoxy (Fe-OOH) site
[56, 140]. The ferryl site serves to cleave the methane C-H bond, forming a methyl radical that
reacts with the iron-hydroperoxy site to form the adsorbed methylhydroperoxyl, which desorbs
in the presence of hydrogen peroxide. The hydrogen peroxide and N2O routes are contrasted in
Scheme 2.2 [140]. Replacing the oxidant with H>O> results in overall higher productivities
whilst keeping the selectivity towards the targeted product methanol high [145].
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Scheme 2.2: Reaction mechanism for the catalytic, selective oxidation of methane over Fe-

zeolites using hydrogen peroxide and N2>O as oxidants [37, 140].

The selective oxidation of methane over Cu-exchanged zeolites has received significant
attention, particularly because the activation of Cu-based zeolites with oxygen can occur at
lower temperatures (i.e. 300—-650°C) compared to Fe-based zeolites (which require
temperatures of up to 900°C) [146]. Dinuclear [147-149] and trinuclear [147, 150] copper
active sites have been proposed, with a dinuclear Cu,Ox site being identified as a more likely
active site [ 148, 151-155]. Hence the mechanistic discussion is focused on the dinuclear copper
active site. Activation of the copper active site with N>O or oxygen forms a [Cu2O]*" active

site that is formed from two copper-ions bridged with an oxygen.

After activation, methane reacts with the catalyst at lower temperatures (125-200°C) [156].
Methane is activated on the bridging oxygen, and this reaction could occur via a radical or non-
radical pathway. The radical pathway involves the formation of a methane radical that rebounds
to the oxygen atom, while the non-radical pathway involves the migration of the cleaved methyl
fragment to one of the copper atoms and subsequent recombination with the oxygen to form an
adsorbed methanol intermediate. The removal of methanol is facilitated by water, which
displaces the adsorbed methanol. The Cu sites require re-activation by cycling back to the
activation temperature in order to remove the water from the active site. The reaction
mechanism is presented in Scheme 2.3 [157]. The required high temperature for the activation

of Cu based zeolites by O> results in a rather energy intensive process. Alternatively,
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[Cu2(O)2]*" species may be generated at low temperatures in the presence of NoO [147, 148],
however, this still requires dehydration of Cu-ZSM-5 at 450°C in the presence of helium.
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Scheme 2.3: Mechanism for the activation of the dinuclear Cu site to form the active [Cu2O]*
species, and the subsequent oxidation of methane to methanol. Reproduced with

permission from [157]. © 2018, the American Chemical Society.

Isothermal processes operating at low temperature have been investigated as alternatives to the
tedious temperature cycling process [158-160]. Tomkins reported an isothermal process for the
selective oxidation of methane over a Cu-exchanged zeolite. The zeolite activation, methane
oxidation and product extraction all occurred at 200°C [158], which avoided temperature
cycling (but still required reactant cycling). The catalyst did not require regeneration at high
temperature, and was able to maintain a constant methanol yield during different reaction
cycles, which indicated the stability of the catalyst. The same group reported the oxidation of
methane over Cu-MOR using water as an oxidant. The process was cyclical, the results
reported indicate the ability of using water as an oxidant, although the active site activation

was still performed at 400°C [161].

An interesting study by the Roman-Leshkov group investigated the stoichiometric and catalytic
oxidation of methane over Cu-ZSM-5. The zeolite was first pre-treated at 550°C under flowing
oxygen. The stoichiometric experiment involved first purging the zeolite with helium, followed
by cooling and the subsequent introduction of methane for half an hour at 210°C. Thereafter,
the methanol desorption was facilitated by the introduction of a HoO/O2/CH4 mixture, which
was sustained until all the methanol formed under the stoichiometric regime had desorbed,

thereby entering a catalytic regime which showed sustained methanol production, albeit at
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lower rates [162]. The changes in methanol productivity as the regime shifts from

stoichiometric to catalytic are presented in Figure 2.7.

Figure 2.7:
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catalytic regime shows the catalytically-formed methanol after the complete

desorption of the stoichiometric methanol. Reproduced with permission from

[162]. © 2016, the American Chemical Society.

The major drawbacks to the application of zeolite-based catalysts are a) the need for expensive

reagents such as N>O and H>O», or, when using oxygen as the oxidant b) incomplete catalytic

cycles, and ¢) low methane conversion. Furthermore, the use of O activated Cu zeolites as

industrial catalysts is hindered by the requirement of cyclical temperature operation, which

makes the process energy intensive. The process is also not fully catalytic and is rather

stoichiometric, with catalytic regimes yielding low productivities (Table 2.1). The study of

zeolites however highlighted not only the importance of site-isolation, but also brought to light

the integral role water plays in the formation of selective oxidation products.
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Table 2.1: Selected performance data on the selective oxidation of methane to Ci-oxygenates via different reaction strategies

Catalyst Oxidant T,K P,bar  ncua/Moxidant Xcnas %0 Scl-oxygenates Y0 Productivity™™  TOF?, hr! Ref.
o |- 0, 723 51 14 9.5 76 (CH;0H) 900° - [52]
%‘ - 0, 673 30 39 3.1 47 (CH;OH) 210° - [50]
S |- 0, 703 34 16 7 54 (CH;OH) 87° - [163]
5 - 0, 723 51 10 13 63 (CH;OH) 3490° - [54]
FePO4/SiO," 0, 873  0.68 1 1.6 83 (HCHO) 3520¢ - [164]
FePO, N>O 673 1 1 2.6 85 (CH;0H) 4064¢ - [77]
Fe/SiO, 0, 873 1 19 0.47 60 (HCHO) 14500¢ - [165]
. | FePOJ/SBA-15 O, 773 1 2 0.56 81 (HCHO) 12309 - [166]
% FePO, )} 723 1 7 0.11 66 (HCHO) 272¢ - [68]
i FePO, 0, 823 1 7 1.55 19 (HCHO) 1109¢ - [68]
£ | Cu-POL(50%) O 873 1 1 1.9 31 (HCHO) 3201¢ - [167]
§ Cu-PO«(50%)  O» 923 1 1 35 26 (HCHO) 49459 - [167]
g MoCl;s- 0, 973 1 5 20 80 (HCHO) 4090° - [62]
< | RaSn/SiO;
= | Cu-Fe-ZnO 0, 973 1 5 0.8 14 (HCHO) 25307 - [168]
Li-VPO 0, 973 1 3.4 1.3 34 (HCHO) 650¢ - [169]
Mo05/SiO> 0, 863 1 7 0.7 72 (HCHO) 25207 - [63]
MoOs/B-SiC )} 923 1.5 3 1.7 36 (HCHO) 300¢ - [66]

[a] turnover frequency. [b] co-feeding water. [c] productivity in umol/hr/cm? of reactor volume. [d] Productivity in umol/hr/g of catalyst. [€]

Productivity in pmol/hr/g dry cell. [f] Productivity in umol/cycle/g catalyst.
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Table 2.1 Continued...

Catalyst Oxidant T,K P,bar  ncus/Moxidant Xcuar %o SClooxygenates Yo Productivity"™ TOF? hr' Ref.

Methylosinus 0, 303 1 1 - 100(CH;0H) 51° - [170]

trichosporium

OB3

([FePc(‘Bu)s]:N)  H20» 333 32 - - 31 (HCOOH) 28.8

[Cus(7-N-Etppz)] O 298 1 10 17.4 100 (CH;OH) - 36 [109]

Cu-MOR 0,(773K) 473 1 - - 93 (CH;0H) 169" - [171]
g | Cu-MOR 0,(473K) 473 6 - - -(CH;0H) 25f - [158]
§ Cu-SSZ-13 0,(773K) 473 1 - - ~85 (CH;OH) 110° - [172]
§ Cu-SSZ-13° 0, 473 1 2 - ~50 (CH;0H) 159 - [28]
g Cu-CHA® 0, 573 1 2000 - 91 (CH;OH) 1954 - [173]
2 Cu-MOR® 0, 573 1 24 0.01 52 (CH;OH+HCHO) 163¢ 0.5 [174]
E; Cu-CHA® 0, 573 1 24 0.06 60 (CH;OH+HCHO) 9207 23 [175]
S FefSilicate + Cu-  H,0; 343 3 0.36 10.1 93 (CH;OH) 6014¢ - [140]

Silicate®

Cu-Fe/ZSM-5° H>0, 323 30 ~3 - 80 (CH;0H) 7015¢ 431 [145]

Fe/ZSM-5+ Cu-  H,0, 323 20 0.013 0.5 92 (CH;OH) 75¢ [119]

ZSM-5°

Fe-FER N>O 623 1 4 2.8 59 (CH;0H+CH;OCH;) - 125 [139]

[a] turnover frequency. [b] co-feeding water. [c] productivity in umol/hr/cm? of reactor volume. [d] Productivity in umol/hr/g of catalyst. [e]

Productivity in pmol/hr/g dry cell. [f] Productivity in umol/cycle/g catalyst.
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Table 2.1 Continued...

Catalyst Oxidant T,K P,bar  ncus/Moxigant  XcHds Sc1-oxygenates Yo Productivity™™  TOF?, hr' Ref.
%
< | (bpym)PtCl, H>S04 493 34 ~0.1 90 81 (CH;0S0sH) 85000¢ 36 [176]
§ (bpym)PtCL/CTF ~ H,SO. 488 40 ~0.2 - 81 (CH;OH) - 98 [177]
& | Mw/TiOs C,HF;0, 488 7 - - (C3H3F;0,) 600¢ - [178]
1%-PdAW/TiO,"  H,0 343 30.5 - - 89 (CH;00H) 1030¢ 14 [179]
PdAu-colloids® H,0, 323 30 - - 89 (CH;O0H) 29400¢ - [180]
Pd@Pt-colloids®  H,0» 323 30 - - 89 (CH;0H) 89300¢ - [181]
% PdAu-colloids® H20,+0; 323 30 - - 90 (CH;00H) 39400¢ - [180]
“; 5%-PdAWTiO,®  H»+O, 343 30.5 44 - 89 (CH;0H) 59¢ 0.16 [179]
g 5%-PdAu/CNT®  Hy+O, 323 33 5.9 - 73 (CH;0H) 1909 - [182]
2 PdyAu-nanowires® H,+O, 343 10 31 - 99 (CH300H) 28901 - [183]
0.5%AuPd/ZSM-5 Hy+0, 323 34 - - 100 (CH;OH) 21.4¢ 0.57 [184]
AUPd@ZSM-5-Cs  Hr+O, 343 30 0.5 17.3 92 (CH;OH) 4580° [185]
= | Au-ZSM-5 0,+CO 513 24 20 - 100 136¢ - [186]
£ (CH;OH+CH;COOH)
§ Rh-ZSM-5 0,+CO 423 29 10 - 66(CH;OH+CH;COOH)  7098¢ - [187]
é Cu-SSZ-13/H- 0,+H,0 663 1 0.1 77 (CsHsCH3) 102¢ - [188]
= | zsMm:5
$

[a] turnover frequency. [b] co-feeding water. [c] productivity in umol/hr/cm? of reactor volume. [d] Productivity in pmol/hr/g of catalyst. [¢e]

Productivity in pmol/hr/g dry cell. [f] Productivity in umol/cycle/g catalyst.

23




2.3. LIQUID PHASE ACTIVATION OF METHANE

2.3.1. HOMOGENEOUS COMPLEXES AND PRODUCT PROTECTION

The electrophilic activation of the methane C-H bond by an organometallic complex was first
reported by Shilov in 1969. This was followed by a landmark article in 1972 which reported
on the oxidation of methane in the presence of a PtCl4*/PtClg* system to form chloromethane,
a “protected” intermediate which can undergo subsequent hydrolysis to methanol [189-191].
The authors proposed a three-step mechanism for the oxidation of methane to chloromethane,
with the initial step being the electrophilic activation of the methane C-H bond forming a
methyl fragment coordinated to the Pt(II) centre. The next step is the oxidation of the Pt(I)
centre to Pt(IV). The final step is the reductive elimination of CH3Cl.

The Shilov system is not suitable for practical application due to decomposition of the complex
to metallic platinum or insoluble, polymeric Pt salts, and low overall yields [36, 192-194]. The
Shilov system, however, inspired a paradigm shift in the approach of methane oxidation;
instead of directly forming methanol, the strategy now shifted to the production of a protected
methanol intermediate that is impervious to the consecutive oxidation to CO». This approach
was employed by Periana et al. [194], who investigated the selective oxidation of methane (at
200-220°C) to a protected group in the presence of Hg(II) in concentrated sulfuric acid (the
oxidant) to form a methanol derivative in the form of methyl esters (i.e. CH;OSO3H, methyl
bisulfate). The reported methane conversion was 50 %, with a selectivity for the formation of

methyl bisulfate of 85%, and thus a potential yield of methanol of 43% [194].

The use of a Pt(bis-1,2-dipyrimidal)Cl, complex (referred to as the Periana system) resulted in
significant improvements to the process, with a methane conversion of up to 94% and a methyl
bisulfate selectivity of 81% [176]. The mechanism for the platinum-catalysed conversion
methane process (see Scheme 2.4) was proposed to occur in three steps, viz. initiation by the
electrophilic activation of the methane C-H bond to form a CH3-Pt(II) species, oxidation of the
CHs-Pt(IT) species to CH3-Pt(IV) species by SO3, and, finally, the reductive elimination of the
methyl ester [176] . The Periana system works well because of the formation of methyl bisulfate
instead of methanol. The bisulfate groups are electron withdrawing, which protects the other
C-H bonds of the methyl group from further electrophilic reactions [194, 195]. Methyl bisulfate
can be hydrolysed to produce methanol [196] and dilute sulphuric acid formally closing the

catalytic cycle (although the reaction requires concentrated sulphuric acid).
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Scheme 2.4: Proposed catalytic cycle for the electrophilic functionalisation of methane.

Reproduced from [176]. Reprinted with permission from AAAS.

The Periana system is however not suitable for large scale implementation despite its being
one of the most selective and productive systems for the selective oxidation of methane to date
(Table 2.1). The main drawback is its reliance on harsh, highly corrosive reagents and the need
to oxidise SO in order to recover SO3 (the oxidising agent) [197]. The Periana system also

requires energy intensive work-up of the dilute sulphuric acid formed after the reaction.

2.3.2. THE PEROXIDE ROUTE

The selective activation of a C-H bond to form oxygenates at low temperatures over metallic
catalysts was first realized by Kesavan et al. [198], who reported the selective oxidation of
toluene to oxygenates (benzyl benzoate, benzaldehyde, benzyl alcohol and benzoic acid) over
AuPd alloy nanoparticles at 160°C with oxygen as the oxidant. It was hypothesized that the
oxidation of toluene proceeds via the formation of a surface hydroperoxyl intermediate from
the interaction of the metal active surface, O, and toluene. The surface hydroperoxyl
intermediate is thought to be formed on the AuPd nanoparticles [199-202]. The selective
oxidation of toluene over AuPd/TiO- could proceed at an even lower temperature (80°C) when

tert-butyl hydroperoxide was used as the oxidant [203] illustrating the importance of surface-

25



stabilised reactive oxygen species, produced from the decomposition of peroxides, for the

activation of C-H bonds [203].

Hutchings et al. further expanded on this work by investigating the performance of AuPd alloy
nanoparticles for the selective oxidation of methane to methanol with H>O: as the oxidant [179,
180, 182, 204, 205]. The gold-palladium nanoparticles are the catalytically active species as
pure titania [179] is not active, whereas high activity is observed when using Au—Pd colloids
[206], Au@Pd nanowires [183] and Pd@Pt nanoparticles [181] as the catalyst. The activity
appears to be in line with the expected mass-based activity deduced from the mass loading of
these nanoparticles on the support, although AuPd on titania catalyses the decomposition of
H>O:> possibly at the metal-support interface [180], which may reduce the catalytic activity by

reducing the H>O» utilization efficiency.

The activity of the supported Au-Pd system appears to be support dependent; AuPd
nanoparticles supported on the rutile phase of titania appears to be more active than AuPd
particles supported on P25 [182] possibly due to the decomposition of hydrogen peroxide on
the anatase phase. During the reaction, H>O> possibly decomposes to form dissolved O, as
well as surface bound hydroxyl and hydroperoxyl species [207]. The activity of the palladium
and in particular the gold-palladium system may be linked to the stabilization of the
hydroperoxyl species on the catalytically active surface(s), as Pd(111) stabilizes surface
hydroperoxyl-species [180, 181]. The hydroxyl species may then activate methane to form a
methyl radical that may react with hydroperoxyl species (the presence of the methyl and
hydroxyl radicals was detected in the reaction mixture using EPR with DMPO as a radical
scavenger, which did not detect hydroperoxyl radicals) [179] to yield methyl hydroperoxide.
Alternatively, it may decompose into surface hydroxyl species (and a surface oxygen species),

which then reacts further to form water (see Scheme 2.5).
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Scheme 2.5: Proposed mechanism for the selective oxidation of methane in the presence of

H>0; as the oxidant.

The presence of gold on the surface may moderate the strength of adsorption of oxygen
containing species such as adsorbed hydroperoxyl (-OOH) [181], thus reducing their
decomposition which could potentially favour the desorption of methyl hydroperoxide [179,
208]. Hydrogen peroxide was generated in-situ by feeding H> and O2 as an attempt to boost the
oxygenate productivity [179], as previous studies showed AuPd to be an effective hydrogen
peroxide synthesis catalyst [209]. The oxidation of methane with in-situ generated hydrogen
peroxide improves methanol selectivity and diminishes selectivity for methyl hydroperoxide,
although the overall productivity is lower than that obtained when H20: is added in the feed
(i.e. productivity of 0.28 mol.kges'.h'! with preformed H,Oz vs 0.116 mol.kgea!.h™! when
H»/O; replaced H>0») [179].

The in-situ generation of hydrogen peroxide proved to be beneficial in the continuous selective
oxidation of methane in a capillary microreactor [210]. The improved activity was attributed
to shorter residence times and faster hydrogen peroxide formation rates in the microcapillary
reactor (contrasted with slower rates in a batch reactor, which utilised dilute H, and O
concentrations) [179, 210]. However, it could simply be that the activity is boosted by the use
of hydrophobic silica in the capillary column, which would result in the improved local
concentration of hydrogen peroxide around the AuPd nanoparticles [185], whereas the formed
hydrogen peroxide in the batch reactor would be quite dilute since the reaction is carried out in

water.

The effect of confining in-situ formed H20O: around the AuPd active site was demonstrated by

Jin et al. [185], who crystallised AuPd nanoparticles within zeolite crystals then modified the
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zeolite surface with organosilanes, forming a hydrophobic sheath allowing the transport of

hydrophobic species such as O, H> and CHs4 to the catalytically active site within the zeolite.

However, the hydrophobic surface meant that diffusion of the formed H>O: out of the zeolite

is restricted, thereby confining hydrogen peroxide to the zeolite pore system, hence maintaining

a high local concentration next to the AuPd active sites. This proved immensely beneficial for

the conversion of methane and oxygenate selectivity (methanol and methyl-hydroperoxide).

Figure 2.8 shows the effect of the zeolite modification on the methane conversion and

oxygenate selectivity [185].
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Figure 2.8: Conceptual presentation of A) the organosilane-modified zeolites showing the

hydrophobic layer encapsulating the zeolite crystal, B) the unmodified zeolite
crystal, C) the methane conversion and corresponding oxygenate
selectivity/productivity over the unmodified and modified zeolite-supported
catalyst in a batch reactor, D) and E) the influence of reaction time on the methane
conversion, methanol productivity and hydrogen peroxide concentration over D)
AuPd@ZSM-5-Cis and E) AuPd@ZSM-5. Adapted from [185]. Reproduced
with permission from AAAS.
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The selective oxidation of methane with in-situ formed hydrogen peroxide does not result in
the formation of formic acid and CO, [184, 185, 211], instead, the process mainly favours the
formation of methanol, especially in oxygen rich conditions. The formation of hydroperoxyl
and hydroxyl radicals during the in-situ formation of hydrogen peroxide, and the presence of
molecular oxygen, may contribute significantly to the reaction in addition to hydrogen

peroxide.

The use of hydrogen peroxide as an oxidant for the selective oxidation of methane, although
highly selective, is ultimately not economically viable as hydrogen peroxide is more expensive
than methanol [78, 184]. The in-situ generation of hydrogen peroxide could provide a more
economical process. The interesting thing to note is that even for in-situ produced hydrogen
peroxide, it is important to maintain high methane concentrations in order to prevent the further

oxidation of the formed methanol [212].

2.3.3. ZEOLITES RE-IMAGINED

Oxygen is a more desirable oxidant than H>O». Shan et al. [213] reported the oxidation of
methane to acetic acid and methanol using O> as an oxidant and CO as a co-reactant over single-
site Rh catalysts supported on titania and ZSM-5. The zeolite-supported rhodium catalyst was
selective for the formation of methanol, formic acid, acetic acid and CO,. The selectivity
towards acetic acid increased with decreasing oxygen concentrations (i.e. 2 bar Oz, 3 hrs
reaction time, 65 % acetic acid selectivity and a total productivity of 673 pmol.ge!.hr'!). The
titania supported catalyst displayed a complete selectivity towards methanol, at a productivity

of 77 pmol.gear " hr!.

The catalyst was optimised by ensuring a high rhodium dispersion through removal of thodium
species from the pore mouths and external surface of the zeolite. This yielded a catalyst that
was highly productive, achieving a productivity of up to 7300 pmol.gea'.hr! and a selectivity
of 60% towards the formation of acetic acid [213]. This reaction can be viewed as methane
carbonylation, since the reaction involves the insertion of CO into methanol to form acetic acid,
which can be catalysed by single-site Zn, Cu, Fe, Co, Ni, Ru, Pt and Pd, in addition to Rh [214-
219]. Of course, Rh being a highly effective catalyst for carbonylation reactions, outperforms
the other metals, followed by Ir and Ru [220]. The mechanism for the methane carbonylation

is presented in Scheme 2.6.
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Scheme 2.6: Mechanism for the conversion of methane to acetic acid over Rh-exchanged
zeolites, with the inset showing the activated rhodium active site. Adapted from

[221], under a free-use licence © 2018, Springer-Nature

Further strategies for the protection of methanol formed from the zeolite-catalysed conversion
of methane involve the use of tandem-catalysis for the functionalisation of the formed methane.
This strategy is best illustrated by a study from the Roman-Leshkov group [188], where the
oxidation of methane over Cu-SSZ-13 was followed by using the formed methanol to alkylate
benzene over H-ZSM-5. This boosted the selectivity towards oxygenate products even at
slightly higher conversions, which was attributed to the functionalisation of methane to toluene,
which was too large to diffuse into the SSZ-13 zeolite, thereby protecting the formed product

from further oxidation [188]. However, the process still suffers from low conversions [188].

The Hutchings group have also continued with the development of catalytic processes using

zeolites, with their latest attempt looking into the use of a Au-ZSM-5 catalyst for the selective
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oxidation of methane, using oxygen as an oxidant [ 186] at moderate temperatures (120-240°C)
in the presence of water. The catalyst was selective for the formation of methanol and acetic
acid in the presence of CO. Contrary to existing reports, the presence of CO resulted in the
formation of methanol, while the absence of CO favoured the formation of acetic acid. It is
worth noting that Au was present in the form of 8.1 nm particles on the support. The difference
between the single-site and nanoparticle-catalysed mechanism is that the activation of methane
over Au nanoparticles is a surface-catalysed process, that involves the activation of methane
over atomic oxygen, followed by functionalisation with molecularly-adsorbed oxygen, which
forms intermediates that can form methanol, methyl hydroperoxide and acetic acid, as shown

in scheme 2.7 [186].

CH,OO0H (aq) CH,OH (aq) CH, (aq) CH,COOH (aq) CH,C(O)OOH (aq)

Y

/. CO (ag/g)
Slow
" exchange
——> CO, (aq/g)
Very
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Scheme 2.7: The surface-catalysed conversion of methane to methanol, methyl-hydroperoxide
and acetic acid over Au/ZSM-5 in the presence of oxygen and CO in water.

Reproduced with permission from [186]. © 2022, Springer-Nature

The CO-assisted selective oxidation of methane to methanol and acetic acid presents a
promising route for the direct functionalisation of methane, despite the reported low

productivities.

2.4. AEROBIC OXIDATION OF METHANE OVER SOLID CATALYSTS AT MODERATE
TEMPERATURES

Most studies reviewed have dealt with the activation of methane either at high (350 — 600°C)

or low (25-120°C) temperatures. Operation at high temperatures suffer from poor selectivities,

particularly at high methane conversions, while operation at lower reaction temperatures tend

to suffer from poor productivities. Another issue to consider for an industrial process, is the
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concept of heat recovery. Although the processes at low temperature are highly selective, it is
worth keeping in mind that the oxidation of methane to methanol or formaldehyde is an
exothermic reaction. As such, the heat generated during such reactions should ideally be
recovered to improve thermal and exergetic efficiency of the process [222]. The recovered heat
could be used to generate steam that could then be used to generate power. Hence, the ideal

temperature operation region should be between 200 and 250°C [78].

Molecular oxygen is an ideal oxidant for oxidation reactions, due to its availability and
cleanliness (producing environmentally benign by-products) [40, 223]. The main issue with the
use of oxygen as an oxidant is the possible generation of free-radicals, a problem that has been
encountered during the high-temperature autocatalytic oxidation of methane to methanol [223].
The main challenges with using oxygen are a) the activation of oxygen to make it reactive
towards oxidation of the methane C-H bond, b) the selective activation of the methane C-H
bond to form intermediates that are stable against over-oxidation and c) formation of the
desired product without over-oxidation to COy products [40]. The activation of oxygen can be
achieved through the use of transition metals or oxides [224-226]. Here we focus on the
activation of oxygen and methane over metallic surfaces because metal oxides tend to bind the
activated methane intermediates strongly, which makes them susceptible to further reaction
with nucleophilic oxygen, leading to the formation of deep oxidation products via the Mars van

Krevelen mechanism [23, 227].

2.4.1. THEORETICAL STUDIES OF METALLIC CATALYTIC SURFACES FOR THE
SELECTIVE OXIDATION OF METHANE

The oxidation of methane to Ci oxygenates using oxygen as an oxidant over metallic catalysts
is not well researched experimentally, but has received a lot of attention in terms of model
catalytic systems and density functional theory studies. Metallic catalysts are ideal candidates
for the selective oxidation of methane under relatively mild reaction conditions, because a)
they are capable of activating oxygen [225] which is usually the first step required for oxidative
processes on metal surfaces, b) they tend to be more selective for oxidation reactions (i.e. they
are less likely to completely oxidise a substrate to COx products) [23, 225], and require atomic
oxygen (O) [228, 229] to initiate the oxidation reaction, and c) they are active for oxidative
reactions under relatively mildly oxidising conditions, making them suitable for operation at
lower temperatures, and conditions that are mild enough to favour the preservation of formed,

selective methane oxidation products such as methanol and formaldehyde, which otherwise
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oxidise further under strongly-oxidising conditions (i.e. high temperatures, and high oxygen

partial pressures).

Theoretical studies have indicated the possibility of selectively oxidising methane to methanol
over metallic catalysts using oxygen as an oxidant. A viable strategy involves the activation of
methane over oxygen pre-covered surfaces [229-232]. This would drive the methane activation
to occur via an Eley-Rideal type mechanism (see Figure 2.9). At low coverages, methane is
activated over O* and an adjacent vacant site, forming adsorbed, surface-stabilised methyl and
hydroxyl species (CH3* + OH*). At high coverages, methane is activated over O*-O* pair sites

via homolytic hydrogen abstraction to form surface adsorbed hydroxyl species, and a methoxy

species that is stabilised by the vicinal O* (O*---CH3 + OH*). This forms adsorbed methoxy
(OCH3*) and hydroxy (OH*) intermediate species [233-236].

Figure 2.9: A conceptual representation of the activation of methane over an oxygen pre-
covered surface (a) to yield an adsorbed hydroxyl intermediate (b) and a methoxy
intermediate (c) via the Eley-Rideal mechanism. Reproduced with permission

from [234]. © 2018, the American Chemical Society.

Yoo et al. [237] investigated routes for the formation of oxygenates over Pd, Pt, Ag, Au and
Cu surfaces using DFT. Over a Pd (111) surface, methanol may form via a OH assisted
hydrogenation of CH3;O* (CH3* + OH* + O* — CH30* + OH* — CH30H + O%*). The
formaldehyde formation pathway on the same surface occurs via O* assisted dehydrogenation
of CH30* (CH30* + O* — CH,O + OH*) [237]. Platinum group metals (Pd, Pt, Rh) were
found to be selective for the formation of CO and CH20O. The authors correlated the differences
in the preferential formation of products to the differences in steady state coverages of O*.
Metals with higher O* coverages are more selective for CH2O formation, via the O* assisted
dehydrogenation of the adsorbed methoxy species. Coinage metals were found to favour the

production of CH>O and CH30H [237].
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The formation and maintenance of OH* species on the catalyst surface has been proposed by
the authors as the key to achieving methanol selectivity during CH4 oxidation over coinage
metals [237]. These conclusions are supported by Fratesi et al. [238], who studied the oxidation
of methane to methanol over similar metals as investigated by Yoo et al. [237] (Pt, Pd, Rh, Cu,

Ag, Au(111) surfaces).

2.4.2. WATER AS A CO-REACTANT

The use of water during the selective oxidation of methane plays a crucial role, and has been a
fixture in most processes [16, 37]. Water plays many roles during reactions, either taking part
in the catalytic cycle by displacing the product at the end of the reaction thus facilitating the
removal of products from the catalytically active site (as in the case of zeolites); boosting the
presence of active species which in turn correlates with increased catalytic activity (i.e.
generate hydroxyls able to activate methane) [ 16, 239-241], acting as a medium for the removal
of products through dissolving and solvating the products, and may even participate in the
reaction either through stabilising reaction intermediates [242], or providing alternative, low
energy pathways for the reaction to occur [239, 240, 243, 244]. Co-feeding water during
selective oxidation of methane does not only prevent coke formation (thereby minimising
catalyst deactivation), but has been found to promote the formation of selective oxidation

products (i.e. methanol or formaldehyde) [245].

A detailed study on the role of water during the selective oxidation of methane over Cu-BEA
zeolites was conducted using combined ab initio molecular dynamics simulations with isotope-
labelling experiments [246]. Water was found to significantly boost the catalytic activity and
methanol selectivity by creating a bridge between the adsorbed CH3 and OH moieties (on the
adjacent copper sites). This facilitated proton transfer from a water molecule to an adjacent
water molecule, forming a H3O" species and a hydroxyl intermediate, which then react with
the methyl fragment forming an adsorbed methanol intermediate. The H3O" intermediate
meanwhile protonates the adjacent, copper-bound OH to re-form water. The simulated
mechanism is presented in Scheme 2.8. The behaviour of water in this system is that of a co-

catalyst, since water is regenerated at the end of the reaction cycle [247].
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The role of water during the surface-catalysed selective oxidation of methane over single
crystals has been extensively studied by Rodriguez et al. [245, 248-251], in an attempt to
elucidate the role of water in the reaction mechanism. Their earlier study [245] showed that the
formation of methanol over a nickel surface supported on ceria was dependent on the presence
of water. Water acted as a site-blocker (by forming OH surface groups), thus decreasing the
interaction of methane with the metallic nickel surface and preventing the successive
dehydrogenation of methane to carbon that would ultimately undergo a facile reaction with
oxygen to form COx products. Furthermore, water acts as a directing agent that inhibits the

dissociation of a methyl species that forms during the activation of methane, forcing the species
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to form a methoxy species instead via interaction with adsorbed oxygen atoms. It was proposed
that methanol forms via the hydrogenation of the surface bound methoxy species by water,
which desorbs as methanol [245]. Water coordinates to the surface-bound methoxy species,
forming a H-O-H----*CH3;O intermediate via hydrogen bonding. The bound methoxy
intermediate is then protonated to form methanol which desorbs from the active site [245, 248-
251].
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CHAPTER III: SCOPE AND NOVELTY OF STUDY

3.1. CONTEXT AND PROBLEM STATEMENT

It is apparent from the previous studies that a catalyst is necessary in order to achieve a highly
selective process for the selective oxidation of methane and to control the reaction mechanism.
Operating at lower temperatures is crucial to prevent the successive oxidation of the formed
oxygenates, as illustrated by the difficulty in attaining high oxygenate selectivities at high
conversions over metal oxide catalysts [66, 78, 252]. The zeolite-based systems attempted to
circumvent the selectivity problem by feeding an excess of methane, which results in very low
productivities [97]. Although systems that use low reaction temperatures (<250°C) are the most
productive to date, they require the use of either H>O» or H>SO4 as oxidants, which imposes a
cost constraint on the processes that renders them uneconomical at a large scale [16, 176].
Hence, the development of a fully-catalytic process for the selective oxidation of methane,

using oxygen as an oxidant, at moderate reaction temperatures, is desirable.

This can be achieved by employing reaction conditions that should ideally support the survival
of the formed oxygenate, which can encompass strategies such as moderate reaction
temperatures and product protections [27, 253]. Furthermore, it has been noted that activating
methane to form a methoxy intermediate is a crucial step in ensuring the formation of selective
methane oxidation products [127, 254, 255]. Hence, development of this process should focus
on designing a process that can activate methane at moderate reaction temperatures, using
oxygen as an oxidant, to form a methoxy intermediate that can then be transformed to selective
oxidation products. Moderate reaction temperatures (i.e. 150 - 250°C) are seen as desirable due
to the possible limited reactivity of oxygenates at these temperatures, in addition to enabling

the recovery of heat (in the form of steam) [78].

3.2. OBJECTIVES AND RATIONALE

The activation of methane using oxygen as an oxidant under moderate conditions is best
achieved over metallic surfaces via a homolytic cleavage of the methane C-H bond by
electrophilic atomic oxygen species. This was indicated by DFT calculations which showed
the formation of a methoxy-intermediate through the activation of methane on atomic oxygen
species adsorbed on metallic surfaces via an Eley-Rideal mechanism [234, 237, 238]. This is
to enforce the interaction of methane with adsorbed oxygen (i.e., via an Eley-Rideal

mechanism), and to prevent the activation of methane by nucleophilic oxygen species (typically
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encountered for oxide-based systems). The activation of methane by electrophilic, adsorbed
oxygen species could result in the formation of e.g. and adsorbed methoxy intermediate [228,
256]. This strategy requires the use of an oxygen-saturated surface, which would also
prevent/minimise the formation of a methyl fragment, which is more likely to undergo facile
oxidation to CO; via a dehydrogenation pathway [245, 257]. Hence, a metal that is capable of
activating oxygen at moderate temperatures, can maintain high oxygen coverages, is stable
against oxidation under reaction conditions, and does not bind oxygen too strongly to enable

oxygen-assisted activation of the methane C-H bond is an ideal candidate for the active metal.

Platinum was chosen as the metal of choice due to its ability to activate oxygen and its stability
against oxidation under mildly oxidising conditions [258]. It is however difficult to fully
saturate a platinum surface with adsorbed oxygen atoms due to lateral interactions between the
adsorbed oxygen atoms, which limits the saturation coverage to 0.3-0.5 monolayers [259, 260].
This limitation can be overcome by co-feeding water, which dissociates in the presence of
oxygen to form adsorbed hydroxyl groups which significantly enhance the surface coverage
[245, 261]. The presence of water has been shown to enhance the formation of selective
oxidation products over metallic surfaces, which was attributed to the presence of surface
hydroxyl groups [245, 248, 249]. These hydroxyl groups may act as site-blockers, preventing
the successive dehydrogenation pathway that would lead to over-oxidation of methane [248,
262]. Water may also act as a protecting agent through the solvating effect, which may facilitate
the desorption of the formed oxygenates whilst protecting them from further conversion to CO2

[27, 246, 263].

3.3. PROJECT AIM

The key challenge in the selective oxidation of methane to C; oxygenates appears to be
activating methane into an intermediate that will ultimately yield methanol and/or
formaldehyde, without facilitating the formation of the total oxidation products, CO and CO»,
as well as employing reaction conditions that will limit the successive oxidation of the reaction
products themselves [26]. This study thus aims to investigate the catalytic transformation of
methane to Ci-oxygenates over platinum-based catalysts, using oxygen as an oxidant,
employing a continuous catalytic process at a moderate temperature (i.e. 220°C), in the
presence of water. Because the presence of water at moderately high temperatures and
pressures creates a strongly hydrothermal environment, which may affect the catalyst support,

different supports were also investigated. Platinum was supported on hydrophilic (i.e. ALLOs
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and Ti0»-P25) and hydrophobic (activated carbon and TiO»-rutile) supports to evaluate the
stability of these catalysts under these conditions. Platinum also tends to bind atomic oxygen
strongly, which would lower its reactivity towards activation of the C-H bond [228, 264]. The
binding strength of atomic O can be tuned by either increasing the Pt particle size [265], or by
alloying Pt with other metals [266]. Alloying Pt with non-precious metals has been observed
to increase the activity and stability of methanol oxidation reaction catalysts which was
attributed to the downshift in the d-band centre, brought about by the electron transfer from the
less electronegative metal to Pt [267]. Hence, the effect of alloying platinum with group 11

metals on the rate of methane conversion was also investigated.
The project then investigates three main questions centring on activity, selectivity and stability;

L. How is the activity and the selectivity of a platinum catalyst influenced by the
presence of water during the selective oxidation of methane?

II. How is the stability of the catalysts affected by the presence of water, and what is
the role of the support in promoting the catalytic activity, stability and product
selectivity?

III.  How does modifying the platinum d-band centre affect the catalytic activity during

the selective oxidation of methane?

3.4. SCOPE AND NOVELTY OF RESEARCH

This study is an investigation on the selective oxidation of methane to Ci-oxygenates, using
oxygen as an oxidant, over platinum-based catalysts in the presence of water in the form of
steam and liquid water. This was achieved by first conducting experiments in a fixed bed
reactor with all reactants in the gas phase. This was followed by an investigation on the effects
of liquid water on the conversion of methane and oxygenate selectivity over platinum-based

catalysts in a dedicated trickle-bed reactor.

Catalyst stability tests were performed by running experiments over hundreds of hours
regularly returning to baseline conditions. Structural aspects of the catalysts were investigated

by comparing the initial state of the catalyst and that with the end-of-run catalyst.

The effect of modifying the platinum d-band on the catalytic activity was also investigated by
alloying platinum with copper, gold and silver. The activity of the alloys was investigated in

the gas-phase and trickle-bed reactors (see Appendix 1) to determine differences in
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performance in the presence of steam and liquid water. The work presented herein is novel,

based on the following points;

ii.

1ii.

1v.

Vi.

The use of a supported platinum catalyst for the aerobic, selective oxidation of
methane in a continuous mode at moderate temperatures (200-250°C), in the
presence of co-fed water.

The use of a trickle-bed reactor for the selective oxidation of methane (to investigate
the effects of gas-phase vs liquid-phase water).

Investigation on the effect of water on the activity and the stability of the catalyst,
and the product selectivity

Investigation on the effect of the partial pressure of methane and oxygen on the
activity and selectivity in the selective oxidation of methane over platinum
Investigation on the effect of the support on the activity and the stability of the
catalyst, and the product selectivity

The investigation of nanoalloy Pt-based systems for the selective oxidation of
methane using oxygen as an oxidant with the aim to tune the adsorption strength of
oxygen (and oxygenate species) on the catalytic surface on the rate of methane

conversion.
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CHAPTER I V:

PLATINUM-CATALYSED SELECTIVE AEROBIC OXIDATION OF
METHANE TO FORMALDEHYDE IN THE PRESENCE OF LIQUID
WATER

Declaration:

The results reported herein have been adapted with permission from S.V.L. Mahlaba et al.,
Angew. Chem. Int. Ed. 61 (2022) e202206841. This manuscript has been included in the thesis
with permission from the doctoral degrees board at the University of Cape Town, and the co-

authors in the published version of this manuscript.

The density functional theory (DFT) calculations were performed by Prof. Eric van Steen
(supervisor) and Pierre L. Cilliers (Co-author).

OVERVIEW

The aerobic, selective oxidation of methane to Ci-oxygenates remains a challenge, due to the
more facile, consecutive oxidation of formed products to CO,. Here, the aerobic selective
oxidation of methane under continuous flow conditions, over platinum-based catalysts yielding
formaldehyde with a high selectivity (reaching 90 % for Pt/TiO2 and 65 % over Pt/Al,O3) upon
co-feeding water is reported. The presence of liquid water under reaction conditions increases
the activity strongly attaining a methane conversion of 1-3 % over Pt/TiO». Density-functional
theory (DFT) calculations show that the preferential formation of formaldehyde is linked to the
stability of the di-o-hydroxy-methoxy species on platinum, the preferred carbon-containing
species on Pt(111) at a high chemical potential of water. These findings provide insights into

the reaction pathway for the Pt-catalysed, aerobic selective oxidation of CHa.
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4.1. JUSTIFICATION FOR THE AEROBIC, WATER ASSISTED PLATINUM CATALYSED

OXIDATION OF METHANE

The challenge in the selective methane activation is often attributed to the limited reactivity of
methane. However, enforcing formation of the desired product whilst at the same time limiting
its consecutive conversion to CO, is at least as challenging [26]. For example, both the
autocatalytic, homogeneous [45] and heterogeneously catalysed [66] oxidation of methane to
formaldehyde show evidence of the fast consecutive oxidation of formaldehyde under those
reaction conditions, thus requiring finetuning of the residence time to maximize its yield in
these processes. The consecutive reactions in the oxidation of methane can be minimized by

using alternative oxidants and/or carrying out the reaction at relatively low temperatures.

Some success in the selective oxidation of methane has been achieved using sulfuric acid [176],
H>0, [179] or N2O [139] as the oxidant. However, the use of oxygen [161, 180, 186, 213, 245,
248-250, 268-270] or even air as the oxidant is necessary to make the process economically
viable. It should be noted further that heat is an important side product in the selective methane
oxidation (the oxidation of methane to formaldehyde releases 34 % of the lower heating value
of methane), which will need to be recovered to obtain an energy-efficient process. Effective
heat removal requires operating at somewhat elevated temperatures, typically in the range of

200-300 °C to co-generate medium to high pressure steam.

Water facilitates the selective oxidation of methane [27, 245, 248-250, 268, 269]. The
mechanism for the observed enhancement may be system specific. The photo-catalytic
oxidation of methane over single Au-atoms supported on black phosphorous nanosheets, is
thought to be accelerated in the presence of water through the generation of hydroxyl radicals
[268]. Rodriguez et al. [248-250] using inverse model catalysts (MeO/Cu,O/Cu(111) with
Me=Ce, Zn) observed an improved selectivity for the formation of methanol in the conversion
of methane upon co-feeding water over these model catalysts. Co-feeding water in the
oxidation of methane did not only favour the formation of selective oxidation products, but
also inhibited the formation of the complete oxidation products, COx. This was ascribed to the
generation of active surface hydroxyl species facilitating the formation of surface methoxy
species at the metal-oxide interface. The preferred formation of surface methoxy species over
the formation of surface methyl species is necessary as the latter provides a pathway to COx
[238, 245, 271], whereas the desorption of surface methoxy species could result in the
formation of methanol [238, 245].
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Hence, the characteristics of catalysts for the selective oxidation of methane can be defined as
follows; they should be able to dissociate the C—H bond in methane, operate at somewhat
elevated temperature (preferably 200-300 °C), to utilize a cheap oxidant, such as oxygen or
air, and to yield surface methoxy species rather than surface methyl species upon activation of
methane. The methoxy species should adsorb not too strongly so that desorption as a selective

oxidation product remains feasible.

Here, the use of platinum for the selective oxidation of methane is explored. The formation of
surface methoxy species may become preferred over surfaces saturated with oxygen containing
species [238]. Full coverage of Pt(111) is difficult to achieve due to lateral interactions between
adsorbed oxygen atoms [259] and a maximum coverage of adsorbed oxygen of ca. 0.44 ML
has been reported [272]. It is, however, possible to increase the surface coverage with oxygen
containing species by co-adsorbing water [273-275]. Hence, the role of water on the aerobic,
selective oxidation of methane over supported catalysts containing 10 wt. % platinum is

explored.

4.2. EXPERIMENTAL PROCEDURES

4.2.1. CATALYST PREPARATION AND CHARACTERISATION

The catalyst was prepared by wetness impregnation, as described in Section I, Appendix 2. The
catalysts were characterised using ICP-OES to determine the elemental composition, powder-
XRD to confirm the metallic phase of platinum after reduction, hydrogen and oxygen
chemisorption to determine the metallic surface area, and transmission-electron microscopy to
determine the particle-size distribution on the supports. Attenuated Total Reflectance infrared
spectroscopy (ATR-IR) was also used to analyse the functional groups deposited on the

recovered catalysts.

4.2.2. CATALYST TESTING

Catalytic tests were conducted in a fixed-bed gas phase reactor and a trickle-bed reactor (see
Appendix 1). The reactor was connected to an Agilent 6890N gas chromatograph for online
product analyses, which is equipped with a PolyArc oxidiser/methaniser interfaced with the
flame-ionisation detector for the accurate quantification of methane, methanol, CO, CO,,
formaldehyde and other Ci-oxygenate derivatives. The calibration and analysis details of the

GC-FID are explained in detail in Appendix I.
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4.3. RESULTS AND DISCUSSION

The catalysts were prepared using incipient wetness impregnation of TiO> (rutile) and y-Al2O3
with a platinic acid solution to obtain a metal loading of 10 wt.-% (as confirmed using ICP-
OES—see Table A2.1) in the reduced catalyst (Twa=400°C, teq=5 hrs). Representative
transmission electron microscopy bright field (TEM-BF) images show spherical platinum
nanoparticles, well-dispersed on the support materials (Fig. 4.1a and d). The particle size
distributions were determined by measuring the size of 400 arbitrarily chosen nanoparticles on
the images (Fig.4.1b and e). The average platinum particle size was 3.2+1.5 nm for Pt/TiO>
and 3.6+3.5 nm for Pt/Al,Os. This corresponds to an initial platinum dispersion of 41 % in
Pt/Ti02 and 46 % in Pt/AL,O3, respectively, when considering the full particle size distribution.
Powder X-ray diffraction (PXRD) patterns show that platinum in both Pt/TiO> (Fig. 4.1¢) and
Pt/AlLO3 (Fig. 4.11) is present as metallic FCC-platinum. The average crystalline domain size
of platinum in Pt/AlbO3 was determined to be 4.4 nm in good agreement with the average
platinum particle size determined from the TEM-BF-images. The average crystalline domain
size of platinum in Pt/TiO; could not be determined accurately due to the overlap of the

diffraction lines.
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Figure 4.1: Transmission electron micrograph of the 10 wt. % Pt/TiO> catalyst (a) and the
Pt/AlLO3 catalyst (d), particle size distribution of platinum on Pt/TiO> (b) and
Pt/AlLbO3 (e), and powder X-ray diffractogram of Pt/TiO, (c) and Pt/Al,O3 (f)
showing the presence of FCC—Pt.
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The catalysts were initially tested in a fixed bed reactor set-up with all components in the gas
phase (see appendix 1 for detailed experimental procedures). The formation of interesting
products, such as methoxy methanol and 1,3,5 trioxane, was observed when flooding the
reactor (see Fig A2.1 and A2.2, appendix). Hence, a dedicated trickle bed reactor was
constructed (see Appendix 1, Fig. Al.1 and A1.2) and the catalysts shown here were tested
under continuous flow conditions for their activity and selectivity in the aerobic oxidation of
methane in this set-up at 220°C. Water was added to the feed whilst keeping the inlet partial
pressure of methane and oxygen constant at 0.5 bar and 1.5 bar, respectively. Typical runs

lasted several hundreds of hours regularly returning to standard conditions (Fig. A2.3 and

A2.5).

Fig. 4.2a—d shows the steady-state activity and selectivity in the oxidation of methane over the
reduced platinum catalysts at 220°C as a function of the molar inlet ratio of water to methane.
The introduction of water in the feed results in an initial 10 to 50-fold drop in the rate of
methane consumption at steady-state. The drop in the catalytic activity was expected as the
surface becomes increasingly more covered with adsorbed water and surface hydroxyl species
[273-275], thus reducing the likelihood of the direct interaction of methane with the bare
platinum surface. Increasing the ratio of water to methane in the feed further, but keeping the

fluid phase as a gas phase, has a positive effect on the catalyst activity.

Interestingly, the rate of methane oxidation starts to increase more rapidly upon entering the
trickle-bed regime i.e., with water now present as a liquid in the catalyst bed, which is observed
at an inlet molar ratio of H2O/CHj4 higher than 46 under the applied conditions. An activity of
35 umol/gea/h was obtained over Pt/TiO> with a feed ratio of H>O/CHs=204, which
corresponds to a turnover frequency of 0.17 h™! assuming a dispersion of platinum of 41 %
(deduced from the particle size distribution in Fig. 4.1b). The obtained maximum rate of
methane oxidation over Pt/A1,O; was lower at 16 pmol/gea/h (albeit at a lower inlet molar ratio

of HO/CHj4 of 136).

The role of water in the aerobic, selective oxidation of methane was highlighted previously
[27, 245, 248-250, 268, 269], but here we show unequivocally the need to perform the reaction
in the presence of liquid water to accelerate the aerobic oxidation of methane. The increase in
the activity upon entering the trickle bed regime changes gradually, possibly due to the
incomplete wetting of the catalyst by liquid water [276]. The wetting efficiency (i.e., the

fraction of surface covered by liquid water) increases with increasing superficial mass velocity
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of the liquid, but under the applied reaction conditions the wetting efficiency is estimated [277]

to be less than 40 % at the highest employed inlet molar ratio of HoO/CHa.
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Figure 4.2: The rate of methane consumption over Pt/TiO (a) and Pt/Al,O3 as a function of
water partial pressure (c), and the corresponding selectivity for the formation of
formaldehyde and CO> over Pt/TiO (b) and Pt/Al,O3 (d). Operating conditions:
Treaction= 220°C, pcH., inlet= 0.5 bar, po,, inlet= 1.5 bar, Fcu,,0/Wear = 3.23 mmol/gear/h.

The observed 3-20 times increase in the rate of methane oxidation upon partial wetting of the
catalyst is surprising. The fugacity of water remains constant when moving into the trickle bed
regime and thus the fraction of the surface covered with adsorbed water and species such as
OH and O is not expected to change if these surface species are equilibrated with oxygen and
water in the fluid phase. Various explanations for the observed strong increase in the rate of
methane oxidation upon partial wetting of the catalyst can be put forward, viz. a change in the
stability of the adsorbates through interaction with the liquid water [278], solvation effect of
the product [27], or a kinetic effect if water is involved in the rate controlling step (wetting of

the surface under the applied conditions results in a 100-fold increase in the concentration of
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water near the catalytically active site). At this point no firm conclusions regarding the exact

origin of this phenomenon can be made.

Increasing the water content in the feed induces a change in the product selectivity from
forming only CO; in the absence of water to the selective formation of formaldehyde, with a
selectivity of ca. 90 C-% when maintaining a H>O/CHjy ratio of ca. 100-200 in the feed over
Pt/Ti10.. The high selectivity for the formation of formaldehyde is obtained before entering the

trickle bed regime hinting at a decoupling between catalytic activity and selectivity.

The selective oxidation of methane often suffers from the so-called selectivity-conversion
limitation [27, 28], wherein the selectivity of the desired selective oxidation product drops,
often sharply, with increasing conversion. This can be rationalised by considering a common
surface intermediate leading to the formation of the selective oxidation product and COx. Re-
adsorption of the selective oxidation product will then result in enhanced formation of COx. A
high rate for the consecutive oxidation of the common surface intermediate relative to the net
rate of desorption of the selective oxidation product will result in a sharp drop in the selectivity

for the formation of the selective oxidation product upon increasing the conversion of methane.

Limiting the rate for the consecutive reactions leading to the formation of COx relative to the
net rate of desorption should ultimately yield an (almost) constant selectivity for the selective
oxidation product as a function of the conversion. Transforming the obtained data at different
inlet ratios of water to methane (Fig. A2.3 and A2.5) into a plot of the formaldehyde selectivity
as a function of the methane conversion (Fig. 4.3) shows that the selectivity for the formation
of formaldehyde is almost constant at a high (H2O/CHas)feed (>50) and does not decrease with
increasing conversion (up to Xcu, =3% for Pt/Ti0,). The observed increase in the selectivity
for the formation of formaldehyde with increasing conversion at lower conversion levels is
attributed to the different kinetic regimes, to which the catalyst was exposed at the lower inlet

ratios of methane to water.
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Figure 4.3: Selectivity of formaldehyde as a function of the methane conversion over Pt/TiO2
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K, pCH4’ inlet = 0.5 bal’, p02, inlet = 1.5 baI‘, FCH4’O/Wcat = 3.23 mmol/gcat/h.

The formaldehyde selectivity over Pt/Al,O3 appears to be less than over Pt/TiO2. Primarily
formed formaldehyde can be further converted to CO,, in particular over basic sites as present
in boehmite [279], to which y-Al>,O3 transforms upon exposure to hydrothermal conditions at
this temperature (vide infra). The conversion of formaldehyde may proceed directly or via a
Cannizzaro-type of reaction involving formaldehyde and water (and indeed some methanol is

sometimes observed under these conditions).

The kinetics of the selective oxidation of methane was further probed under trickle bed
conditions (H2O/CH4=54) in a separate run starting with freshly reduced Pt/Al,O; catalyst. The
rate of methane consumption is independent of the partial pressure of methane (Fig. 4.4a). A

first order dependency is expected if the reaction is limited by methane activation; a rate of
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reaction independent of the methane partial pressure indicates that the rate determining step
involves species whose surface concentrations are hardly affected by the change in the methane

partial pressure (e.g., because their surface concentration is at its saturation level).

a b
0 Po,, iniet = 10 bar L | Po,, intet = 10 bar
= | (H0/CH,)jnyet = 54 2 80 | (H,0ICH))e=54 o
D 20 | o s ®*°"°
o - é, 60 r . ®
£ > °
%10 | U 80 oog
5 n 2" pB]| 2 i
- o 20
' w |® Formaldehyde
0 1 1 1 0 O COZ 1 L 1
0 1 2 3 0 1 2 3
PcH,, feedr PAT PcHg, feeds PAT
c d
30 PcHy, intet = 0.5 bar 100 | Pch, = 0.5 bar
E L (H2 ICHa)inlet = 54 c\.O 80 | (szlCH4)inlet = 54
D20 | O -
S 60 e g
E —
310 % o ®
% - m] @
F |08 0 o] gg *
0 I O N | ® Formaldehyde
0 1 1 1 0 DCOZ L 1 1
0 5 10 15 0 5 10 15
pOz, feed> bar poz, feed? bar

Figure 4.4: The effect of the methane partial pressure (po,, inlet =10 bar) on the rate of methane
oxidation (a) and formaldehyde selectivity (b) over Pt/Al>O3s, and the effect of the
oxygen partial pressure (pch., inlet =0.5 bar) on the rate of methane oxidation (c) and
formaldehyde selectivity (d) over Pt/AL,O3 under trickle bed conditions at 220°C,
pr.0 =23.1 bar, (H2O/CH4)fecd =54 and Fcn,,o/ Weat = 3.23 mmol/gear/h.

The rate of oxidation of methane under trickle bed conditions over Pt/Al,Os is also independent
of the oxygen partial pressure (Fig. 4.4c). This implies that the partial pressure of oxygen does
not affect the surface coverage of the species involved in the rate determining step. The

observed kinetic dependencies are consistent with the desorption of the selective oxidation
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product being the rate controlling step in the aerobic oxidation of methane over Pt/Al,O3 under

the applied conditions.

The selectivity for the formation of formaldehyde over Pt/Al>O; increases first strongly and
then gradually with increasing partial pressure of methane (Fig. 4.4b). A selectivity of 69 % for
the formation of formaldehyde was observed when starting up the reaction and exposing the
catalyst to a feed with pch., intlet =3 bar (and po., inlet =10 bar; (H2O/CHa)geea=54). Subsequently,
the methane partial pressure was dropped to 0.5 bar (keeping the partial pressure of oxygen
and the feed ratio of water to methane constant) resulting in a drop in the selectivity of
formation of formaldehyde to 47 % (the lower selectivity for the formation of formaldehyde at
these inlet conditions was verified in an independent measurement). The inlet partial pressure
of methane was subsequently increased stepwise resulting in an increase in the selectivity for
the formation of formaldehyde. Returning to an inlet partial pressure of methane of 3 bar
yielded a selectivity for the formation of formaldehyde of 82 % over this catalyst. This implies
that the selectivity may not only be affected by the change in the partial pressure of methane
but also by changes in the catalyst, although this does not affect the catalyst activity.

The selectivity for the formation of formaldehyde decreases with increasing partial pressure of
oxygen (Fig. 4.4d). This might be attributed to a secondary conversion of primarily formed
formaldehyde to COx [28, 237, 279].

The catalysts showed signs of deactivation (Fig. A2.3, A2.5 and A2.6), as indicated by activity
loss during periodic returns to operating conditions in the absence of water and/or an inlet
molar ratio of water to methane in the feed of 14. The platinum particle size distribution in the
Pt/Ti0: catalyst after exposing it to the strong hydrothermal conditions of methane oxidation
for more than 300 hrs was almost unchanged (Fig. 4.5a) and a platinum dispersion of 39 % was
determined (based on the whole particle size distribution in Fig. 4.5b). The powder X-ray
diffraction pattern (PXRD) of Pt/TiO; shows that the titania support remained present in the
rutile phase and platinum as FCC—Pt (Fig. 4.5¢). The attenuated total reflectance-infrared
(ATR-IR) spectrum of the recovered catalyst shows the appearance of a new strong absorption
band at 999 cm™! (Fig. 4.5d), which is attributed to C—O—C stretching in polyoxymethylene
with a low degree of polymerization or paraformaldehyde [280, 281]. The absorption bands at
1417 cm™! and 1472 cm™! are indicative of the C—H bending mode in polyoxymethylene [282].
Deposition of the oligomers of formaldehyde or polyoxymethylene on Pt/TiO2 may thus be the

cause of the observed catalyst deactivation in this catalyst.
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Figure 4.5: Transmission electron micrograph of the recovered 10 wt. % Pt/TiO; catalyst (a)
and the Pt/ALLO; catalyst (e), particle size distribution of platinum on Pt/TiO; (b)
and Pt/ALO; (f), powder X-ray diffractogram of Pt/TiO; (c¢) and Pt/ALOs (g)
before and after exposure to the hydrothermal condition of the selective, aerobic
oxidation of methane, and the ATR-FTIR spectra of the support and the samples
before and after testing Pt/TiO> (d) and Pt/Al,O3 (h) in the selective oxidation of

methane.

Large changes are observed in the Pt/Al,Os3 catalyst after exposure to the hydrothermal
conditions of selective oxidation of methane (Fig. 4.5e-h). The platinum dispersion in the
recovered Pt/AlbO; catalyst decreases from 46 % to 24 %. Furthermore, the alumina support in
the catalyst has undergone a phase transition and is present mainly as boehmite in the recovered
catalyst (Fig. 4.5g). Platinum is still present as FCC—Pt. The phase transition of y-AlO;3 to
boehmite under the applied hydrothermal conditions is rapid [283, 284] and is typically
associated with a loss in the surface area of the support as well sintering of the deposited
platinum particles [283], and thus a loss in the metal surface area. The metal loading of the
recovered catalyst did not change, indicating that leaching of platinum did not occur. The ATR-
FTIR spectrum shows again the strong absorption band at 1000 cm™!, but the characteristic
bands at ca. 1420 and 1470 cm™! indicative of the C—H bending mode in polyoxymethylene
[282] are absent. The appearance of the band at 1000 cm™' may be related to the structural

change in the support when exposing the catalysts to liquid water under reaction conditions.
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The decrease in catalyst activity seen over Pt/AL,Os is (at least partly) attributed to the change

in the platinum metal surface area.

Density functional theory (DFT) calculations were performed to further investigate the
preferential formation of formaldehyde over platinum-based catalysts. The calculations
focused on the Pt(111) surface as this surface is expected to be dominant on platinum nano-
particles [285, 286]. Furthermore, oxygen-containing species are bonded weaker on Pt(111)

than on Pt(100) [287], and product compounds adsorbed on Pt(111) may desorb more readily.

First, the phase space of the coverages with atomic oxygen, surface hydroxyl groups and
adsorbed water were explored on a (V3xV3)-Pt(111), a (2x2)-Pt(111) and a (3x3)-Pt(111)
surface using ab initio thermodynamics [288] to map out conditions at which the surface could
be fully covered with oxygen containing species (the selective oxidation of methane is thought
to be facilitated when the surface is fully covered with oxygen containing species) [238]. Many
different possible configurations have been probed (Table A2.2). This map gives thus a
reasonable indication of the favourable reaction conditions for the selective aerobic oxidation

of methane.

At a low chemical potential of water (corresponding to a low partial pressure of water), the
coverage of Pt(111) with oxygen is limited to ca. 0.50 ML (Fig. 4.6a), a value in good
agreement with the experimental saturation coverage with oxygen of 0.44 ML [272]. Higher
surface coverage may be obtained by exposing the platinum surface to a mixture of water and
oxygen as surface hydroxyl species can form a so-called honeycomb structure on the surface
[273-275], in which 2/3 of the surface is covered with adsorbate. Surface coverages of 80—
89 % have been reported experimentally [275] and they become thermodynamically stable at

higher chemical potential of water and oxygen (i.e., at elevated partial pressures).

For instance, a structure containing 0.33 ML H>O and 0.67 ML OH (Fig. 4.6a) was determined
to be the most stable structure at 493 K and a chemical potential of oxygen of 0 eV (relative to
the chemical potential of oxygen at 493 K and 1 bar) and a chemical potential of water of 0.04
eV (relative to the chemical potential of water at 493 K and 1 bar), which corresponds to a
partial pressure of oxygen and water of 1 and 2.6 bar, respectively. In this structure, all surface
platinum atoms on Pt(111) are covered with adsorbate species. The structure containing a
coverage of 0.50 ML H>O and 0.50 ML OH (as indicated in Fig. 4.6a) will not exist as water
condenses out at a chemical potential of 0.133 eV relative to the chemical potential of water at

1 bar and 493 K.
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The activation of methane on Pt(111) partially covered with adsorbed atomic oxygen may
result in the formation of a surface methyl species, a surface methoxy species, adsorbed di-c
formaldehyde [289] or further decomposition products [290]. At a low chemical potential of

oxygen and water and a partial pressure of methane of 0.5 bar (Fig. 4.6b), a surface hydroxy
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methylene species is the most stable intermediate on Pt(111). Hydroxy methylene does not
desorb as formaldehyde but rather decomposes to CO [291]. The interaction of methane with
Pt(111) saturated with adsorbed H>O and OH species, which is obtained at higher chemical
potential of water, favours the formation of a very stable di-c-hydroxy-methoxy species. Upon
increasing the oxygen partial pressure, this intermediate becomes the most stable species at a
lower partial pressure of water and may play an important role in the selective oxidation of

methane.

The direct formation of formaldehyde with high selectivity (up to 90 C-% at a methane
conversion of up to 3 % over Pt/Ti0O;) is observed in the selective oxidation of methane over
platinum. A pathway leading to the formation of methanol and formaldehyde can be easily
established over a bare Pt(111) surface (Scheme 4.1a), if the activation of methane results in
the formation of a surface methoxy species [238, 245]. Hydrogen transfer from either co-
adsorbed water or surface hydroxyl species to the surface methoxy species would yield
adsorbed methanol, and upon desorption yield methanol in the gas phase. Hydrogen transfer
from the surface methoxy species to co-adsorbed hydroxyl species could result in the formation
of adsorbed formaldehyde, CH>O*, which could desorb resulting in the formation of
formaldehyde is the gas phase. However, this reaction pathway cannot explain readily the

preferred formation of formaldehyde over methanol as observed experimentally.
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Scheme 4.1: Possible reaction pathway for product formation over Pt(111) in the selective
oxidation of methane (a) and role of water as a H-transferring shuttle in the

formation of methanediol (b).

The addition of a surface hydroxyl species to adsorbed formaldehyde may result in the
formation of the stable di-c-hydroxy-methoxy species. Hydrogen transfer from co-adsorbed
water or surface hydroxyl species would result in the formation of adsorbed methanediol,
which would desorb as the hydrated form of formaldehyde, methanediol [292]. The formation
of the strongly adsorbed di-c-hydroxy-methoxy species may explain the observed high
selectivity for the formation of formaldehyde in the absence of formation of methanol. It may
further result in the desorption (rather than methane activation) becoming the rate controlling
step, in accordance with the observed zero order dependency of the rate of reaction with respect

to the partial pressure of methane and oxygen.

The presence of liquid water in the selective oxidation of methane over Pt/TiO2 and Pt/Al,O3

has been shown to enhance the rate of reaction. Various thermodynamic reasons for the
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observed enhancement have been put forward [27, 278]; water may also have a kinetic effect,
assisting in the hydrogen transfer between adsorbed surface intermediates, thereby enhancing
product desorption (see Scheme 4.1b). Water will interact with adsorbed surface hydroxyl
species, adsorbed water, and other surface species through H-bonding. Water in the liquid
phase can orientate itself towards the surface species, thus maximizing its interaction with
various surface species. Hydrogen transfer from a surface hydroxyl species or adsorbed water
to a di-o-hydroxy-methoxy species could be facilitated by a water molecule in the fluid phase
interacting with both species, simultaneously accepting hydrogen from either an adsorbed
hydroxyl species or adsorbed water and donating it to the di-c-hydroxy-methoxy intermediate

in a concerted reaction, which upon desorption would yield methanediol in the gas phase.

Methanediol can undergo various reactions in the reactor (and even in the reactor effluent). It
may dehydrate resulting in the formation of formaldehyde [292], although its homogeneous
uni-molecular decomposition rate is less than 2x107¢ s7! [293] (but it may be facilitated by wall
material). It may also polymerise/oligomerise resulting in catalyst deactivation (as evidence for

polyoxymethylene was observed in the recovered Pt/TiO; catalyst).

4.4. CONCLUSION

The selective, aerobic oxidation of methane over platinum-based catalysts results in the
selective formation of formaldehyde. The preferential formation of formaldehyde is thought to
proceed via the strongly adsorbed di-c-hydroxy-methoxy species on Pt(111) which would
result in the formation of formaldehyde in its hydrated form, methanediol. The rate of reaction
is independent of the partial pressure of methane and oxygen, but strongly affected by the
presence of water in the feed. The reaction is further enhanced when the catalyst is in contact
with liquid water. Water is thought not only to saturate the surface thus minimizing the presence
of precursors for the formation of COx, but also to facilitate the desorption of the di-c-hydroxy-

methoxy intermediate yielding methanediol (formaldehyde hydrate) and formaldehyde.

Improved catalysts may be obtained by weakening the adsorption of the di 6-hydroxy-methoxy
species, facilitating the desorption from the platinum surface as the desired product and
reducing the extent of polymerisation on the surface. This may be achieved by alloying the
catalytically active metal and altering the strength of oxygen/oxygen species adsorption by

changing the d-band centre.
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CHAPTER V:

IN SUPPORT OF SELECTIVE, AEROBIC METHANE OXIDATION TO
FORMALDEHYDE: EFFECT OF CATALYST CARRIER ON ACTIVITY

AND PRODUCT SELECTIVITY

Disclaimer:

The temperature programmed desorption studies were carried out at Sasol by Dr Alisa
Govender (Co-Supervisor).

OVERVIEW

The influence of the support material (TiO2, P25 and rutile, y-Al2O3 and carbon black, C) on
the performance and stability of platinum catalysts (10 wt.-% Pt) for the aerobic, selective
oxidation of methane in the presence of liquid water was investigated. The catalysts were active
for the oxidation of methane to CO: in the absence of water and became selective for the
formation of oxygenates, particularly formaldehyde, upon the introduction of water in the feed.
Platinum supported on carbon was the best performing catalyst, with a methane conversion of

up to 4% and a selectivity for the formation of formaldehyde of up to 98%.

Over platinum supported on the rutile phase of TiO,, a selectivity for the formation of
formaldehyde of 90% was obtained at a conversion of methane of 1%. The Pt/ALl,Os catalyst
achieved a maximum conversion of 0.5% and a formaldehyde selectivity of 65%. A high
conversion (4%) and a high selectivity towards formaldehyde (99%) was obtained over Pt/C.
The oxidation of methane over the Pt/TiO2-P25 catalyst yields some methanol and methoxy-
methanol, but performed poorly in terms of selectivity. The selectivity appears to be linked to

the presence of acidic and basic sites in the catalyst.

The findings discussed here present an argument for the careful screening of an optimal
support, particularly for use in the aerobic, selective oxidation of methane in the presence of

water.
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5.1. JUSTIFICATION FOR INVESTING THE EFFECT OF SUPPORT IDENTITY

A number of studies [28, 245, 248, 251, 262, 294] have noted the importance of water as a co-
reactant in the selective oxidation of methane. Water may enhance the dissociation of
molecularly adsorbed oxygen on a metallic catalyst surface [295], and may promote the
formation of the precursors to the selective oxidation products (methanol or formaldehyde),
such as adsorbed methoxy species, or di-c-hydroxy-methoxy species [245, 248, 251, 262].
Furthermore, it may act as an extracting agent which assists the desorption of the selective
oxidation products from the catalyst surface, thereby preventing their further oxidation [27,

262, 294, 296].

Although the nature of the catalytic site is of great importance, the selective oxidation of
methane may also be affected by the type of support used, especially when water is used as a
reaction medium [241, 297]. Water may interact with the support to generate Brensted
acid/base sites that may influence the selectivity during the selective oxidation of methane
[298]. The wettability of the support may also influence the catalyst productivity and stability
[185, 299]. Besides productivity, catalyst stability under process conditions is equally
important [300], thus influencing the choice of material used as a catalyst support [284].
Reports on the selective oxidation of methane do not however specifically interrogate the role
of the support, particularly with respect to stability, rather focusing on the active phase [65, 79,
205, 301].

In the previous chapter, it was observed that platinum supported on titania (rutile) resulted in a
highly selective catalyst for the formation of formaldehyde in the selective oxidation of
methane under trickle bed conditions. A lower selectivity for the formation of formaldehyde
was obtained over platinum supported on alumina. The Pt/TiO»-Rutile and Pt/Al,Os catalysts
also underwent significant deactivation with time. In this chapter, the effects of the support
identity are probed further, focusing on their acid/base properties and affinity to water, and
how these influence the behaviour of the catalyst with time, and product distribution during the
selective oxidation of methane in the presence of liquid water. Furthermore, Pt/TiO2-P25 was
studied to compare the role of the titania crystal phase and Pt/C was studied as a possible

alternative support.
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5.2. EXPERIMENTAL PROCEDURE

The catalysts were prepared by wetness impregnation (see Appendix 2, Section I). The
characterisation techniques and methodology, and catalyst activity evaluation procedures are

explained in full in Appendix 3, sections I-III.

5.3. RESULTS AND DISCUSSION

5.3.1. CATALYST CHARACTERISATION

The platinum loading on all catalysts was confirmed to be 10 wt.-% using elemental analysis
(Table 5.1) and thermogravimetric analysis (Figure A3.1). Figure 5.1(a-d) shows the XRD
patterns of Pt/TiO,-P25, Pt/TiO>-Rutile, Pt/Al,O3 and Pt/C catalysts. All the freshly reduced
catalysts show the diffraction lines at 20 = 46.4°, 54.3°, 80.3°, 98.3°, 104.0°, consistent with the
presence of face-centred cubic (fcc) metallic Pt. The average crystallite domain size of
platinum nanoparticles was difficult to determine due to peak overlap for the oxide supported
catalysts. The X-ray diffractogram of Pt/C showed broad reflections due to the presence of
small FCC-Pt nanoparticles as well as some sharp reflections indicating the presence of larger
FCC-Pt particles (see Fig. 5.1d). Rietveld refinement resulted in a crystalline domain size for
FCC-Pt of 1.1 nm (accounting for 95 wt.-% of platinum) and 26.1 nm (accounting for 5 wt.-
%).

Transmission electron microscopy bright field (TEM-BF) images showed well-dispersed
platinum nanoparticles on the support materials with well-defined near-spherical shapes (Fig.
5.2a-d). Histograms representing the size distributions of platinum nanoparticles measured
from TEM images are shown as insets in Figure 5.2(a-d). The average platinum nanoparticle
sizes were 2.8 + 2.3 nm (Pt/Ti02-P25), 3.2 £ 1.5 nm (Pt/TiO2-Rutile), 3.6 + 3.5 nm (Pt/AL,O3)
and 1.7 £ 0.4 nm (Pt/C). Large particles as evidenced using XRD were not seen in the TEM
images. Furthermore, the particle sizes calculated from the platinum dispersion using hydrogen
chemisorption were determined to be 4.0 nm (Pt/Ti02-P25), 4.9 nm (Pt/TiO,-Rutile), 3.2 nm
(Pt/Al,03) and 2.7 nm (Pt/C). The larger particle sizes determined using chemisorption for Pt/C
is consistent with the presence of larger Pt particles in the material as evidenced using XRD.
The average particle sizes of these platinum nanoparticles calculated from both TEM-images

and hydrogen chemisorption are summarized in Table 5.1.
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Figure 5.1: Powder X-ray diffraction patterns of the freshly reduced 10 wt.% platinum (Pt)
supported on (a) TiO»-P25, (b) TiO:-Rutile, (¢) Al>Os3 and (d) carbon (C) before

catalytic measurements showing the diffraction lines for FCC-Pt.

Table 5.1: Physico-chemical properties of the freshly reduced catalysts

Catalyst wp? SpeT? Dpe¢  dptchem.? dp¢, TEM® Nads, 1PAT  Mads, C02%
wt. m?/g % nm nm umol/g  pmol/g
%

Pt/Ti0,-P25 9.5 42+0.07 28 4.0 28+23 290 17

Pt/TiO>-Rutile 10.0  24+0.04 23 4.9 32+1.5 75 28

Pt/AlLO3 102 51+£0.07 35 32 3.6+3.5 394 293

Pt/C 10.0°  204+0.7 42 2.7 1.7+ 04 228 10

Platinum loading determined using ICP-OES, “platinum loading determined from TGA-DSC;

®BET-surface area of the catalyst; °Dispersion of platinum from hydrogen chemisorption

assuming H/Ptsriace=1; Platinum particle size estimated from dp, =

Dispersion (%)’

113 .
: *Platinum

particle size distribution deduced from TEM-images; "Amount of isopropyl amine adsorbed as
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an indicator for the number Bronsted acid sites; EAmount of CO, adsorbed as an indicator for

the number basic sites.
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Figure 5.2: TEM-BF images of the freshly reduced (a) Pt/Ti0,-P25, (b) Pt/TiO.-Rutile, (c)
Pt/Al>O3 and (d) Pt/C catalysts. Insets are particle-size distribution histograms.

The acidity of the catalysts was probed using isopropylamine adsorption and the basicity was
probed using CO> adsorption (see Table 5.1). The amount of isopropyl amine adsorbed per unit
mass of catalyst, which can be correlated to the number of acid sites in the catalysts [302, 303],
was lowest on the rutile supported catalyst, and highest on the alumina-supported catalyst
(Table 5.1), but the number of acid sites per unit surface area was lowest on the carbon
supported platinum catalyst (Table A3.1). The concentration of acid sites in Pt/TiO>-P25 per
unit surface area is twice the concentration of acid sites in Pt/TiO2-Rutile. The strength of

adsorption was probed using TPD. The temperature programmed desorption profiles of
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isopropylamine decomposition products (i.e., ammonia and propylene), and water are shown

in Figure 5.3 (a-c), together with the CO,-TPD spectra (Fig. 5.3 d and e).

The evolution of ammonia (m/z=15) as a function of temperature during the TPD of isopropyl
amine over the freshly reduced supported platinum containing catalysts (see Figure 5.3a) shows
the occurrence of two events. The first desorption peak for ammonia coincides with the
desorption of propene (m/z=41) and may be attributed to the dissociative desorption of
adsorbed isopropyl amine on a Brensted acid site via the well-known Hoffmann elimination
[304]. The maximum for the first desorption peak (m/z=15 and m/z=41) for the oxide-
supported catalysts is at similar temperatures (ca. 150°C) implying that they possess acid sites
of similar strength. The presence of a second maximum for the desorption of both ammonia
and propene indicates the presence of weaker acid sites as the Hoffman elimination occurs at
higher temperatures. On Pt/A1>O; the TPD of ammonia (m/z=15) shows a second maximum
without the same desorption of propene. This could be explained by the desorption of ammonia
formed in the Hoffmann elimination on vacated acid sites, which desorbs at higher

temperatures.

A second maximum is observed in the TPD-spectrum of isopropyl amine over Pt/TiO2-P25 for
both ammonia (m/z=15, Tdesorption= 302°C) and propene (m/z=41, Tesorption= 250°C), implying
the presence of strong acid sites (catalysing the Hoffman elimination at ca. 150°C) and medium
sites indicated by the desorption peak at ca. 250°C. Re-adsorption of ammonia does also affect
the TPD spectrum of isopropylamine over Pt/Ti0»-P25, since the intensity of the 2" desorption
peak of propene (m/z=41) relative to the intensity of the 1% desorption peak of propene is less
than the ratio of the two desorption peaks for ammonia (m/z=15) from this catalyst. Pt/TiO»-
Rutile also appears to have two types of acid sites, but re-adsorption of ammonia does appear
to be less important (possibly due to the lower number of acid sites in this catalyst).

The acid sites on Pt/C appear to be weaker than on the oxide-supported catalysts as ammonia
(m/z=15) and propene (m/z=41) appear at a higher temperature (ca. 220°) and thus the Bronsted

acid sites on carbon catalyse the Hoffmann elimination less efficiently .
Water is also removed from the catalysts during the desorption of iso-propyl amine as

evidenced by m/z=18 (Fig. 5.3b). One major desorption peak is observed for Pt/Al,Os at 460°C

as a consequence of the dehydroxylation of the alumina support [305]. The water desorption
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profile from Pt/TiO2-Rutile and Pt/C are marginal, while three desorption peaks are observed
for Pt/TiO2-P25 (140°C, 300°C and 450°C), which may correspond to the desorption of
physisorbed water (~ 140°C), chemisorbed water (300°C) and dehydroxylation of the support
(450°C) [306]. Significant evolution of water over Pt/Al,O3 and Pt/Ti0,-P25 was expected,
since both supports are known to be hydrophilic [307, 308] and exposure of the freshly reduced

catalyst to air may have resulted in water uptake.

COz-adsorption and its desorption were used to characterize the basicity of the support. The
COs-uptake is generally low except on Pt/Al,Os, which adsorbs CO; in a similar amount as
isopropylamine. Temperature programmed desorption profiles of CO: from the fresh catalysts
are shown in Figure 5.3 (d and e). The molecular fragments monitored during CO>-TPD are
m/z=18 attributed to the desorption of water and m/z=44 attributed to the desorption of COs..
Pt/TiO2-P25 possesses medium to strong basic sites (with desorption peaks at 340°C and
550°C, respectively). The desorption profile of CO> from Pt/TiO»-Rutile is rather flat, which
may imply that the surface may not possess basic sites (or the basic site density is low).
Pt/Al>O3 possesses medium and strong basic sites (420°C and 560°C) [309]. Determining the
surface basicity of Pt/C from CO,-TPD is not straightforward; desorption of CO; (m/z=44)
from Pt/C is observed (see Fig. 5.3f), but the amount of CO; adsorbed was quite low (see Table
5.1). Hence, CO» observed in the TPD-profile may not originate from adsorbed CO- but might

be a product of a partial decomposition of the carbon support.
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5.3.2. CATALYTIC ACTIVITY AND SELECTIVITY

The catalytic activities of the different catalysts were evaluated in a trickle bed reactor (see
Appendix I). The catalysts were exposed to varying amounts of water keeping the methane
space velocity, and the inlet partial pressures of methane and oxygen constant. The
performance of the catalyst is strongly dependent on the water to methane feed ratio. Figure
5.4 shows the catalytic activity obtained over the supported platinum catalysts as a function of
the inlet feed ratio of water to methane (different datapoints at a fixed molar water to methane
ratio have been collected at different times-on-line and thus correspond to different extent of

catalyst deactivation; see Figures A3.2-A3.5 for the historical activity profiles of the catalysts).

The rate of methane conversion in the absence of water is high (see Fig. 5.4a, c, e, g),
particularly for Pt/TiO.. The initial activity was in the order of Pt/C < Pt/Al,O; < Pt/TiO»-
Rutile < Pt/TiO2-P25. The rate of methane consumption decreased strongly upon the
introduction of water to the feed, but the subsequent increase in the molar ratio of water to
methane in the feed resulted in an increase in the rate of methane conversion. The decrease in
the rate of methane conversion upon the initial introduction of water can be attributed to the
coverage of the catalytically active surface with surface OH or H>O-species generated upon the
interaction of water and oxygen with the platinum surface, thereby decreasing the number of

sites available for the activation of methane on the metallic surface.

The rate of methane consumption increased substantially under trickle bed conditions
(H2O/CH4 > 46 mol/mol), although the point at which the rate increased substantially differed
for the various catalysts. The rate of methane consumption increases gradually over the oxide
supported catalysts upon entering the trickle bed reactor regime, whereas the rate of methane
consumption increases more strongly over Pt/C upon entering the trickle bed region. It is
expected that the support material becomes partly wetted when approaching trickle-bed
operation [276, 277]. Catalysts are inhomogeneous materials comprising of the metallic,
catalytically active phase and the support. Over a more hydrophobic support, liquid water may
be preferentially located around the metal particle, while it may be more evenly distributed in

the case of a hydrophilic support [310].
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The introduction of water resulted in the formation of selective oxidation products such as
methanol (CH30H), methoxy-methanol (CH30-CH>,OH) and mostly formaldehyde (CH>O)
over the supported catalysts (Fig. 5.4b, d, f and h). The first two products were only observed
in the methane oxidation over Pt/TiO2-P25 at a relatively low selectivity. However, even this
catalyst initially showed the formation of formaldehyde (see also Figure A3.2), which switched

to methanol and methoxy-methanol after pro-longed exposure to hydrothermal conditions.

The response of the formaldehyde selectivity to the increase in the HoO/CH4 mole ratio on the
feed varies across the different catalysts. The formaldehyde response appears to be delayed on
Pt/C, since even at a H2O/CH4 mole ratio of 27, the formaldehyde selectivity is still zero, while
over Pt/TiOz-Rutile and Pt/Al>O; the formaldehyde selectivity is significant at this point. The
formaldehyde selectivity undergoes a significant boost close to trickle-bed operation for the
Pt/C catalyst (which is accompanied by an increase in the rate of methane conversion), and
continues increasing in the trickle-bed regime. This may be an indication of the reaction rate
being enhanced, which is caused by an increase in the rate of formaldehyde desorption,
particularly when water is present in the liquid phase. Water may have a similar effect on the

rutile-supported catalyst (which is also relatively hydrophobic).

The maximum selectivity for formation of formaldehyde in the selective oxidation of methane
over Pt/Al,O3 is lower (65%) than over Pt/TiO-Rutile, which is lower than over Pt/C. The
increase in the selectivity for the formation of formaldehyde appears to correlate with a
decrease in the support acid/base properties (see Table 5.1) in addition to the support
hydrophobicity. Hence, the difference in the selectivity for the formation of formaldehyde
might be attributed to consecutive, support-catalysed conversion of formaldehyde to CO> via
the possible formation of formate species, and their further conversion to CO: in the presence
of oxygen, in addition to the conversion of formaldehyde to methanol and methoxymethanol
[279]. Pt/TiOz-Rutile showed a high selectivity for the formation of formaldehyde in the
selective oxidation of methane In contrast to Pt/TiO>-P25. Rutile is mildly acidic and lacks
basicity compared to anatase (see also Table 5.1) [309]. This may have contributed to the
sustained high selectivity for the formation of formaldehyde with extended reaction time

(Figure A3.3).

The catalytic performance of the tested catalyst under trickle bed conditions, presented as

productivity and turnover frequency (TOF), are summarized in Table 5.2. The turnover
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frequency (determined based on the Pt-dispersion in the fresh catalyst) increases with the molar
ratio of HoO/CHj in the feed indicating an acceleration of the rate of reaction upon increasing
the wetting efficiency on the catalyst [262]. The activation of methane over a platinum surface
covered with H,O and OH species in the presence of liquid water may yield a stable di-o-
hydroxy-methoxy intermediate, whose desorption may be facilitated by the presence of liquid

water in its proximity [262].

It is interesting to note that the turnover frequencies obtained over Pt/TiO>-Rutile and Pt/Al,O3
are similar whereas the TOF obtained over Pt/C is significantly higher under the same reaction
conditions. The route for the activation of methane in this process is not yet clear. It may
however be postulated that methane is activated over adsorbed oxygen atoms, which will, under
these conditions, be present on the edge sites of platinum nanoparticles [287]. The fraction of
surface sites present at the edge of nanoparticles is inversely related to size of the nanoparticles
[311]. Hence, small platinum nanoparticles as present in Pt/C (with an average particle size of
1.7 nm) are expected to have a higher fraction of edge sites. This may result in a higher TOF
over Pt/C compared to the TOF over the oxide-supported catalysts as the average Pt
nanoparticle size on Pt/TiO»-P25 is 2.8 nm, on Pt/TiO»-Rutile 3.2 nm and on Pt/A1,O3 3.6 nm
(Table 5.1).
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Table 5.2: Summary of catalytic activity? for the aerobic conversion of methane under trickle bed conditions, the rate of formation of oxygen

containing products over the supported platinum catalysts

Catalyst (CHs/H20)  Xch., % TOF®, hr! Productivity, pmol/gca¢ /hr
mol/mol CH;OH CH;0- CH:0 CO;
CH;OH
Pt/TiO2-P25 136 0.2£0.01 0.04 £ 0.001 0.58 £0.12 0.22 £0.06 - 7.4+0.1
204 0.6+0.2 0.10+£0.03 0.99 £0.48 0.46 £0.23 - 19+6.8
Pt/TiO2-Rutile 136 0.5+0.05 0.08 £0.02 - - 14+ 8.7 1.8 £0.52
204 1.0+0.3 0.17£0.02 - - 30+ 12 33+2.0
Pt/Al,O3 136 0.5+0.2 0.07 £0.04 - - 11+6.9 5.8+2.9
Pt/C 136 3.0£0.75 0.29 £ 0.07 - - 99 + 23 0.3+0.7
204 42114 0.41+0.13 - - 132+ 42 2.7+£0.6

a Conditions: T=220°C K, p=30 bar, pcu. inet=0.5 bar, po.inie=1.5 bar O2, space velocity = 3.23 CHa/gcatalyst/hr; ® Turnover frequency (TOF) based

on the metal dispersion determined from dp; =

Dispersion (%)

113

of the fresh catalyst.
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The selective oxidation of methane is often affected by the selectivity-conversion conundrum,
in which high selectivity can be obtained at (very) low conversion, which drops (rapidly) upon
increasing the conversion of methane [27, 28, 45, 252]. This is not observed upon changing the
conversion of methane over Pt/TiO»-Rutile, Pt/Al>O3 and Pt/C catalysts, when the conversion

was changed by altering the inlet feed ratio of H>O/CHa. (see Fig. 5.5).
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Figure 5.5: Selectivity for the formation of selective oxidation products as a function of the
conversion of methane in the aerobic oxidation of methane in the presence of
water (220°C, 30 bar, pcua.ine=0.5 bar, pozne=1.5 bar, space velocity = 3.23
mmol CHa/gcatalyst/hr; conversion altered by changing (H2O/CHa)inlet).

The selectivity for the formation of selective oxidation products over Pt/TiO2-P25 increases
slightly with increasing conversion, accompanied by a corresponding, but slight increase in the
oxygenate selectivity (up to ca. 10%). A more pronounced, positive correlation between
selectivity and conversion is obtained over Pt/Al>Os, Pt/TiO2-Rutile (up to 1% conversion and
formaldehyde selectivity of 90% for the latter) and Pt/C (4.2% conversion, 98% formaldehyde
selectivity). These results and the trends compare favourably to those reported in literature (see

Table A3.2).
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5.3.3. CATALYST DEACTIVATION

The catalytic activity in the selective oxidation of methane was evaluated as a function of time-
on-line varying the molar water/methane ratio. The extent of catalyst deactivation was
determined by regularly returning to standard conditions (see Figs. A3.2-A3.5). Figure 5.6
shows the rate of methane consumption as a function of time-on line over all four catalysts at
a standard condition (T=220°C, p=30 bar, pcH..inter=0.5 bar, po.,inler=1.5 bar, (H2O/CHa)inler=14).
It should be noted that the catalyst was intermittently exposed to different (H2O/CH4)iner-ratios.
At these conditions, all components are in the gas phase (pm.o = 6.8 bar). All four catalysts
under investigation deactivated significantly. The extent of activity loss is in the order of
Pt/TiO2-Rutile (aiss=84%) < Pt/C (awns=87%) < Pt/TiO02-P25 (ai0ss=88%) < Pt/ALO3
(210ss=94%).

The rate of deactivation appears to be catalyst specific with Pt/Ti02-P25 deactivating gradually
over the whole reaction time, whereas the other catalysts appear to deactivate more rapidly.
Exposure of Pt/Al>O3 (and to a lesser extent Pt/C) to higher (H>O/CHa)inier-ratios appear to re-
activate the catalyst temporarily. Post-mortem characterisation of the recovered catalyst (i.e.
catalyst retrieved from the reactor after catalytic tests) was carried out to identify the likely
cause of deactivation. Figure 5.7 shows the TEM-images and XRD-patterns of the recovered
catalysts. Further physico-chemical characteristics of the recovered catalysts are summarized

in Table 5.3.

The loss in activity over Pt/TiO,-P25 as a function of the reaction time (Fig. 5.6a) is gradual,
albeit quite extensive. This drop in activity cannot be attributed to a change in the available
platinum surface area as the platinum dispersion as determined using hydrogen chemisorption
hardly changes (ca. 26% in the recovered catalyst vs 28% in the freshly reduced catalyst). This
is also confirmed by the platinum particle size distribution using TEM (2.6 + 1.3 nm in the
recovered vs 2.8 £ 2.3 nm in the freshly reduced catalyst, see Fig. 5.7a). Furthermore, platinum

remains present as FCC-Pt as revealed by the XRD-pattern (see Fig. 5.7¢).

Pt/Ti02-Rutile loses its activity in the methane oxidation much more rapidly than Pt/TiO-P25
(see Fig. 5.6a and b). Again, the loss in activity cannot be attributed to a change in the available
platinum surface area as the platinum dispersion as determined using hydrogen chemisorption
hardly changes (ca. 24% in the recovered catalyst vs 23% in the freshly reduced catalyst),

which is confirmed by the platinum particle size distribution determined using TEM (3.8 £1.9
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nm in the recovered catalyst vs 3.2 +1.5 in the freshly reduced catalyst. Platinum also remains

present as FCC-Pt which is indicated by the XRD-pattern (see Fig. 5.7f).
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Figure 5.6: The loss of activity experienced by a) Pt/Ti0,-P25, b) Pt/TiO>-Rutile, ¢) Pt/Al,O3
and d) Pt/C as determined at standard conditions (T=220°C, p=30 bar;

PcHainle=1.5 bar; po.ine=1.5 bar, pmo,inle=6.8 bar, space velocity = 3.23
CH«/ gcatalyst/ hr).

The activity of Pt/Al,O3 as a function of time-on-line at the standard conditions shows a more
unusual behaviour; the catalyst appears to reactivate slightly (highlighted in blue), followed by
deactivation. The catalyst shows evidence of severe sintering as the platinum dispersion

determined from Hz-chemisorption decreases from 35% to 3.7%. Sintering is also evidenced
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from the TEM-images showing a shift in the platinum particle size towards larger particles (see
Fig. 5.7c). The extent of sintering may explain most of the observed deactivation. The strong
change in the platinum dispersion may be related to the observed phase change of the support
from y-Al,O3 to boehmite, AIOOH (see Fig. 5.7g) upon exposure to these strong hydrothermal
conditions [284, 312]. This is accompanied by a strong reduction in the number of acid sites in

the catalyst [284].

Platinum on activated carbon (Pt/C) appears to deactivate more gradually than Pt/TiO-Rutile
or Pt/AlbO3 (with some evidence of re-activation between 1560 and 1700 min online; see Fig.
5.6b, ¢ and d). The catalyst showed excellent performance in the methane oxidation with a
conversion of 4.2% and a selectivity for the formation of formaldehyde of 98% at 220°C and
a molar inlet ratio of water to methane of 204 (vide infra). Increasing the feed ratio of water to
methane further to 340 did not improve the formaldehyde yield, although the CO, yield
increased strongly. The catalyst was subsequently unloaded, and the Pt-loading in the
recovered catalyst was determined to be 30 wt.-% (see Table 3, and Fig. A3.1 a) implying a
loss of the carbon support possibly due via gasification/combustion under the applied

conditions.

The platinum dispersion in the recovered catalyst dropped from 42% to 6.9% (see Table 5.3)
indicating that the loss of some of the carbon support material could have led to sintering [313].
This is also evidenced from the XRD-pattern, which showed sharp diffraction lines attributable
to FCC-Pt (see Fig. 5.7h). The TEM-image (Fig. 5.7d) shows limited evidence of sintering
possibly due to bias in sample preparation. The degradation of the support also results in an
increase in the number of acid sites, despite a decrease in the BET-surface area (the area

normalized number of acid sites increases from 1.2 umol/m? to 4.7 pmol/m?).
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Table 5.3: Physico-chemical properties of the recovered catalysts

Catalyst Wee SpeT? DpS, %  dptchemd dpeTEM® Nads, 1PA"
wt. % m?/g nm nm pumol/g
Pt/TiO,-P25 9.6 52.6£0.13 26 4.4 26+1.3 200
Pt/TiO»-Rutile 10.0 24.7+£0.04 24 4.6 3.8+1.9 36
Pt/ALLOs -8 32.1+0,13 3.7 31.0 6.1 4.5 89
Pt/C 30" 198.6 £ 1.65 6.8 16.7 44+33 942

Platinum loading determined using ICP-OES (and “platinum loading determined using TGA-

DSC); "BET-surface area; “Dispersion of platinum from hydrogen chemisorption assuming

113 . .
———————; “Platinum particle
Dispersion (%)

H/Ptsurface=1; Platinum particle size estimated from dp, =
size distribution deduced from TEM-images; ‘Amount of isopropyl amine adsorbed as an

indicator for the number Bronsted acid sites.

The ATR-FTIR spectrum of the recovered Pt/TiO,-P25 catalysts (Fig. 5.8a) shows the
appearance of new absorbance bands at ca. 1046 cm™!, 1136 cm’!; a strongly skewed absorption
band peaking at ca. 1412 cm! and a minor peak at ca. 1456 cm™!. These bands are absent in the
spectra of the fresh catalyst and the bare support, and may be caused by the presence of organic
deposits on the catalyst surface. The absorption bands at 1046 cm™ and 1136 cm™ may be
attributed to C-O-C stretching vibration, and the bands at 1412 cm™ and 1456 ¢cm™ to CHy
bending [314]. This may indicate the presence of organic moieties containing (CH20) linkages
similar to those in polyoxymethylene (it should be noted that the absorption bands attributable
to CHx-bending appear to be more intense than the absorption bands attributable C-O-C

stretching vibrations).

Heating the recovered catalyst Pt/TiO2-P25 in helium results in the release of H2O (m/z=18),
COz (m/z=44) and CO (m/z=28) (see Fig. 5.8¢). Water may evolve upon release of physisorbed
or weakly chemisorbed water (at ca. 100-250°C) or from dehydroxylation (at ca. 450°C). Water
in conjunction with the acid and basic sites on the catalyst may assist the decomposition of the
organic deposits leading to the formation of CO/CO». These deposits may be associated with
the presence of acid sites, as the concentration of acid sites over Pt/TiO2-P25 reduces by 30%
after the reaction (see Table 5.3). The presence of organic deposits in the oxidation of methane

over Pt/Ti02-P25 may contribute to the observed catalyst deactivation.
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The ATR-FTIR spectrum of the recovered Pt/TiO>-Rutile catalyst (see Fig. 5.8b) shows the
appearance of new absorbance bands at ca. 1000 cm!, 1156 cm!, 1415 cm™ and 1471 cm’!,
which are absent from the spectra of the fresh catalyst and the bare support. The new
absorbance bands are similar to those observed in the recovered Pt/Ti02-P25 catalysts with two
obvious deviations, viz. a red shift of the main absorption band attributed to C-O-C stretching
at ca. 1000 cm™! and a strong increase in the intensity of the absorption band attributed to the
C-O-C stretching band in comparison to the CHx-bending mode. The red-shift in the band for
the C-O-C may indicate a higher degree of polymerization of the deposit [280].

The presence of organic deposits is further confirmed by the desorption of decomposition
products of organic molecules upon heating the recovered sample in helium (see Fig. 5.8f). It
should be noted that some formation of decomposition products is observed only at low
temperature, and not at ca. 400°C in contrast to the decomposition of organic deposits on
Pt/TiO,-P25. This may be attributed to the low amount of water formed due to dehydroxylation
of Pt/TiOz-Rutile compared to Pt/TiO2-P25 (see also Fig. 5.3b and 5.3d). These deposits may
be linked to the presence of acid sites on the rutile support as the concentration of acid sites (as
determined from adsorption of isopropyl amine) is reduced by 50% in the recovered catalyst
relative to the fresh catalyst (see Table 5.3), which could be a major contributor to the loss in

catalyst activity (through occlusion of platinum active sites).
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The ATR-FTIR spectrum of the recovered Pt/Al>,O3 catalyst (Fig. 5.8c) shows an absorption
band at 1000 cm™ and 1070 cm™!, which is ascribed to the presence of boehmite in the sample
[315]. Absorption bands in the region 1400-1500 cm™! are absent implying the absence of CHx-
groups on the catalyst surface. The small amount of organic deposits on the recovered Pt/Al,O3
catalyst is further substantiated by the temperature programmed heating of this sample in
helium (see Fig. 5.8g) which shows only a marginal amount of desorbed CO>; the major

contribution in the TPD profile appears to be from the dihydroxylation of the boehmite.

The ATR-FTIR of the recovered Pt/C catalyst does not show any evidence of organic deposits
(see Fig. 5.8d) although heating up of the recovered catalyst in helium does result in the
formation of CO (m/z=28, 700°C) and CO; (m/z=44, 260°C) possibly from the decomposition
of the support (see Fig 5.8h), especially considering the high CO and CO; desorption

temperatures [316].
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5.3.4. INTERROGATING THE CONTRIBUTION OF THE SUPPORT

Formaldehyde is hypothesised to form over platinum active sites, and the presence of liquid
water serves to facilitate the desorption of the formed formaldehyde via proton transfer and
solvation [27, 246]. This means that the formed formaldehyde is expected to be concentrated
in the liquid phase. If the catalytically active phase is supported on a hydrophobic support, it is
suspected that the liquid phase is confined around the platinum nanoparticles with less contact
with the support [310, 317, 318]. Water would then provide a physical barrier, which prevents
contact between the water-solvated formaldehyde [319] (which is a polar molecule) and
support active sites, hence protecting the formaldehyde from further conversions on the support
active sites. The formaldehyde instead leaves the reactor with the rest of the liquid phase.
Water, in essence, acts as a product protector in this scenario. This may then explain the high
formaldehyde selectivity obtained over the relatively hydrophobic supports (TiO2-Rutile and

carbon).

Over a hydrophilic support, the liquid phase is likely in contact with both the active metal
surface and with the support surface [320], which presents a pathway for the diffusion of the
formaldehyde in the liquid phase to the support active sites. This therefore enables the further
conversion of formaldehyde over the support acid/base sites. Because the liquid phase remains
in contact with the catalyst bed as it trickles through the reactor, the conversion of
formaldehyde is not only confined to the metal-support interface, but may occur over any

support active sites that the formaldehyde comes in contact with.

From the catalytic data reported in Fig. 5.4, it can be observed that the P25-supported catalyst
is the least productive in terms of oxygenate selectivity and yield. Initially, in the presence of
water in the gas phase, the catalyst was selective towards formaldehyde. The selectivity
changed with time, favouring the formation of methanol and methoxy-methanol. The oxidation
of methane over the rutile, alumina and carbon supported catalysts, on the other hand, resulted
in the formation of formaldehyde, with reasonable selectivities. The best performing catalyst
was Pt/C. It is suspected that the selectivities achieved on the different supports is influenced

by the support acid/base properties and the support hydrophobicity.

On carbon, the most hydrophobic support, the formaldehyde selectivity achieved under trickle
bed conditions reached a maximum of 99%. On rutile, the second most hydrophobic support,
the formaldehyde selectivity reached a maximum of 90% in the trickle-bed regime. Carbon and

rutile were also determined to be the least acidic materials, with acid site densities of 1.2
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umolipa.mea? for Pt/C (the recovered catalyst, after exposure to HoO/CH4=360 mol/mol has a
relatively high acid density of 4.7 umolipa.meai2, which may have contributed to the high CO»
selectivity after exposure to these conditions), and 3.1 pmolipa.meai? for Pt/TiO2-Rutile (which
reduced to 1.4 umolipa.m™ in the recovered catalyst). The acid site density of Pt/Ti0,-P25 was
determined to be 6.8 pmolipa.mear? and declined to 3.8 pmolipa.meai in the recovered catalyst.
The Pt/Ti02-P25 catalyst showed a preference for the formation of CO2 compared to Pt/C and
Pt/TiO2-Rutile. The formation of CO2 may occur from the transformation of formaldehyde to
dioxymethylene on bridging titania hydroxyl groups (classified as acid sites) which then
undergoes oxidation to CO; [321], and may occur to a greater extent over Pt/TiO,-P25 [322].

Pt/A1,03 also contains a high acid site concentration (7.8 pmolipa.mea?), but this reduces to
2.8 umolipa.mea? in the recovered catalyst. The reduction in the acid site concentration may
be caused by the transformation of alumina to boehmite. The formation of CO, over boehmite
may be promoted by the presence of hydroxyl groups which catalyse the oxidation of

formaldehyde via a formate pathway [279, 323].

The Pt/TiO2-P25 catalyst was initially selective for the formation of formaldehyde, but this
changed with increasing exposure to water, favouring the formation of methanol and methoxy-
methanol instead. It is suspected that these products are formed from further conversion of
formaldehyde, via a base-catalysed Cannizzaro-type reaction [321]. The P25 support may
experience an increase in its surface acid/base character in the presence of water, through the
generation of additional bridging and terminal hydroxyl groups [324-326]. The hydroxyl
groups then catalyse the conversion of formaldehyde to methanol and CO; (and may also
promote the oxidation of formaldehyde via the formate pathway). The P25 support is also quite
hydrophilic, which may contribute to the successive conversion of formaldehyde over support

acid sites.

The formation of the polyoxymethylene deposits may also be catalysed by support acid sites
[321] via the polymerisation of formaldehyde, which is suspected to happen at the metal-
support interface. Over Pt/C, the polymeric deposit is not visible on the ATR-IR spectrum of
the recovered catalyst, while it is present on the spectra of Pt/TiO,-P25 and Pt/TiO-Rutile
catalysts. The ATR-IR spectrum of the recovered Pt/Al,O3 catalyst seems to be showing bands
associated with boehmite. The observed absence of the deposit on boehmite may be due to the
possible diminished acidity of the alumina support due to it transforming to boehmite, which

is a basic material [327]. Hence, this makes it increasingly likely that the polyoxymethylene
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formation is due to acidic sites. The mechanisms for the formation of acid and base-catalysed

by-products over titania are presented in Scheme 5.1.
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Scheme 5.1: Conceptual mechanism for the formation of by-products over acidic and basic

sites on the titania support.
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5.4. CONCLUSION

The influence of the support on the activity, selectivity and stability of platinum catalysts for
the aerobic, selective oxidation of methane in the presence of liquid water was investigated.
Platinum was supported on different oxides (TiO2-Rutile, TiO2-P25 and y-Al>O3) and carbon
black using wet impregnation. The results obtained from catalytic tests for the aerobic, water-
assisted selective oxidation of methane demonstrate that the use of platinum nanoparticles on
different support materials results in the formation of mainly formaldehyde under continuous
flow of liquid water. High selectivity for formaldehyde formation (>90%) at a methane
conversion of 1-4% was achieved over platinum supported on rutile and carbon black, which
are relatively hydrophobic supports. Moderate selectivity towards formaldehyde was achieved

over Pt/Al,O3 (65%) at a maximum conversion of 0.5%.

From the results presented here, it can be deduced that the catalytic activity is influenced by
the metal active phase (i.e. the dispersion of platinum), and the conversion of methane may be
structure sensitive. It is also deduced that the support influences the product selectivity. The
support property that seems to have a large influence on the selectivity seems to be the
hydrophilicity of the support, since if the support is hydrophobic, then the support acid/base
properties may affect the selectivity less, since the contact between the support and the liquid

phase is minimised.

The Pt/Ti02-P25 catalyst was the least active, with a maximum methane conversion of 0.6%.
The catalyst was initially selective towards formaldehyde but became increasingly selective
towards methanol and methoxy-methanol with increasing reaction time, achieving a maximum
oxygenate selectivity of 10%. The low oxygenate selectivity achieved by Pt/TiO,-P25 was
attributed to the further conversion of formaldehyde to methanol via the Cannizaro reaction
over TiO2-P25 and the oxidation of formaldehyde to CO: facilitated by the adsorption of
formaldehyde on acid sites, which vastly reduced the selectivity of the catalyst towards

selective oxidation products.

Although all four catalysts deactivated with time, the loss of activity over Pt/Al>O3 was caused
by the reconstruction of the alumina support to boehmite under trickle-bed conditions, inducing
sintering of platinum nanoparticles and thereby contributing to catalyst deactivation. The
deactivation of the Pt/Ti0,-P25 catalyst was attributed to the deposition of oligomeric species
on the catalyst. The use of more hydrophobic supports (Pt/TiO2-Rutile and Pt/C) is suitable for

the selective oxidation of methane under trickle-bed conditions. However, the carbon support
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is susceptible to combustion under process conditions, leading to loss of the catalytically active

surface sites of platinum.

From the results reported herein, it can be concluded that platinum as a catalyst for the selective
oxidation of methane under trickle bed conditions should be highly dispersed on a support, and
a suitable support should stabilize this catalytic active phase against sintering. The support
must also be slightly hydrophobic and inert to water-induced structural reconstructions. The
support must be impervious to combustion and gasification under reaction conditions, and
ideally should not possess highly active acid sites that may polymerize formaldehyde to yield
oligomeric deposits, nor possess highly active sites that catalyse the secondary conversion of
formaldehyde, thereby reducing the formaldehyde yield. Based on the supports studied thus
far, rutile seems to be more suitable based on the fact that the platinum nanoparticles did not
undergo sintering over Pt/TiOz-Rutile and the support did not undergo restructuring under
process conditions. Carbon may also be suitable provided the loss of carbon surface area

through combustion and gasification can be avoided.
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CHAPTER VI:

AN INVESTIGATION OF PLATINUM-BASED NANO-ALLOYS FOR THE

SELECTIVE OXIDATION OF METHANE

Declaration:

The high resolution transmission electron microscopy imaging was performed by Dr. Ezra
Jaco Olivier at the Centre for High Resolution Transmission Electron Microscopy at the

Nelson Mandela University, with virtual participation by the PhD candidate.

OVERVIEW

The selective oxidation of methane over platinum supported on rutile, P25, alumina and carbon
black resulted in the selective formation of formaldehyde. Kinetic studies indicated that the
rate of reaction was limited by the desorption of formaldehyde from the catalyst surface.
Platinum was subsequently alloyed with copper, silver or gold (in a 3 Pt:1 M ratio) in an attempt
to tune the adsorption strength of oxygen and by proxy, the adsorption strength of oxygenate

species in an effort to enhance the rate of product desorption from the catalyst surface.

The nanoalloy catalysts were tested in the gas-phase reactor initially, and the catalytic activity
was in the trend of Ptz Ag < Pt < Ptz Au << Pt3Cu, with all of them attaining a formaldehyde
selectivity of ca. 65%. The Pt;Ag and Pt3Cu catalysts were then tested in the trickle bed reactor.
Although the Pt3Cu/TiO: catalyst achieved a conversion of up to 5% in the presence of liquid
water and a formaldehyde selectivity of 78%, the rate of methane conversion remained the
same as in the gas phase reactor at ca. 300 pmol/gca/h. The activity of the Pt;Ag catalyst was
much improved in the trickle bed reactor, increasing from 43 pumol/gca/h (in the gas phase) to

271 pmol/gearh in the trickle bed reactor.

The findings presented here show the potential of designing more active catalysts through
alloying platinum with other metals, which also presents a strategy for reducing the platinum

loading.
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6.1. JUSTIFICATION FOR INVESTIGATING PLATINUM NANOALLOYS

The selective oxidation of methane yielding formaldehyde has been achieved over catalysts
containing 10 wt.-% platinum. The use of the expensive platinum may be prohibitive for this
interesting process. The amount of platinum may be reduced by alloying platinum and thus
using less of the expensive metal. Platinum based alloy catalysts have been studied for the
oxygen reduction reaction [328] and for the catalytic oxidation of organic compounds [329,
330]. For instance, alloys of platinum with 3d metals (Ni, Fe and Co) have been reported to
have enhanced activity for the oxygen reduction reaction [331, 332]. Pt-Mo, Pt-Sb, Pt-Sn and
Pt-Bi alloys have been reported to be active for the selective oxidation of organic compounds
(such as glycerol). The Mo [333], Bi, Sn, Pb, and Sb adatoms [329, 334] may result in new
active sites that adsorb hydroxyl groups, which may further enhance the oxygen coverage of

bimetallic alloy catalysts.

Alloying may alter the reactivity of the catalytically active metal and can thus be used to tune
the catalytic activity. The selective oxidation of methane to formaldehyde over platinum-based
catalysts was determined to be zero order with respect to both methane and oxygen, which led
to the conclusion that the reaction was desorption limited. Hence, it was hypothesised that
modifying the binding strength of oxygenates on the catalyst surface could potentially enhance
the rate of product desorption, thereby speeding up the kinetics of the overall reaction [78]. The
binding strength of reactive species on the platinum surface can be modified by alloying

platinum with another metal.

The binding strength of adsorbates on metal surfaces is governed by the proximity of the d-
band centre energy to the Fermi level [335]. Metals whose d-band centre lies close to the Fermi
level form stronger bonds with adsorbates. The interaction of the adsorbate with the sp states
of the metal leads to a broadening of the adsorbate states. The broadened adsorbate states
couple to the metal d states, giving rise to bonding and anti-bonding states [335, 336]. If the
antibonding states are below the Fermi-level, the adsorbate-metal interaction is weakened,
whereas if the antibonding states are above the Fermi-level, the adsorbate-metal bond is

strengthened [337, 338].

Alloying can either cause an up-shift or downshift of the d-band centre, depending on the
atomic radius of the promoter metal. Alloying with a metal of a larger atomic radius induces
tensile strain, while an element with a smaller atomic radius induces compressive strain [267,

331, 339, 340]. Subjecting atoms to tensile strain expands the lattice thereby decreasing the
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overlap between d-electrons on neighbouring metal atoms. The d-band then moves up in energy
to keep the d-band occupancy fixed [341]. Compressive strain on the other hand lowers the

energy the d-band by increasing the d-orbital overlap.

The surface composition of alloys can be quite different from the bulk composition. In the
extreme case, it may lead to the formation of skin alloys, with the surface containing a single
element. This will induce strain effects in the nanoparticle lattice experienced by the surface
atom causing a shift in the position of the d-band centre of the metal [341, 342]. An upshift in
the d-band centre of the surface atoms would result in a stronger interaction between the surface
atoms and adsorbate, which would strengthen the binding strength of the adsorbates on the
metal surface. A downshift in the d-band centre of the surface atoms would result in weaker

binding of the adsorbates, on the other hand.

In the case of oxygen (and, by proxy, oxygenates), weakening the binding strength of oxygen
on platinum-based systems seems to render them more active, particularly during oxidation

and electrochemical reactions [291, 330, 343-346].

This chapter is an investigation on the effects of alloying Pt with Cu, Ag or Au on the catalytic
activity and oxygenate selectivity in the selective oxidation of methane, based on the
hypothesis that alloying platinum will tune the binding strength of the formaldehyde
intermediate, thereby enhancing its rate of desorption. Alloying platinum with gold was
included to determine if the upshift in the platinum d-band centre would result in a slower
reaction. The alloys are supported on the rutile phase of titania, since a rutile-supported
platinum catalysts was selective for the formation of formaldehyde, and did not undergo
deactivation caused by deleterious changes in the support structure (i.e. the rutile is stable

against phase-changes and combustion in the trickle-bed reactor, as per findings in Chapter V).
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6.2. EXPERIMENTAL METHODOLOGY

The alloys were synthesized using a wet-chemical approach, wherein the nanoparticles were
precipitated in their metallic form upon addition of molybdenum hexacarbonyl (Mo(CO)s) to
the solution after heating the metal precursors dissolved in a mixture of benzyl ether,
oleylamine and oleic acid to 250°C [347]. More details on the catalyst synthesis,

characterisation and testing methodologies are described in detail in Appendix 4.

6.3. MATERIAL CHARACTERISATION RESULTS

6.3.2. AS-SYNTHESISED NANOPARTICLES

The powder-X-ray diffraction patterns and bright-field transmission-electron microscopy
images of the as-synthesised alloy nanoparticles, with element maps are presented in Figure
6.1. The diffraction patters of the nanoparticles show a face-centred cubic structure (fcc) that
resembles that of metallic platinum (see Table 6.1). Rietveld refinement was used to determine
the crystal lattice parameters and the crystalline domain sizes of the as synthesised Pt, Pt3Cu,

Pt;Ag and Pt3Au nanoparticles.

The synthesised Pt nanoparticles have a lattice parameter corresponding to FCC platinum and
an average crystalline domain size of 6.8 nm (see Table 6.1). The diffraction lines of Pt;Cu are
slightly shifted to higher angles in comparison to the diffraction lines of FCC-Pt (see Figure
6.1). A reduced lattice parameter of 0.382 nm was determined for the Pt3Cu- lattice as a result
of the incorporation of the smaller Cu atom in the platinum lattice [348]. The molar ratio of
platinum to copper is estimated to be 2.3 assuming the validity of Vegard’s law [349]. The
average size of the crystalline domain as estimated using the Scherrer equation was determined
to be 3.9 nm (see Table 6.1). The TEM image for the unsupported Pt3Cu nanoparticles (Fig.
6.1 ¢) shows the presence of nanoparticles mostly in the 4-5.5 nm size range. The average
particle size was determined to be 5.2 £ 2.3 nm (see Fig. A4.1a and Table 6.1), which is slightly
larger than the size determined using Rietveld refinement. This may indicate that the observed
particles consist of different crystalline domains. The element map of the as-synthesised Pt:Cu
nanoparticles appears to show areas of copper surface-enrichment for the larger nanoparticles
(see Figure 6.1f), while some regions seem to show a random distribution of Cu and Pt,

indicating a random-alloy structure.

The Pt;Ag-nanoparticles yield a PXRD-pattern corresponding to a FCC-structure, which is best

described with Gaussian peaks (see Figure 6.1a). The diffraction lines appear to be shifted to
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lower 20 angles indicating an increase in the d-spacing [350] to 0.397 nm (see Table 6.1). This
indicates an expansion of the platinum lattice, caused by the incorporation of the larger Ag
atom in the platinum lattice, thereby increasing the lattice constant (to 0.399 nm) due to the
formation of an alloy between Pt and Ag. The molar ratio of platinum to silver is estimated to
be 1.5 assuming the validity of Vegard’s law [351]. The average crystalline domain size of the
FCC-structure was determined to be 2.4 nm from Rietveld refinement. The TEM image of the
unsupported, PtsAg nanoparticles shows the presence of small, spherical nanoparticles with a
narrow particle size distribution averaging around 4.3 + 0.8 nm (Table 6.1, Fig. A4.1b), which
is larger than the size determined from XRD analysis. This again may indicate the presence of
multiple crystalline domains within a particle. PtsAg appears to be a true alloy with a

homogeneous distribution of platinum and silver (see Figure 6.1g).

Table 6.1: The lattice constants of the nanoalloy as calculated from XRD analyses and the

composition determined from Vegard’s law for the nanoparticles

nanoalloy FCC(111) a? Xpe” xm®  deem®  dpem, TEM®
diffraction line, 260, ° nm nm nm

Pt 46.87 0.392 1 0 6.8 58£1.0

Pt;Cu 47.14 0.382 0.70 0.30 3.9 52423

Pt:Ag 45.97 0.399 0.60 0.40 24 43+0.8

PtsAu 46.10 0.394 0.800 0.200 3.9 93+1.1

@ lattice parameter from Rietveld refinement; ® mole fraction of metal; ¢ determined from

Rietveld refinement in XRD; ¢ determined from TEM.

The Pt;Au-nanoparticles also yield a PXRD-pattern corresponding to a FCC-structure, which
best described with Gaussian peaks. Similar to that of Pt;Ag, the PXRD pattern of Pt;Au shows
peaks that appear to have shifted to lower 20 angles which indicate the formation of an alloy
between Au and Pt. The lattice parameter was determined to be 0.394 nm, which indicates an
expansion of the platinum lattice. The molar ratio of platinum to gold is estimated to be 4.0
assuming the validity of Vegard’s law [352], in reasonable agreement with their molar ratios
in the synthesis mixture. The average crystalline domain size of Pt3Au was determined to be
3.9 nm using Rietveld refinement. The TEM image of unsupported, as synthesized Pt;Au
nanoparticles shows the presence of spherical nanoparticles that seem to be uniformly sized.

The average particle size was determined to be 9.3+ 1.1 nm (See Fig. A4.1c), which is
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substantially larger than the particle size diameter determined from Rietveld refinement,
implying that the nanoparticles contain multiple crystalline domains. The Pt;Au-alloy appears

to be inhomogeneous with region with a high gold content and regions with a low gold content

(see Figure 6.11).
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Figure 6.1: a) Powder X-ray patterns of the unsupported, as synthesised nanoalloy catalysts,
b) the Pt(111) diffraction lines of the platinum nanoparticles and the as-
synthesised alloys, the bright field TEM image of the unsupported nanoparticles
and the particle size distribution of Pt3Cu (c), PtsAg (d), PtsAu (e) and the
corresponding elemental maps of the as-synthesised, unsupported Pt;Cu (f),

Pt;Ag (g) and Pt;Au (h).
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6.3.3. SUPPORTED AND PRE-TREATED NANOPARTICLES

The nanoparticles were supported on the rutile phase of titania. The metal loading of the
supported catalysts was determined using elemental analysis (see Table 6.2). The platinum
loading across all catalysts was around 7 wt.% while the Cu, Ag and Au loadings were 0.68,
1.5 and 0.66 wt.% respectively, which was close to the targeted PtsM composition for both
Pt;Ag and Pt3Cu. The Pt-Au composition was determined to be Pt;1Au, which may be an error
in the analysis (Note this composition also appears to be in contradiction to the composition

determined using Vegard’s law). Hence, the Pt;Au naming convention will be maintained.

The metal dispersion of the supported catalysts was determined through oxygen chemisorption,
as presented on Table 6.2. The Pt3Cu/TiO: catalyst was found to have a higher dispersion,
followed by Pt3Ag/TiO», then Pt Au. However, the low oxygen uptake on the P3Ag and Pt:Au
nanoalloys may be due to Ag and Au occupying surface sites, which may impede oxygen
adsorption. The low oxygen uptake on both Pt3Au and monometallic Pt may be due to sintering
of the metallic phase during pre-treatment ( the samples are pre-treated at 350°C in the flow of
oxygen/helium to remove residual surfactants that may remain after synthesis). The sintering
of the metallic phase on Pt;Au during annealing can be seen on the TEM images of the annealed

samples.

Table 6.2: Dispersion and particle sizes of the metallic phases of the supported nanoparticles

Catalyst wpe wn? Pt:M, NO., ads, dpom® dpem, TEMY
wt.% wt.% mol/mol pmol/geat nm nm

Pt 6.5 - - 17.6 £0.9 10.7 6.6+2.38

Pt:Cu/TiO; 7.0 0.68 3.4:1 554+3.6 4.8 6.0+3.5

Pt:Ag/TiO; 7.7 1.8 2.4:1 46.6 £3.2 5.0 10.3 £20.6

Pt3Au/TiO; 7.3 0.66 11:1 22.8%0.5 8.5 19.0 £30.7

@ Metal loading in catalyst as determined using ICP-OES; ® O,-chemisroption measurement
assuming dissociative adsorption of O at 220°C ; ¢ Oz-chemisorption; ‘“TEM measurements of

the annealed samples.

Prior to reaction, the nanoparticles are typically pre-treated at 350°C in the presence of oxygen

diluted in helium (10% v/v) to remove any residual surfactants from the nanoparticle synthesis.
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Hence, the catalysts were analysed with XRD and TEM after this pre-treatment to observe

changes in the particle morphology and dispersion after the annealing treatment.

Figure 6.2 shows the powder X-ray diffraction patterns of the unsupported nanoparticles, the
supported nanoparticles, and the pre-treated Pt3:Cu/TiO2 (6.2a), Pt:Ag/TiO> (6.2b) and
Pt3Au/TiO; (6.2¢) catalysts. The powder XRD pattern (Fig. 6.2a) of the supported Ptz:Cu
nanoparticles shows the presence of small peaks that were determined to have a crystalline
domain size of 4.5 nm and a lattice constant of 0.382 nm, which corresponds to a Pt:Cu ratio
of 2.3. The Powder diffraction pattern of the annealed sample shows an increase in the
intensities of the diffraction lines which indicates an increase in the crystalline domain size
(which was determined to have grown to be 21 nm using Rietveld refinement). The lattice
parameter also increased to 0.391 nm (Table A4.1), which corresponds to pure platinum and
may indicate a partial de-alloying of the nanoparticles resulting in the formation of platinum
enriched phases [353]. The copper-enriched particles may be too small and are possibly below

the instrument limit of detection.

A similar behaviour is seen in the PXRD pattern of the annealed Pt3Ag/TiO; catalyst (see
Figure 6.2b). The diffraction lines appear narrower and are slightly shifted to higher diffraction
angles. This may indicate a growth of the size of the crystalline domain (which increased from
2 nm for the unannealed sample to 8.9 nm for the pre-treated sample). The lattice parameter
decreased to 0.393, which indicates a partial segregation of the alloy, forming predominantly
phases with a Pt:Ag composition of 4 [351]. The PXRD pattern of the annealed Pt3Au/TiO:
catalyst also shows an increase in the average size of the crystalline domain of the metallic
phase (Fig. 6.2¢). The crystalline domain size increased from 3.4 nm to 27 nm. The lattice

parameter did not change for this system.
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Figure 6.2:
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The transmission electron microscopy images of the supported, pre-treated catalysts are
presented in Figure 6.3. The TEM images obtained for Pt3;Cu shows the presence of well-
dispersed, bimodal particles ranging from small to medium in particle size, which were
determined to largely lie in the 3-6 nm range, with some particles being as large as 19 nm (Fig.

6.3 aand g).

The TEM images obtained for Pt3Ag/TiO, show the presence of large clusters (Fig. 6.3b-h).
The images show a heterogeneous distribution of metal particles, with some regions showing
highly-dispersed, small particles in the 4-8 nm range, and some regions with large metal
clusters. The particle-size distribution histogram shows a log-normal distribution of the particle

sizes (Fig. 6.3h), with particles ranging from 2-14 nm, but some particles as large as 200 nm.

The bright-field TEM images of the pre-treated Ptz Au/TiO; catalyst also show notable signs of
sintering, with metal-enriched regions (i.e. occupied by large clusters of metal), while some
regions show the presence of small, well-distributed nanoparticles (Fig. 6.3c and i). The particle
size distribution histogram shows a random distribution of particle sizes, which can be best be
grouped into three distinct sizes, which are small particles (2-6 nm), medium particles (7-15
nm) and large clusters (20-250 nm). The image in Fig.6.3f shows the presence of small, ~2nm

particles and a 10 nm particle.
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Figure 6.3: Bright-field TEM image (a - ¢), high magnification image (d-f) and particle size
distribution histograms of the pre-treated Pt3;Cu/TiO2, Pt3;Ag/TiO, and
Pt;Au/TiOz catalysts.

Scanning transmission electron microscopy coupled with electron dispersive X-ray analyses
on some selected areas was used to determine the metallic distribution on the pre-treated
catalysts (see Figure 6.4). From the Pt:Cu/TiO; spectra (Fig. 6.4 a-c), it can be observed that
the small nanoparticles are copper-enriched, while the large particles are platinum enriched.
The presence of small, copper particles has also been observed (Figure 2 in appendix 4, (Fig.
A4.2)), which may be due to complete segregation of the copper from the copper-enriched

particles (see Fig. 6.1f). The diffusion of copper out of the alloy structure of platinum-copper
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alloys in an oxidising environment has been reported before, which resulted in the formation

of small copper islands on the platinum surface [354].
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Figure 6.4: STEM-EDX scans showing the association between platinum and the alloying
element for the annealed Pt:Cu/TiO; (a-c), PtsAg/TiO> (d-f) and Ptz Au/TiO: (g-1)

catalysts.

The annealed Pt3Ag/Ti0 dark-field image and corresponding EDX spectra (Fig. 6.4d-f) shows
that the large metallic cluster is platinum-rich, while the small, flat particles are isolated silver
nanoclusters. There are also small, silver-rich particles with trace amounts of platinum (Fig.
A4.2), particles in the 2-8 nm size range with a molar platinum-silver composition ranging
from 1:1 to 8:1, and large clusters greater than 15 nm that are enriched in platinum. A variability
in the platinum-silver content within particles (as determined from STEM-EDX spot analyses)

was observed for the unannealed sample (Fig.A4.3) [351].
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The dark-field image of the annealed Pt3Au/TiO; catalyst and corresponding EDX spectra (see
Figure 6.4g-1) shows the presence of large clusters and small nanoparticles. The Pt:Au ratio is
5:1 for the large cluster, and 4:1 for the elongated, wire-shaped nanoparticle. Scans of smaller
nanoparticles (in the 2 nm size range) show gold enriched platinum-gold nanoparticles, and
some platinum-enriched nanoparticles (Fig.A4.4). The compositions determined using EDX

are in line with compositions from Vegard’s law.

6.4. CATALYTIC TESTING RESULTS

The selective oxidation of methane in the fixed bed, gas phase reactor over monometallic
platinum and the bimetallic platinum nanoalloy catalysts resulted in the formation of
formaldehyde (see Figure 6.5). Platinum nanoparticles supported on rutile were tested to
compare the effects of alloying platinum on the rate of methane conversion and Ci-oxygenate
selectivity. The rate of methane conversion over Pt/TiO: at 220°C (pcH.,intet = 0.2 bar, po, ,intet =
1.5 bar) is 65 pmol/gea/hr in the absence of water over Pt/TiO; (Fig. 6.5a). The introduction of
water causes a slight increase to a maximum rate of methane conversion of 95 pmol/gca/hr at
a maximum (H2O/CHy)geeq ratio of 87.1 mol/mol (pm.o, inlet = 16 bar). This could be due to an
enhanced desorption of formaldehyde in the presence of steam, which may regenerate some
metallic catalytically active sites. In the absence of water, the catalyst is selective towards the
formation of CO; (Fig. 6.5b, 85%) and CO (15%). The introduction of water immediately leads
to the formation of formaldehyde, which reaches a maximum of 66% at a (H2O/CH4)feeq ratio
of 87.1 mol/mol. The selectivity towards CO over this catalyst at (H2O/CH4)feeq ratio of 87.1

mol/mol is 6%.

The catalytic activity over Pt3Cu/TiO; (see Figure 6.5c¢) increased gradually upon the
introduction of water, going from 30 umol/gca/hr at a (H2O/CH4)geeq ratio of 10.8 mol/mol (pm.o
= 2.8 bar) to 53 umol/gca/hr at a (HoO/CHa)feed ratio 32.6 mol/mol (pu.o = 8.5 bar). The rate of
methane conversion then increased rapidly when the water was increased further, almost
tripling to 147 pmol/gea/hr at a (H2O/CHa)teed ratio of 43.5 mol/mol (pn.o = 13.2 bar). Further
increasing the amount of water in the feed increased the rate of methane conversion, with a
maximum rate of methane conversion of 292 umol/gca/hr obtained at a (H2O/CHa)feed ratio of

87.1 mol/mol (pu.0 = 16 bar). In the absence of water, the catalyst was mainly selective for the
formation of CO (24%) and CO> (76%). The introduction of water (Fig. 6.5d) initially resulted

in an increase in the CO selectivity and a slight decline in the CO; selectivity. Further increase
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in the water resulted in the formation of formaldehyde, which gradually increased to a

maximum of 65% at a (H2O/CH4)feed ratio of 54.4 mol/mol.

Over the Pt3Ag/TiO; catalyst (see Figure 6.5¢), the rate of methane conversion decreased upon
the initial introduction of water. Increasing the amount of water in the feed gradually increased
the rate of methane conversion (albeit very slowly) to a maximum of 68 pmol/ge/hr at a
(H2O/CH4)feea ratio of 76 mol/mol (pu.o = 15.4 bar), which then declined to a rate of 43
pmol/gea/hr at a HyO/CHy ratio of 87 mol/mol (pu.o = 16 bar). In the absence of water, the
catalyst was completely selective for the formation of CO- (see Figure 6.5f). The introduction
of water initially led to an increase in the CO selectivity at the expense of the CO; selectivity.
The formation of formaldehyde was observed when the (H2O/CHa)seeq ratio in the feed reached
21.7 mol/mol. The formaldehyde selectivity gradually increased, reaching a maximum of
71.6% at a HoO/CHa4 ratio of 65, then declined to a final value of 63 at a HyO/CHa ratio of 87.1
mmol/mol. The decline in methane conversion and formaldehyde selectivity show a similar

trend, which may indicate possible catalyst deactivation.

The Pt3Au/TiO: catalyst was initially not as active as Pt;Cu/TiO2 (23 pmol/gea/hr) and
Pt3Ag/TiO2 (23 umol/gea/hr), with an initial activity of 9 pumol/geavhr (Fig. 6.5g). The activity
increased gradually with the introduction of water, similar to the other catalysts, reaching a
maximum methane conversion rate of 103 pumol/ge/hr at a (H2O/CHa)geeq ratio of 87.1
mol/mol. The selectivity trend also follows that of the other catalysts, with Pt Au/TiO; being
chiefly selective for the formation of CO> in the absence of water (Fig. 6.5h). The formaldehyde
selectivity also increased with an increase in the amount of water in the feed, reaching a

maximum of 64% at a (H2O/CH4)feed ratio of 87.1 mol/mol.

The selectivity towards formaldehyde was in the order of PtsAu (64%) =~ Pt (66%) =~ Pt3Cu
(66%) < PtzAg (72%). However, at the highest water partial pressure, the formaldehyde
selectivity decreased to 63% for Pt3Ag. The rate of methane conversion was in the order of
Pt3Cu (292 umol/gea/hr) > Pt3Au (103 pmol/gea/hr) > Pt (95 pmol/gea/hr) while Ptz Ag was the

least active, with a maximum activity of 68 umol/gca/hr.
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The activity and selectivity of Pt3Cu/TiO2 and Pt;Ag/TiO> for the selective oxidation of
methane in the presence of liquid water were further investigated in the trickle bed reactor. The
rate of methane conversion and corresponding CO, CO; and formaldehyde selectivities are
presented in Figure 6.6. The activity displayed by Pt:Cu/TiO; for the rate of methane
conversion (Fig. 6.6a) increased to 320 pumol/gea/hr, which is slightly larger than obtained in
the gas-phase reactor (Fig. 6.5a). The formaldehyde selectivity also increased, from 65% in the
gas phase (Fig. 6.6, b) to 78% in the trickle bed reactor. Some methanol was formed as well,
obtaining a maximum methanol selectivity of 2% (bringing the oxygenate selectivity to 80%),
which was not observed in the gas-phase reactor. The increase in the formaldehyde selectivity
in the presence of liquid water, over Pt3Cu/TiO2 may be due to water inhibiting the re-
adsorption of formaldehyde on the catalyst surface, thereby preventing the further oxidation of

the formed formaldehyde.
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Figure 6.6: The rate of methane conversion as a function of the water to methane mole ratio
in the feed over Pt3Cu (a) and PtsAg (c) and the corresponding oxygenate
selectivity over Pt3Cu (b) and PtzAg (d). Conditions: T=220°C, Piw=30 bar,
pcu. = 0.5 bar, po, = 1.5 bar.
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Testing PtsAg/TiO; in the presence of liquid water resulted in a three-fold increase in the rate
of methane conversion, increasing from 68 pmol/gea/hr to 271 pmol/gea/hr (see Figure 6.6¢),
with an increase in the formaldehyde selectivity from 63% (Fig. 6.5d) in the gas phase to 73 in
the presence of liquid water (Fig. 6.6d), with a maximum selectivity of 81% at (H2O/CH4)feed
mol/mol ratio of 136). The presence of water could also have possibly removed residual
surfactant, which would effectively clean the catalyst, thereby enhancing the rate of methane
conversion. The historical time on line activities of the catalysts are presented in Figure A4.5-

A4.8 in Appendix 4.
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6.4.1. CHARACTERISATION OF THE RECOVERED CATALYSTS

After testing, the catalysts recovered from the gas phase reactor were characterised with
powder X-ray diffraction to determine reaction-induced changes in the catalyst, TEM to
visualize changes in particle morphology and FTIR to monitor the formation of organic

deposits.

Figure 6.7 shows the XRD patterns of the recovered nanoalloy catalysts, accompanied by the
dark-field TEM images and particle-size distribution histograms of the recovered catalysts. The
PXRD pattern of the recovered Pt3Cu/TiO; catalyst shows the presence of sharper peaks, which
may indicate an increase in the crystalline domain size, which was indeed determined to be 16
nm via Rietveld refinement. This may indicate further sintering of the nanoparticles on the
support which occurred during the selective oxidation of methane. The diffraction lines
belonging to the FCC-structure also appear to be shifted to lower diffraction angles, possibly
indicating further dealloying of the platinum-copper nanoparticles. The lattice parameter was
determined to be 0.391 nm, which represents an expansion of the lattice, and corresponds to a

platinum-enriched phase (Pt:Cu ~ 9).

The PXRD pattern of the recovered Pt3Ag/TiO; catalyst shows the presence of sharp diffraction
lines indicating the presence of crystalline metallic phases. The peak associated with the
Pt(111) line appears to have broadened in the direction of lower diffraction angles and
resembles the profile of the unannealed samples, which may indicate different platinum-silver
crystalline phases and/or species, and the presence of Ag enriched phases. The crystalline
domain size was determined to be 11 nm (which is slightly larger than that of the annealed
sample). The lattice parameter of the recovered sample is 0.393 nm, which is the same as that
of the annealed sample, which may indicate that no further Pt and Ag compositional changes

occurred during the reaction.

The PXRD pattern of the recovered Pt3Au/TiO: catalyst does not show signs of significant
changes in the crystalline structure. The crystalline domain size was determined to be 5.5 nm,

and the lattice parameter remains 0.394 nm.
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Figure 6.7: PXRD patterns of the nanoparticles before deposition on the support (denoted
NP), the supported nanoparticles and the supported, annealed (A) and recovered
(R) Pt3Cu (a), PtsAg (b) and PtsAu (c) nanoparticles and supported catalysts.

Transmission electron microscopy images were obtained for the recovered catalysts, and are
presented in Figure 6.8. The TEM images of the Pt;Cu/TiO> (Fig. 6.9 a-c)catalyst show well-
dispersed particles in the 5-15 nm size range, which indicates that no further sintering occurred
in-situ. The TEM images of the recovered Pt;Ag catalyst on the other hand shows presence of

nanoparticles in the 2-3 nm, 4-7 nm and 10-35 nm size range (Fig. A4.5).

102



Pt,Cu/TiO, Pt,Ag/TiO, | Pt,AulTiO,

Carbon oncapsﬁi ted
nanoparticle

Figure 6.8: Bright-field transmission electron microscopy and images obtained at high
magnification images of the recovered Pt3;Cu/TiO: (a-c), PtsAg/TiO, (d-f)

Pt3Au/TiO; (g-1) catalysts recovered from the gas-phase reactor.

The most surprising TEM images were those obtained for the recovered Pt;Au/TiO> catalyst,
which shows the presence of irregular particles in the size range of 50 nm (see Fig. A4.9c), and
small particles and nanowires in the 3-4 nm size range (Figures 6.8 h and 1). However, there
are regions with irregularly shaped, 0.5 pum sized particles (Fig.A4.4e). These results are in
contradiction to those obtained from XRD, which show the crystalline domain size to be much
smaller than the sizes determined from TEM. However, despite a polynomial particle size

distribution, it seems most of the Pt;Au nanoparticles are in the range of 2-6 nm (Fig. A4.9,
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PSD). This may indicate the large clusters break apart during the reaction and become re-

dispersed.

The Pt:Ag/TiO> (Figures 6.8 d and e) and Ptz Au/TiO> (Figure 6.8 h) show signs of carbon
deposition. The deposit on PtsAg/TiO> seems to originate from the metal-support interface, as
the deposit is found between the metal and the support. It eventually encapsulates the metal
nanoparticles, removing them from the support (Fig. 6.8 e). Figure 6.9 shows a high resolution
image of a metal nanoparticle on a titania particle (showing the (110) crystallographic plane of
TiO,-rutile with d-spacing of 0.32 nm) [355]. Deposits can be seen at the base of the platinum
nanoparticle and appear to be located at the metal-support interface. The material is seemingly
absent on the recovered Pt3Cu/TiO: catalyst, and was not visible on the TEM images obtained

prior to reaction, indicating that the material may have been formed during the reaction.

Carbonaceous deposit formed

at the metal-support interface

10 nm
———1

Figure 6.9: High-resolution dark field TEM image of the recovered Pt3Ag/TiO> from the

gas phase reactor showing the carbonaceous film at the metal-support interface.

STEM EDX spectra of the recovered catalysts recovered from the gas phase reactor are shown

in Figure 6.10. The EDX spectra of the recovered Pt;Cu/TiO; catalyst (Fig. 6.10a-c) shows
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large, platinum-enriched clusters and small particles that consist of platinum alloyed with

copper.
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Figure 6.11: STEM-EDX scans showing the association between platinum and the alloying
element for the recovered Pt3;Cu/TiO: (a-c), PtsAg/TiO> (d-f) and Pt;Au/TiO»
(g-1) catalysts.

The EDS spectra of the recovered Pt;Ag/TiO> catalyst (Fig. 6.10 d-f) shows the presence of
particles with a size of ca. 10 nm that are composed of platinum and silver, but with a relative
high platinum content (Pt : Ag = 5:1), and small, flattened silver nanoparticles in the 2 nm size
range. The spectra obtained for the recovered Pt;Au/TiO; catalyst shows a large, platinum-rich
cluster that is composed of platinum and silver (Fig. 6.10 g-i). Interestingly, there are nanowires

around this particle, which are seemingly pure platinum nanoparticles, in the 2-nm range. The
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EDX spectra of the amorphous material observed in Figure 6.8 e and h indicated that the

material is composed of carbon (Fig.A4.10).

The attenuated total reflectance — infrared (ATR-IR) spectra of the fresh, pre-treated and
recovered Pt3Ag/TiO: catalyst was obtained, since this catalyst showed obvious signs of carbon
deposition. The recovered catalyst samples were obtained from the gas-phase and trickle-bed
reactors, in order to determine if the higher activity and selectivity obtained in the trickle-bed
reactor was due to hydrolysis of the carbonaceous species in the presence of liquid water (Fig.
6.11). The Pt;Cu/TiO; and Pt/TiO2 spectra are included for reference. The FBR and TBR
coding refers to the reactor the catalyst was recovered from. The ATR-IR spectra of both
catalysts, before pre-treatment, shows the presence of peaks that are associated with the

surfactant used during the synthesis of the nanoparticles, which disappear after annealing.

The ATR-IR spectrum of the recovered Pt3Cu/TiO: catalyst does not show any additional
bands, and resembles that of the pre-treated catalyst. The spectra of the recovered Pt3Ag/TiO:
catalyst, on the other hand, shows the presence of bands that indicate the deposition of carbon-
based species on the catalyst. The sample that was recovered from the gas-phase reactor
(Pt3Ag/TiO>-R-FBR) shows new absorbance bands at 1018 and 1203 cm™!, while the catalyst
recovered from the trickle bed reactor (Pt;Ag/TiO2-R-TBR) shows a new band at 1018 and a
shoulder at 1104 cm!. The bands at 1018-1104 cm™! correspond to C-O-C stretching vibrations
while the bands at ca. 1200 cm™! potentially correspond to CHa rocking transitions [314]. The
presence of these bands further confirms the presence of carbonaceous species on the recovered
Pt3Ag/TiOs catalyst, as indicated by the TEM image. Similar absorbance bands were observed
on the recovered, Pt/TiO; catalyst (Fig. A4.11f), which appeared slightly shifted to higher
wavenumbers (1030 and 1220 cm™).

The extent of carbon deposition on the catalyst tested in the trickle-bed reactor seems to be less
than that of the catalyst tested in the fixed bed reactor, which may possibly indicate the removal
of the carbonaceous species in the trickle bed reactor with liquid water. Water may also prevent
carbon-deposition through facilitating the efficient desorption of formaldehyde, which would
minimise the formation of the polyoxymethylene polymer. This would then prevent
encapsulation of the metal nanoparticles, thereby preventing the deactivation of the catalytic
active sites by protecting them from occlusion by the carbonaceous deposit. This could possibly
explain the improved catalytic activity obtained over Pt3Ag/TiO> in the trickle-bed reactor,

compared to the activity obtained in the fixed reactor. Furthermore, the Pt;Ag/TiO> catalyst

106



was found to deactivate to a significant extent in the fixed-bed reactor (Fig. A4.12a), while the

catalytic activity was more stable in the trickle-bed reactor (Fig. A4.12b).
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Figure 6.11: ATR-IR spectra of the PtsCu/TiO; (a) and Pt3Ag/TiO> (b) catalysts. The spectra

were obtained for the supported nanoparticles, the pre-treated (annealed)

catalysts, and for the recovered catalysts.
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6.5. DISCUSSION

The selective oxidation of methane over platinum and platinum nanoalloy catalysts yielded
with good selectivity formaldehyde in the presence of water. The main finding from these
experiments is that the formation of formaldehyde requires the presence of water, and that
water in the liquid phase greatly enhances the formaldehyde selectivity, and enhances catalyst
stability (see Figure A4.6). Alloying platinum with copper resulted in a catalyst that was highly
active, achieving a rate of reaction that is three times that of the pure platinum catalyst, and a
similar formaldehyde selectivity. The platinum-gold catalyst displayed a similar activity to the
pure platinum catalyst, while the platinum silver catalyst deactivated, obtaining the lowest rate
of methane conversion. The turnover frequency achieved with the Pt-based catalysts reported
herein is ca. 2 h'! (Table 6.3). The turnover frequencies and productivities achieved herein are
comparable to those achieved over the Cu-MOR and Cu-CHA systems [28, 173] and some of
the PdAu systems [182, 184].

Table 6.3: Summary of the activity and productivity for CO, CO; and formaldehyde obtained

over the platinum nanoalloy catalysts in the fixed-bed and trickle-bed reactors

Catalyst Xcn, % -I'CH. TOF h! Oxygenate productivity

pmol/gea/hr pmol/gc./hr

(6{0) CO; CH;O

Pt/TiO,* 03+0.27 95+80 22+£1.9¢ 5035 27+7.7 63 £ 83
Pt:Cuw/TiO* 1.1+£0.19 292447 2.5+£0.42° 35+£34 66 £ 10 192 £ 38
Pt:Cw/TiO"  5.1+2.7 320 £158 2.6 £1.3 24£2.6  40£5.0 250 £155
P:Ag/TiO"  03+0.10 43+18 0.5+0.1° 50+£1.7 11£2.6 27+13
PsAg/TiIO" 3.0 +0.62 271455 2.9+0.5°¢ 16 £3.1 55+£11 198 £55
Pt AWTIO"  0.6+0.16 103 +28 23+0.6° 12£3.0 39+£77 67+ 19

 Fixed-bed reactor, 220°C, Piw@=20 bar, pcu, = 0.2 bar, po, = 1.5 bar, pm.o=16 bar,
(H2O/CHa)feea=87 mol/mol; ° Tested in a trickle bed reactor at 220°C, Piw=30 bar, pcu, = 0.5
bar, po, = 1.5 bar, pn.0=23 bar, (H2O/CH4)a=204 mol/mol; ¢ Turnover frequency (TOF) based

on the metal dispersion determined from the metal dispersion measured with oxygen.
The more facile desorption of formaldehyde due to the effects of alloying platinum with copper,

may have also reduced the likelihood of the transformation of formaldehyde to polymeric

deposits on the support active sites, particularly in the presence of liquid water. This may
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explain the absence of polymeric deposits on the Pt3Cu/TiO: catalyst (see Figure 6.11b, and
Figures A4.4 - A4.5).The correspondingly lower catalytic activity over Ptz Ag/TiO; in the gas
phase could be attributed to the formation of a polymeric deposit on the catalyst surface, which
eventually encapsulated the metallic nanoparticles, causing their removal from the titania
support (see Fig. 6.8d). The catalyst was slightly more active in the trickle-bed reactor, which
may indicate that water prevents the formation of a deactivating polyoxymethylene deposit,

thereby improving the catalytic activity, albeit slightly.

Previously, it was postulated that formaldehyde may form from a di-c-hydroxy-methoxy
intermediate, that desorbs as methane diol which undergoes dehydration to formaldehyde in
the gas phase [262]. The slow desorption of this intermediate may thus result in its
polymerisation at the metal-support interface, leading to the formation of the oligomeric
material that has been detected with TEM and infrared analyses. This may be more likely to
form over the Pt/TiO2, Pt3Ag/TiO; and Pt3Au/TiO; catalysts since the binding strength of
oxygenates on these metal surfaces is expected to be stronger. Platinum is known to bind
oxygen atoms strongly [229], while alloying platinum with gold and silver is likely to cause an
upshift in the platinum d-band centre, which may further increase the binding strength of

oxygenates on the metallic surface [356, 357].

It is interesting to note that the presence of liquid water greatly enhanced the activity and
oxygenate selectivity of the Pt3Ag/TiO; catalyst. The activity increased by a factor of 6 in the
trickle bed reactor, whilst the formaldehyde selectivity increased slightly from 63% to 73%.
The increase in catalytic activity and stability with the presence of liquid water may be due to
the liquid water acting as a hydrogen shuttle that aids in the desorption of the adsorbed di-c-
hydroxy-methoxy intermediate [78]. Rutile is a relatively hydrophobic support [358] which
means that under trickle bed operation, water may be localised around the metallic phase, with
minimal interaction between water and the rutile support. The water surrounding the metallic
active phase (upon which the di-c-hydroxy-methoxy intermediate is adsorbed) will effectively
transfer a hydrogen to the di-c-hydroxy-methoxy intermediate, converting it to methanediol.
Methanediol is then dissolved (i.e. solvated) in the aqueous phase, thus facilitating its removal

from the metallic active site [27, 319, 359].
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It is also possible that the enhanced activity is due to liquid water removing residual surfactant
more effectively than the gas-phase pre-treatment. This could result in an improvement in the

catalytic activity as observed over both Pt3Cu/TiO; and Pt3Ag/TiO> in the trickle-bed reactor.

Some polymeric deposits are formed on the Pt3Ag/TiO, catalyst upon exposure to conditions
of the selective oxidation of methane in a trickle bed reactor (Fig. 6.12b), which indicate that
some of the di-o-hydroxy-methoxy intermediate undergoes polymerisation at the metal-

support interface, although not to the same extent as that observed in the fixed-bed reactor.

6.6. CONCLUSION

The selective oxidation of methane over platinum-based nanoalloy catalysts using oxygen as
an oxidant, in the presence of steam, resulted in the formation of formaldehyde, CO and CO,.
The presence of steam was necessary for the formation of formaldehyde, since in the absence
of steam, the catalysts were chiefly selective for the formation CO.. The catalytic activity of
the Pt3Cu/TiOz catalyst in the selective oxidation of methane in the gas phase was superior (-
rcH, =292 umol/gea/hr), followed by that of the Pt3sAu/TiO; catalyst (-rcu, = 103 pmol/gear/hr),
Pt/TiOz (-rcu. =95 umol/gea/hr), with Pts Ag/TiO> catalyst being the least active catalyst (-rch,
=43 umol/gca/hr). The latter was ascribed to the formation of deposits on the catalyst surface,

that served to occlude the catalytically active sites through encapsulation.

Testing Pt3Cu/TiOz in the trickle bed reactor resulted in an improvement in the oxygenate
selectivity, with the formaldehyde selectivity increasing from 66 % to 78%, while the catalyst
became selective for the formation of methanol (with a 2.3% selectivity). The activity of the
Pt;Ag/TiO> catalyst increased markedly in the presence of liquid water (-rcu. = 277
pumol/gea/hr), which was accompanied by a slight increase in the formaldehyde selectivity
(from 63% in the gas phase to 73% in the presence of liquid water). The presence of liquid
water also enhanced the catalyst stability to a significant extent, while the catalyst deactivated

in the gas-phase.

From the results reported herein, it can be concluded that alloying platinum with copper
enhances the desorption of methanediol to form formaldehyde, which enhances the rate of
reaction. The presence of liquid water is important since it enhances the formaldehyde
selectivity, and prevents catalyst deactivation by minimising the formation of formaldehyde

oligomers on the catalyst surface. The best performing catalyst in this series was the platinum-
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copper nanoalloy, and it warrants further investigation in order to probe further the effects of

liquid water.
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CHAPTER VII: GENERAL DISCUSSION

The selective oxidation of methane using oxygen as an oxidant is a challenging reaction, whose
reaction pathway needs to occur via a mechanism which facilitates the formation of a surface
methoxy-intermediate, a key intermediate in the formation of selective oxidation products [238,
248, 255]. DFT studies indicate that the formation of a methoxy intermediate can be achieved
by the activation of methane via a homolytic cleavage of the methane C-H bond with
electrophilic oxygen species [238]. Thus, the selective oxidation of methane would necessitate

the activation of methane over an oxygen-covered surface [234, 235].

To achieve the oxygen covered surface, it is necessary to use a metal that is active for the
dissociation of oxygen. The metal must also be stable against oxidation, in order to prevent
phase changes during the reaction, and to prevent the activation of methane by nucleophilic
oxygen species, which would occur via a heterolytic pathway yielding a methyl fragment,
which may result in the formation of deep oxidation products [235]. Hence, platinum was seen

as a rational starting point for the design of metal-based selective oxidation of methane [225].

7.1. RATIONALE FOR PLATINUM AS AN ACTIVE METAL

The selective oxidation of methane to Ci-oxygenates using oxygen as an oxidant was first
attempted over platinum-based catalysts in a fixed-bed reactor equipped with an evaporator for
the generation of steam. In the absence of steam, the catalysts were active for the total oxidation
of methane to COz. The introduction of steam resulted in the formation of selective oxidation
products such as formaldehyde, methanol, methoxy-methanol and trioxane, albeit at a very low
conversion of ca. 0.1%. Accidentally flooding the reactor resulted in enhanced product

selectivity, spurring us to perform the reaction under (controllable) trickle bed conditions.

At the same time, findings from an MSc DFT-based study in our research group [257] proposed
a method for obtaining a high surface coverage of platinum with oxygen containing species by
co-feeding water with oxygen, as a full coverage of platinum with only adsorbed oxygen atoms
is difficult to achieve due to lateral interactions between the adsorbed oxygen atoms [259].
These findings were then consolidated to design a process for the selective, aerobic oxidation
of methane using oxygen as an oxidant. A trickle-bed reactor was designed and commissioned

to investigate the effect of liquid water on the selectivity towards Ci-oxygenates.
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7.2. MECHANISTIC AND KINETIC EFFECTS OF WATER

In the absence of water, the oxidation of methane over platinum-based catalysts only yielded
the deep oxidation products, CO2> and CO. The oxidation of methane over metal surfaces
proceeds via the activation and cleavage of the methane C-H bond to form an adsorbed OH
species, and adsorbed methyl (CH3) species at low surface coverages [234, 360]. The methyl
species undergoes facile dehydrogenation over bare metal surfaces, followed by oxidation with
Oads to form CO; or CO, as presented in Scheme 7.1. [360, 361]. The key then lies in preventing
the formation of adsorbed CHs(gs) species during the C-H bond cleavage step and instead
promoting the formation of an adsorbed CH30 intermediate, which can be achieved through

the addition of water [248, 251].
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Scheme 7.1: Proposed mechanism for the formation of CO and CO; during the oxidation of

methane over metal surfaces.

Co-feeding water resulted in the formation of formaldehyde. Increasing the H2O/CHjy ratio in
the feed enhanced not only the formaldehyde selectivity, but also the rate of methane
consumption. DFT calculations showed that water reacts with adsorbed oxygen species to form
adsorbed OH groups on the Pt(111) surface, which enhances the surface coverage on platinum
[273]. These hydroxyl groups have been identified to act as site-blockers that facilitate the
formation of adsorbed methoxy species through enforcing interaction of methane with

adsorbed oxygen atoms rather than bare metallic sites which would otherwise yield surface

113



methyl species [245, 248]. Hydroxyl groups also play a role in the formaldehyde formation
pathway through reacting with the methoxy species to form a di-c-hydroxy-methoxy
intermediate which has been identified as a formaldehyde or formaldehyde hydrate precursor
[262]. The proposed mechanism for the formation of formaldehyde in the presence of water is

presented in Scheme 7.2.
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Scheme 7.2: Mechanism for the formation of formaldehyde over a metal surface in the

presence of water and oxygen [78].

It has been previously shown that edge sites are preferentially covered with adsorbed oxygen
atoms [362]. Hence, it is postulated that methane is initially activated on oxygen atoms located
on the platinum edge sites to yield an adsorbed methoxy species (CH30ads) and an adsorbed
hydroxy species (OHags) located on the edge sites. The surface hydroxyl species undergoes
deprotonation by an adjacent adsorbed hydroxyl species to yield an adsorbed water molecule
and Oags located on the edge site. The water molecule desorbs, leaving a vacant site that can

subsequently be occupied by an oxygen atom. This oxygen atom dehydrogenates the CH3Oaqs
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species, which then couples with an adjacent OHags fragment to yield the di-o-hydroxy-
methoxy intermediate. Water can thus be identified as a co-reactant that directs the reaction
pathway towards the formation of the precursor for formaldehyde (in the form of a surface
bound di-c-hydroxy-methoxy species) [78, 248]. Hydrogen transfer from either adsorbed water
or adsorbed hydroxyl groups to the di-c-hydroxy-methoxy intermediate yields methanediol,
which desorbs and dehydrates in the gas phase to form formaldehyde.

Alternatively, the formed methanediol may not desorb to form formaldehyde, instead
undergoing acid/base catalysed transformations at the metal-support interface to yield species
such as dioxymethylene, trioxane and polyoxymethylene [321]. Trioxane was observed to be
a dominant product during the selective oxidation of methane over platinum-based catalysts
(dispersed on the rutile phase of titania) in the gas-phase reactor, where water was introduced
as steam instead of liquid water (Fig. A2.2) [78]. Hence, the second function of water is that of
a desorption facilitator via solvation of the methanediol [247]. The increase in the rate of
methane conversion typically observed when the H>O/CH4 ratio increases in the feed is
attributed to the enhancement of the rate of product desorption, which regenerates the platinum

active sites thus availing them for the next catalytic cycle.

7.3. INFLUENCE OF THE SUPPORT

The formation of Ci oxygenates is not only tied to the presence of water but was found to also
be influenced by the identity of the support used to disperse the active phase. The primary role
of a support is to disperse the catalytically active platinum nanoparticles. Carbon-black, which
possessed the highest surface area, yielded the most dispersed catalyst, while the metal
dispersions on alumina (Al>O3) and titania (rutile and P25) were similar. The rate of methane
consumption achieved over Pt/C was significantly higher than that of platinum supported on
oxides. The higher catalytic activity obtained over Pt/C might be due to the high dispersion of
platinum on this catalyst, which exposes a higher concentration of corner and edge sites which
are postulated to be highly active for the dissociative activation of oxygen [287]. This would
indicate that the reaction may be structure-sensitive [78, 363], although the obtained catalytic

activity may be obscured by the extent of catalyst deactivation as well.

Ci-oxygenates belong to a class of rather reactive organic molecules, which may undergo
further conversion via support-catalysed reactions [364, 365]. Hence, the acid/base properties
of the catalyst carrier are an important consideration. This was highlighted by the discrepancy

in the oxygenate selectivities obtained over the different catalysts. The density of acid sites per
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unit mass of catalyst (as a measure for the number of acid sites loaded into the reactor) as
determined using the adsorption of isopropyl amine on the fresh catalyst follows the order
Pt/Al,O3 > Pt/TiO,-P25 > Pt/C > Pt/TiO-Rutile whereas the density per unit surface area
follows the order Pt/Al,O3 > Pt/Ti0,-P25 > Pt/TiO»-Rutile > Pt/C. The density of basic sites
per unit mass of catalyst as determined from CO; pulse adsorption on the fresh catalyst follows
the order Pt/Al,O; >> Pt/TiO2-Rutile > Pt/Ti02-P25 > Pt/C. It should be noted that alumina
underwent severe phase transformation upon exposure to the severe hydrothermal conditions

resulted in a 75% decrease in the number of acid sites present in the catalyst.

The least acidic, most hydrophobic support yielded the most active and most selective catalyst
(Pt/C), which was attributed to a) the high dispersion of platinum on the carbon support, b) the
low concentration of support acid/base sites which could catalyse the conversion of
formaldehyde to other Ci-derivatives that would adversely affect the formaldehyde selectivity,
and, c) the efficient desorption of the formed formaldehyde from the catalytically active phase
into liquid water, thereby increasing the catalyst turnover. The enhanced desorption of
formaldehyde from the metal surface is due to preference of water to being located around the
platinum active site rather than spread out over the support [310, 317, 366], since carbon black
is hydrophobic and the liquid hold-up is only a function of the gas and liquid velocity and not
of properties of the support [367]. The localisation of water around the platinum active sites
may ensure a high local concentration of water around platinum nanoparticles on the carbon
supported catalyst, thereby confining formaldehyde to the liquid phase (see Scheme 7.3). This
may have also prevented the interaction of the formed formaldehyde with the support active

sites, thereby preventing the further conversion of formaldehyde.

Titania (P25) used as a support becomes bifunctional in the presence of water; water
hydroxylates the anatase surface, yielding additional hydroxyl sites [325, 326] that may
enhance the acid/base properties of the P25 support [324]. P25 is also hydrophilic, which means
that a film of water may form over both the metal and the support in the presence of liquid
water, which may enable diffusion between the metal active sites and the support active sites
[320]. This may present a pathway for the diffusion of methanediol from the metal active sites
to the support active sites, where it may undergo support-catalysed reactions. It is hypothesized
that the poor oxygenate selectivity observed for the Pt/TiO2-P25 catalyst is due to the further
conversion of formaldehyde over support active sites yielding CO> (and methanol) (see Scheme

5.1)[321, 322].
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Water in the fluid phase

Increasing hydrophobicity

Scheme 7.3: Conceptual representation of the interaction of water with hydrophilic and
hydrophobic supports showing diminishing interaction of water with the support

as the support hydrophobicity increases.

The secondary conversion of formaldehyde over the rutile phase of the titania support was not
as extensive as that observed over P25, due to the rutile phase of titania being relatively
hydrophobic in comparison to anatase [368]. The rutile phase of titania does contain less acid
sites than P25, which is expected to lessen the likelihood of support-catalysed conversion of

formaldehyde towards the formation of CO, (and methanol).

The selective oxidation of methane takes place under quite strongly hydrothermal conditions
and the support needs to be stable under those conditions. It was shown that y-Al>,O3 transforms
under the applied conditions to boehmite, which resulted in the growth of the platinum
nanoparticles on the support. Carbon was a surprising support which showed great activity and
selectivity. Upon obtaining a conversion of 4% of methane with a selectivity for the formation
of 98% using a liquid water flow rate of 0.3 ml/min (T = 220°C, pcH.,inler=0.5 bar, po,,inlet=1.5
bar O, space velocity = 3.23 mmol CHa/gcatalys/hr). The methane conversion was further
increased by increasing the liquid flow rate of water further to 0.5 ml/min. This resulted in a
strong increase in the rate of formation of CO;, whilst the rate of formaldehyde formation
remained the same. Analysis of the recovered catalyst indicated the gasification of the carbon

support.
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7.4. EFFECTS OF ALLOYING PLATINUM WITH GROUP 11 METALS

Kinetic experiments over the alumina-supported catalysts showed that the rate of methane
conversion is independent of both the methane or oxygen partial pressures, although the
formaldehyde selectivity increased with the increase in the methane partial pressure and
decreased with the increase in the oxygen partial pressure. This indicated that the reaction was
limited by the rate of formaldehyde desorption, which may be influenced by the binding
strength of oxygenate species and, by proxy, of oxygen on the catalytically active metal
oxygen. The binding strength of oxygen on the catalyst surface can be tuned by alloying

platinum with group 11 metals.

Platinum was alloyed with copper, silver and gold were synthesized in a wet-chemical process
using molybdenum hexacarbonyl [346, 369] (platinum nanoparticles were synthesized in the
same manner for comparison). The bimetallic catalysts were dispersed on the rutile phase of
titania since the carbon support proved to be unstable during time-on stream experiments and
the rutile-supported catalyst was the second best in terms of performance. Upon heating the

catalysts in oxygen at 350°C to remove the residual surfactants, the alloys segregated.

The rate of methane conversion over PtzCu/TiO; in the presence of liquid water was not
significantly different to that obtained in the presence of water in the gas phase, while there
was a notable improvement in the formaldehyde selectivity. The improvement in the
formaldehyde selectivity may be due to a more facile desorption of the formaldehyde from the
active metal surface, which is enhanced by the presence of liquid water. The oligomers
observed on the Pt3Ag/TiOx catalyst were seemingly absent on Pt3Cu/TiO: (or it may be below

the instrument detection limit).

It is suspected that the polyoxymethylene polymeric species forms at the metal-support
interface and may be initiated by the interaction of a HO(CHz)-O" species with hydroxyl groups
on the support (suspected to be acid sites) at the metal-support interface. If the desorption of
this intermediate into the liquid phase is facile, then the interaction between the HO(CHz)-O"
species is less likely, thereby improving the formaldehyde selectivity. However, if the
desorption is not facile, then the likelihood of the HO(CH2)-O" species interacting with support
active sites is increased, resulting in the formation of the polyoxymethylene deposit, as depicted
in Scheme 7.4. The HO(CH2)-O" species may also react with some bridging hydroxyls to form

dioxymethylene, which may convert to a formate species over terminal hydroxyl groups [322,
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326]. The formate species may result in the formation of CO,, which also reduces the

formaldehyde selectivity (see Scheme 5.1 for the detailed mechanism).

CH,

O  O(CH,),0H

Scheme 7.4: Formation of polyoxymethylene at the metal-support interface.

The true test of the effectiveness of alloying platinum with other metals lies in the improvement
in the intrinsic activity of catalytically active sites, which is indicated by the turnover frequency
(TOF, h'') [370, 371]. The turnover frequency of the bimetallic catalysts is overall greater than
that of the monometallic catalysts. The observed turnover frequency of the platinum catalysts
presented in Table 7.1. At the moment, it is unclear whether the improvement in the turnover
frequency displayed by the catalysts prepared using a wet chemical approach is due to the
alloying effect of Cu, Ag and Au, or if it is due to the presence of residual molybdenum, which
originates from the addition of molybdenum hexacarbonyl (the reducing agent used during the

synthesis of the nanoparticles).

The turnover frequency obtained over the nanoalloy and Pt nanoparticle catalysts was plotted
against the shift in the d-band center for isolated platinum in an impurity surface. From the plot
presented in Figure 7.1, it seems there is a beneficial, albeit minor effect when platinum is

alloyed with copper, silver and gold.
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Figure 7.1: Observed turnover frequency as a function of the d-band center on platinum [335].
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Table 7.1: Catalytic performance of platinum-based catalysts for the selective, aerobic oxidation of methane in the gas-phase and trickle bed

reactor

Catalyst wpe? Reactor® XcH, -I'CH. TOF Sch.0 Productivity*
% % pumol/g/hr h! % pumol/g/hr

Pt/TiO,-P25 9.5 trickle 0.6 21 0.10 - -
Pt/TiO,-Rutile 10.0 trickle 1.0 32 0.17 90 30
Pt/Al,O3 10.2 trickle 0.5 16 0.07 65 11
Pt/C 10.0 trickle 4.2 135 0.41 99 132
Pt/TiO-Rutile? 6.5 gas 0.3 95 2.2 66 63
Pt3Cu/TiO,-Rutile? 7.0 gas 1.1 292 2.5 66 192
Pt3Ag/TiO>-Rutile! 7.7 gas 0.3 43 0.5 63 27
Pt3Au/TiO>-Rutile! 7.3 gas 0.6 103 2.3 65 67
Pt3Cu/TiO,-Rutile? 7.0 trickle 5.1 320 2.7 78 250
Pt3Ag/TiO>-Rutile! 7.7 trickle 3.0 271 2.9 74 198

2 platinum loading; ® catalyst tested in either the trickle bed reactor of gas phase reactor; ¢ formaldehyde productivity; ¢ nanoparticles prepared via
p g y gas p

a solution-phase, colloidal method using molybdenum hexacarbonyl as a reducing agent.
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CHAPTER VIII:

CONCLUDING REMARKS AND RECOMMENDATIONS FOR

CONTINUATION OF STUDY

8.1. CONCLUSION

The selective oxidation of methane to Ci-oxygenates, using oxygen as an oxidant, remains
one of the grand challenges in catalysis [37, 372], which was initially attributed to the
activation of the methane C-H bond. However, the challenge may not only lie in the
energetically demanding activation of the methane C-H bond, but also in controlling the
selectivity through ensuring desorption of the selective oxidation products, whilst at the same
time minimizing its secondary conversion [26, 255]. A selective route for the aerobic
oxidation of methane over metallic platinum catalysts was hence developed through a multi-
pronged approach, viz. 1) directing the methane activation pathway to occur via an Eley-
Rideal mechanism and avoiding the formation of surface methyl species [234, 238], ii) co-
feeding liquid water which facilitated product desorption through solvation [247], and iii)
optimising the catalyst support.

The methane activation pathway was re-directed from a total oxidation reaction pathway to a
selective oxidation pathway via co-feeding water. DFT calculations have shown that co-
adsorbing water with oxygen significantly enhances the oxygenate coverage on the Pt(111)
surface, thereby enforcing the activation of methane with activated oxygen species adsorbed
on corner and edge sites, yielding CH30a4s and HOags species which form a di-c-hydroxy-
methoxy intermediate that desorbs as formaldehyde in the presence of water. The efficiency
in the product desorption was found to be heavily influenced by the presence of liquid water.
Furthermore, increasing the HoO/CHys ratio in the feed enhanced the rate of methane reaction
and formaldehyde selectivity, which was tied to an increase in the efficiency of product
desorption as the reaction approaches the trickle-bed regime, which regenerates the
catalytically active site. Mechanistically, water is proposed to act as a hydrogen shuttle which
facilitates the desorption of formaldehyde, and as a solvating agent that protects formaldehyde

from further conversion in the gas phase.

Surprisingly, the support identity was also found to be crucial. Supporting platinum on P25,

a mixture of anatase and rutile resulted in the least active, but more importantly the least
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selective catalyst under trickle bed conditions, with a turnover frequency of 0.1 h'! and a
maximum oxygenate selectivity of 10%. The low activity, especially under trickle bed
conditions, is attributed to the hydrophilicity of support, which results in less water
surrounding the metal nano-particles, thereby lessening the catalytic activity. The acidity of
the support resulted in the secondary conversion of formaldehyde to methanol, carbon dioxide
and methoxy-methanol. Basic sites in the catalyst are thought to be linked to the formation of
formaldehyde oligomers on the catalyst surface, which may have contributed further to the
low activity of the Pt/Ti02-P25 catalyst. The hydrophilicity of the support also means that the
liquid phase that contained the desorbed formaldehyde remained in contact with the support,
thereby enabling the interaction between formaldehyde and support active sites that facilitated

the secondary formaldehyde reactions.

Supporting platinum on alumina resulted in a catalyst that deactivated under trickle-bed
conditions. This was attributed to the phase transformation of alumina to boehmite, which
resulted in sintering of platinum nano-particles. The presence of acid sites negatively affected

the formaldehyde selectivity, limiting it to ca. 65%.

The hydrophobic supports on the other hand fared better, with the rutile phase supported
catalyst obtaining a turnover frequency (TOF) of 0.17 h™! in the presence of liquid water, and
a formaldehyde selectivity of 90%. The catalyst did however undergo deactivation, which
was attributed to the presence of formaldehyde oligomers on the catalyst surface. Carbon
supported catalyst achieved the best performance (compared to the rest of the impregnated
catalysts), with a TOF of 0.41 h'! and a maximum formaldehyde selectivity of 98%. It should
be noted that this catalyst underwent deactivation at a high H>O/CH4 ratio induced by

combustion/gasification of the support, which led to sintering of the active phase.

The rate of reaction was found to be independent of the methane and oxygen partial pressure,
which indicated that the rate limiting step was associated with product desorption. To enhance
the rate of formaldehyde desorption, platinum was alloyed with copper, silver and gold.
Platinum nanoparticles were also synthesised using a similar method and tested as a reference
(TOF = 2.2 h'!, Scmwo = 66%). The nanoalloy catalysts all displayed similar turnover
frequencies; however, the Pt3Cu/TiO; catalyst was the most productive, with productivities
comparable to those achieved by Cu-CHA and Cu-MOR systems [28, 171, 173] and PdAu
systems which uses in situ generated HO» [182, 184].
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8.2. NOVELTY AND IMPACT OF STUDY

This study set out to selectively oxidise methane to Ci.oxygenates, over supported metallic
catalysts, in a truly catalytic process (where the oxygen activation, methane functionalisation
and product desorption occur at the same temperature, and all the reactive gases are co-fed
into the reactor) [373]. This was successfully achieved. The selective oxidation of methane
to oxygenates is notorious for the infamous conversion-selectivity limitations, where an
increase in the methane conversion is usually achieved at the cost of Ci-oxygenate
selectivities. This has led to selectivities being seen as more important than high conversions.
In this study, we have managed to reach a maximum methane conversion of 5% at a
formaldehyde selectivity of 78% over the Pt3Cu/TiO: catalyst. Over the impregnated Pt/C
catalyst, a conversion of 4.1% was obtained with a selectivity for the formation of

formaldehyde of 99%, although the support was not stable.

The reaction conditions employed are also novel; the reaction is carried out at 220°C in the
presence of liquid water in a trickle-bed reactor. The temperature employed herein is
relatively mild compared to temperatures typically employed in the methane oxidation
yielding formaldehyde when oxygen is used as an oxidant. The recovered temperature range
would allow for recovery of the heat generated in the reaction via co-generation of medium
pressure steam, The coupling of oxygen as an oxidant and the use of a metallic catalytic

system is also rarely reported.

A mechanistic pathway for the formation of formaldehyde over platinum and CO; over the
support has been outlined stressing the importance of acidic and basic sites on the support.
The acid sites are thought to be linked to the formation of CO., polyoxymethylene and
methoxymethanol, while the basic sites are linked to the formation of methanol and some
CO; via a Cannizzaro type reaction. Furthermore, it was shown that the rate of reaction may
be altered by changing the d-band centre of the catalytically active metal, platinum, through
alloying.
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8.3. RECOMMENDATIONS

Although this study represents a great progress in the aerobic, selective oxidation of methane
in the presence of water over metallic catalysts yielding formaldehyde, there are a number of
questions that are yet to be addressed, which can be achieved in the continuation of this
project. The first question pertains to the effect of the support wettability and liquid holdup
on the catalytic activity and formaldehyde selectivity. Although the different supports provide
hints on the effect of support hydrophobicity, it is worth exploring the interaction of support

with water further to gain a better understanding of the actual effect of support wettability.

The tested catalysts have shown a large decrease in activity with time on line. This could be
partly attributed to sintering upon collapse of the support, but also to the formation of
oligomers/polymer on the catalyst. The prevailing hypothesis is that adsorbed methanediol
forms on the catalyst surface, which may desorb as formaldehyde in the gas phase.
Methanediol polymerises on acidic sites at the metal-support interface, forming surface-
bound formaldehyde polymeric species. The mechanism for the formation of these polymers
should be studied further in order to optimise the catalyst system and to prevent their

formation.

The catalyst support needs to be optimised. Although rutile is a good starting point for further
exploration based upon this work, other hydrophobic, more thermally stable supports should
be explored, in addition to rutile-modified surfaces. The desired support materials should be
hydrophobic, hydrothermally stable, and contain a minimal amount of acidic sites and basic
sites. Reasonable potential supports may be carbon-based materials that are functionalised for
stability under oxidising environments [284]. Graphitic carbon nitride may be a likely
candidate, since it can be tailored to be relatively hydrophobic and is relatively stable in the

presence of oxygen, and may be tailored to be weakly acidic/basic [374, 375].

The catalysts contain a large amount of platinum. The platinum dispersion should be
improved through the synthesis of smaller platinum or Pt3Cu nanoparticles. The platinum

loading may be reduced by introducing platinum skin catalysts on a support.
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SECTION I: REACTOR DETAILS AND FLOW DIAGRAMS

a) Gas-phase fixed bed reactor

The gas-phase, fixed bed reactor set-up (see Fig. Al.1) consists of three main parts, i.e. the
main reactor body, the evaporator whose main function is to generate steam, and the reactor
lines (both inlet and outlet lines). The main body of the reactor is constructed of a 25 cm '4”
stainless steel (7 mm inner-diameter) casing that houses a quartz liner (see Fig. A1.2). The
reactor has three main inlets, one dedicated to argon, which is a pressure balancing gas, one
dedicated to the reactive gas mixture, which is composed of O, and CH4, and the helium/steam
inlet line. The argon flows outside the quartz sheath and is separated from the reactive gas inlet
by a port connector sitting on a fluorocarbon O-ring. Sintered metal filters and non-return
valves are placed on the methane (V-103) and oxygen (V-204) lines, which act as flame-
arrestors. The flow of gases into the reactor is controlled using Unit 7000 mass flow controllers.
The flow rate of the exit gas stream is controlled using a needle valve (V-502). Water is
introduced to the reactor from a reservoir placed on a mass balance using a high performance
liquid chromatography pump, and goes through a tube constructed of stainless steel packed

with Chromosorb P (60-80 Mesh, Sigma Aldrich).

The feed and product lines are constructed of 1/8” Swagelok tubing which are heated with
Nichrome wire and are covered in foil, a layer of fibre ceramic blanket and quartz exhaust
wrap. The reactor exit lines are connected to an Agilent 6890N gas chromatograph and are

fitted with Swagelok® stainless steel minor units.

For catalytic tests, the reactor is placed in a quartz tube between two layers of quartz wool to
make a catalyst bed (which is normally 2 cm). The quartz tube is then placed in the stainless
steel casing. A thermocouple is placed in contact with the catalyst bed to monitor the ned
temperature. The thermocouple is housed in a quartz sheath. The schematic diagram of the

main reactor body is presented in Figure A1.2. The full description of the reactor is in [A1].
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Figure A1.2: Schematic, cross-sectional representation of the fixed bed reactor main body

showing the quartz sheath, stainless steel casing and catalyst bed [A1].

b) Trickle-bed reactor

The trickle-bed reactor consists of a quartz sheath that is encased within a stainless steel shell
(19.05 mm outer-diameter). The reactor inlet and outlines are constructed with 1/8” stainless
steel tubing. The gases are fed from cylinders and the flow is controlled with Brooks® mass
flow controllers. The pressure in the reactor is set using argon as a pressure controlling gas,
similar to the fixed-bed reactor. The flow out of the reactor is controlled using a needle valve.
The trickle-bed reactor process flow diagram is presented in Figure A1.3. For further reactor

details, please consult [A2].
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Figure Al.4: Schematic, cross-sectional representation of the trickle-bed reactor main body

showing the catalyst bed and the trickle-bed and evaporation zones on the

reactor [A2].

SECTION II: GAS CHROMATOGRAPHIC ANALYSES OF PRODUCTS
The analysis of the reaction products is carried out on a gas chromatograph (6890N, Agilent)

that is equipped with flame ionisation detector and is interfaced with a PolyArc oxidiser-
methaniser (Activated Research Company) to enable the accurate detection and quantification
of CO, CO», methane, methanol, formaldehyde and other C; oxygenates (and their derivatives)
[A3]. The GC is periodically calibrated with a mixture of CO/CO,/CH4 to ensure accuracy of

the PolyArc response. Liquid standards are also routinely injected to calibrate the GC.

The effluent leaving the reactor is injected by means of a 6-way valve (Vici Valco). The GC

analysis method is summarised in Table A1.1.
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Table Al.1: Gas chromatograph instrument details and analysis method

Column HP-PLOT Q PT
Stationary phase Polystyrene-divinylbenzene
Diameter 0.32 mm
Length 30 mm
Film thickness 20 pm
Carrier gas H2
Flowrate 3.5 mly/min
Gas sampling

Loop volume I ml

Load time 1 min
Injection time 0.11 min
Valve temperature 180 °C
Injector Split mode
Temperature 150 °C

Split ratio 10:1

Oven

Initial temperature 40 °C

Initial time 2 min

Ramp rate 20 °C/min
Ramp time 7 min

Final temperature 180 °C
Final time 6 min

Run time 15 min
Methanator Polyarc™ reactor
Heater temperature 350 °C

H2 flowrate 35 mly/min
Air flowrate 2.5 mly/min
Detector FID
Temperature 250 °C

H2 flowrate 1.5 ml,/min
Air flowrate 350 mly/min
N2 make-up gas flowrate 20 mly/min
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SECTION III: REACTOR LOADING PROCEDURE AND CATALYTIC MEASUREMENTS

Prior to loading the gas phase reactor, the catalyst is pelletised using a hydraulic press (3 tons
of force) then crushed and sieved to between 150-200 um. The catalyst is then loaded between
two quartz wool plugs to form a catalyst bed in a quartz sheath and is placed into the reactor
shell. The shell is then placed on the reactor stand, tightened, then subjected to a leak test.
Thereafter, the catalyst is pre-treated overnight in a He/O> mixture (5% O, 150 ml,/min) at
350°C. The reactor is then cooled to reaction temperature, pressurised to reaction pressure (20

bar, using He first, then Ar to balance the pressure), then the methane is introduced.

The loading procedure for the trickle-bed reactor is slightly different; initially, a quartz wool
plug is placed at the bottom of the reactor, followed by the placement of a quartz sheath (14
mm OD) around the thermowell. Thereafter, a bed of silicon carbide is loaded in the
evaporation zone (about 370 mm from the top of the reactor). The quartz sheath is placed in
the reactor, then loaded with silicon carbide (ca. 90 mm from the top of the reactor), followed
by a quartz wool plug to seat the catalyst bed. The catalyst is then loaded, followed by another
quartz wool plug. The rest of the space is filled with silicon carbide. The reactor is then sealed,
and placed on the furnace. A leak test is performed by pressurising the reactor with argon, and
is followed by pre-treatment overnight, following a procedure identical to that used for the
fixed-bed reactor. Prior to reaction, the reactor set to the reaction temperature and pressurised
to the reaction pressure (30 bar). To start the reaction, the reactive gases are introduced. Water
is introduced from a reservoir using a HPLC pump. Deionised water is degassed prior to
introduction by bubbling helium through in order to remove any dissolved CO,. The pump is
also typically primed prior to the introduction of water. The GC transfer line is periodically
changed to ensure accurate activity measurements as some polyoxymethylene may have been

deposited in the lines.
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SECTION IV: FORMULAE FOR PRODUCT QUANTIFICATION

The PolyArc oxidiser-methaniser converts all components eluting from the column to methane
which enables detection of oxygenate compounds by the flame-ionisation detector. Hence, the
response for all components ought to be the same, since what is being detected is methane. It
is also assumed that the only source of carbon in the reactor is methane, hence any changes in
the methane total peak area is attributed to the products formed and those changes are then

taken as the methane conversion. Ultimately, the methane conversion is calculated as thus:

¥ Peak area of products

Xcn. (%) = x 100

¥ Total peak areas

The rate of methane conversion (which is used as a standard measure of catalytic activity since
it standardises the activity based on the weight of catalyst used) was calculated based on the

space velocity. The space velocity was calculated as thus;

Methane molar flow rate (mmol/min)

Space VCIOCIty - Catalyst weight (g)

The rate of methane conversion was then calculated using the following formulae:

X CH4(%))

-rcH, = Space velocity — Space velocity X (1 — o0

The turnover frequency was calculated based on the metal dispersion, which was measured
using oxygen chemisorption and/or transmission-electron microscopy measurements. The TOF

1s thus calculated as:

number of methane molecules converted per hour
TOF(h) =

number of active sites per catalyst

My, pe (%) X (—Tcn,)

Dp¢ (%) y (Pt loading (%))
100 100

TOF(h) =
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SECTION I: CATALYST SYNTHESIS AND CHARACTERISATION

The catalysts were prepared by incipient wetness impregnation of platinic acid in deionized
water on titanium dioxide (Sigma Aldrich; Rutile; Sger = 44.5 m?/g), or alumina (y-AL,O3; Alfa
Aesar, 3 Micron APD Powder, LOT: K27Y013, Sger = 73.9 m?/g) as a support. The support
was contacted with an aqueous solution of platinic acid (H2PtClg, Sigma Aldrich) to obtain 10
wt.-% platinum on the support. The solid was dried, calcined at 400°C (air flow rate: 48
ml,/min/g) and subsequently reduced for 5 hrs at 400°C in flowing hydrogen (48 ml,/min/g).
The elemental composition of the materials was determined using inductively coupled plasma-
optical emission spectrometry (ICP-OES). The nanoparticles were imaged using transmission
electron microscopy (TEM; FEI Tecnai G2 T20 TEM, operating at 200 kV). Specimens for
TEM analysis were prepared by casting one-drop of a colloidal suspension in acetone onto 3-
mm carbon-coated copper grids. These were then air dried under ambient conditions. The
particle size distribution and the average particle size of the nanosized particles representing
platinum was determined by measuring between 400-550 nanoparticles using Imagel®
software.

The phase composition of the catalyst samples was determined using powder X-ray diffraction
(XRD) on a Bruker D8 ADVANCE diffractometer (Co-Ka radiation: A = 1.789 A, 35 kV,
40mA). The platinum particle sizes were determined using Rietveld refinement using Topas
v5.0 software (Bruker AXS), which fits the entire XRD pattern. The recovered catalysts were
characterized using Fourier transform infrared spectroscopy (FTIR) on a Perkin Elmer

Spectrum 100 FTIR Spectrometer in the range 650-4000 cm™ with a resolution of 1 cm™.

Table A2.1: Metal loading and dispersion of Pt-based catalysts (values in brackets for the

recovered catalyst)

Sample Pt/ALLO; Pt/TiOz(rutile)
Pt-loading 10.2 10.3 (10.2)
Treduction, °C 400 400

treduction, NS 5 5

H»-uptake, cm*(STP)/g | 1.19 0.81 (0.90)
Dispersion 20.6 14.3 (15.7)

dpf, nm 5.5 7.9 (7.2)

dp, nm 32+15(3.6+£3.5) 21+09(6.1+4.5)

113
: b from TEM-measurement.

a. : J—
: estimated from dpy = —————
pt Dispersion(%)’
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SECTION II: CATALYST ACTIVITY TESTS

Catalytic tests were initially performed in a specially-constructed fixed-bed reactor equipped
with an evaporator for the generation of steam (see Appendix 1, Figure 1). An impregnated,
Pt/Ti0: catalyst was initially tested in the gas phase, which resulted in the formation of COz,
methanol, methoxy-methanol and trioxane (at 8.1 bar water). The GC trace obtained under

these conditions is presented in Figure A2.1.

400000 | methoxymethanol
7
320000 3]
trioxane

240000 CH_}?.H 1%

Time

Figure A2.1: GC-trace obtained during the selective oxidation of methane under the gas-

phase conditions.

157



100

6000 o> Tovoo g o o9 100
- o © o o
LI I o o] 752
o E 4000 | o =
£ 3 2 o =
50 = 3 i 4 50 g
2 3 2000 | 0 gmw ? 3
25 3 : - o o oco, 125
- o © methoxymethand
L i " " 0 0 (o -8. na. 89. PPV e ) |
210 240 270 300 330 150 200 250 300 350
Temperature, °C Temperature, °C
C d
. g 100 ) 2250 100
4500 | o O-ren
3 oco, g .
% B © methoxymethanol 175 },' = ° 75 =
E 3000 o B B 8p @ = % 1500 | oo o ° S
- o 50 % S ACH,OH o 8 [u] 50 g
,rs 1500 o g omethoxymethand § ] ‘g
2% B v 750 Orricxane o0 (-] 3
25
L *. 2 f &
ol8-o 090 0. 0000000000 a0 a
180 220 260 300 340 0 ‘——————rQ- O . 0
Temperature, °C 240 265 290 315 340
Temperature, °C

Figure A2.2: Rate of methane oxidation over 10 wt.% Pt/TiO; (rutile) conducted in the gas
phase reactor, with a (H2O/CH4)eed mol/mol ratio of 0 (a), 6 (b), 12 (c) and 50
(d) (CH4=2 mly/min, Piww= 20 bar, O2=16 ml,/min. The He flow rate was

modified to maintain constant inlet partial pressures of CH4 and O».

158



_ { 200 __

c
S o
Iz 1 150 Q
o ®)
> I
S &
S 1 100 2
qc, =
S 3
N e @ 14 50 =
© ] 3
= ét 1 0

GRS g 2 i N | 0
10000 30000 40000
Time on line, min
3

- {1 200 =
c NI
) 3 (®)
—
2 {150 O
g o 2 _ JEE
e ’ 5
0 = =
o Z {1 100 &

@
c>X 1t 3
® : o o
= H 50 =
‘5 o ® @_ 3
E o o @ .=" & 2

0 5000 10000 15000 20000
Time on line, min

Figure A2.3: Time-on-stream behavior in the oxidation of methane over 10% Pt/T1O; (top)
and 10% Pt/ALLOs (bottom) at 220°C, 30 bar and Fcuy,o/W = 3.23/hr/g (inlet
partial pressures pcus = 0.5 bar; poz = 1.5 bar; red/blue line indicating the water
flow rate to the reactor with the blue line indicating flooding conditions in the

reactor).

159



CH,

zsooon] 212

226000

220000 3

218000 CH,0
210000 4 575

Z0S000 1
200000 ]

1350004

1300000 4

128000

120000 4

1780004

170000

LIS N L L L L L L L L LN L L L |

=00 300 400 500 B00 700 &£00 300 1000 11.00 1200 1300

Figure A2.4: GC-trace obtained during the selective oxidation of methane under the trickle-

bed conditions over 10% Pt/ALLOs.

160



1 200 _
+ NI
80 [e)
2 i
S~ 150 a
2 60 I
> O >
= 4 100 %
() 2
o 40 ~
n 15 2
20 =
¥ g 3
o
0 12 R L= | 0
0 10000 20000 30000 40000
Time on line, min
1 = ol e o Coo—in
o 1 200 5
o ) r,
80 | . o ®)
= L & 150 ::E
~ R il B
."? 60 | =
2 o |H 100 &
T 40 ]
3 A3
@ Hos0 &
y ~
0 20 t *} 3
| o
0 A TRR— : E e O
0 5000 10000 15000 20000

Time on line, min

Figure A2.5: Selectivity for the formation of CO> (+) and formaldehyde in the oxidation of
methane over 10% Pt/TIO: (top) and 10% Pt/Al,O3 (bottom) at 220°C, 30 bar
and Fcuy,o/W = 3.23/hr/g (inlet partial pressures pcus = 0.5 bar; po> = 1.5 bar;
red/blue line indicating the water flow rate to the reactor with the blue line

indicating flooding conditions in the reactor).

161



200

re-
. activation
£ 150 |
L4 ) NI
[ o
£ 100 i f__",_
= i \\ <. o
£ ~ - O
5 S~ <
> 50 [r=403Kk”~~o_ AlO
(HyO/CH )reeq =0 *~ ~ g
0 Pen, = 0.5 t?ar; Po, = 1.|5 bar | - *
0 200 400 600
Time on line, hrs
100

T =493 K
(H2O/CH )teea =0

Pc, = 0.5 bar; pg, = 1.5 bar

(@)
o

-fcn,, kmol/g/hr
3
sso0| AJIAI}oe
%86

40 —"

20 [}‘\& Re-activation
L \\ A
(— SEL fL

0 200

Time on line, hrs
Figure A2.6: Catalyst activity as a function of time on stream over Pt/TiO» (top) and

Pt/AlbO3 (bottom) (220°C, 30 bar and Fcuso/W = 3.23/hr/g; inlet partial
pressures pcus = 0.5 bar; po2 = 1.5 bar, (H2O/CH4)teed = 0).

162



SECTION III: DFT STUDIES

Spin polarised quantum chemical calculations were performed using VASP [A1-A3] using the
GGA-PBE functional [A4] with dispersion correction according to Grimme et al. with Becke-
Jonson damping [A5,A6]. The PAW pseudopotentials were used to describe the electron-ion
interaction [A2]. Smearing using 1% order Methfessel-Paxton method [A7] was applied with
0=0.05 eV for surface calculations. Brillouin zone was sampled using a I'-centred Monkhorst-
Pack grid [A8] with a plane wave cut-off energy of 500 eV (grid size (\V3x\3): 12 x 12 x1;
(2x2): 10 x 10 x 1; (3x3): 7x 7 x 1, respectively). The lattice parameter for bulk FCC platinum
was evaluated to be 3.9246 A with a bulk modulus of 301 GPa in good agreement with the
experimental values of 3.9231 A and 282.7 GPa, respectively [A9].

A five layer Pt(111) slab with a 15 A vacuum layer was used in this study. For the geometry
optimizations, all the atoms were allowed to relax except the bottom two layers of the slabs.
Surface structures were optimized with a maximum force of 0.01 eV/A applying dipole
correction in the direction perpendicular to the surface (SCF < 10 eV). The optimized
structures represent local minimums on the potential energy surface as confirmed by a
vibrational analysis. The vibrational modes were obtained allowing only the atoms of the

adsorbate to move by 0.015 A.

The obtained energies were referenced to that of the bare surface and the molecules CHa, O,
H», H, OH, H>0, methanol, methanediol and formaldehyde, which were optimized by placing
each molecule in a 15 A x 16 A x 17 A box (plane wave cut-off energy: 1000 eV; Gaussian
smearing, ¢ = 0.005 eV; Gamma-centered k-point grid: 1x1x1; maximum allowable force: 0.01
eV/A). The obtained bond distances and vibrational modes of the gas phase molecules were

compared with experimentally determined values [A9-A11].

The adsorption energy as reported in Tables A2.3-A2.4 was determined relative to H>O,
Oz and CHy4 in the gas phase and normalized with respect to the size of the unit cell taking the

(2x2) unit cell as a basis:

B—4-ax 2:y—B+4-ax
ECaHﬁOyonPt(111)_EPt(111)—slab_“'ECH4_——2 ‘Eny,0(9)~— 5 Eox(9)
Eads - N(axa)
L—4ax 2:y—B+4ax
ZPEcyH 504, on Pt(111) ~ZPEpt(111)-slab— ¥ ZPEcH,————ZPEq,0(g)—— 5 %4PEo,(g)
B~y 2 4
and AZPE =

N(axa)
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with N(V3xV3) = 3. y(2x2) — 1. yGx3) = 2
4’ > P

The most stable structure at a particular condition can be obtained by considering the Gibbs
free energy of a particular structure at that condition. The Gibbs free energy associated with a

structure was calculated as:

— [elec elec vib
= E +h

G — —T-syb
Structure Sstructure bare slab structure structure

with Ggiructure: the Gibbs free energy associated with structure (slab + adsorbate)

EglC ..re: the electronic energy of the structure (slab + adsorbate)
Egles: the electronic energy of the bare slab

hY . .-o: the enthalpy correction due to vibration of the adsorbate

sUb e the entropy correction due to vibration of the adsorbate

After determining the Gibbs free energy of structures on the surface, surface phase diagrams
of species on Pt(111) were determined in the presence of water and O and in the presence of
water, Oz, and CH4. Numerous configurations can be obtained considering different species,
vacant sites, and different adsorption geometries. Hence, only 63 configurations containing O,
OH and H>O were considered for the surface phase diagram on Pt(111) exposed to water and
O (see Table A2.2) A much more limited additional set (10 different configurations) was
considered when dealing with methyl and methoxy species on the surface was investigated to
construct a surface phase diagram on Pt(111) exposed to water, O, and CH4 (see Table A2.3

and A2.4).

The structure with the lowest Gibbs free energy at a given chemical potential of water,
oxygen and methane (as determined by DFT) can be found by searching for the minimum

value for:

p—4ax 2-y—-B+4-ax
Gstructure,i_“'ﬂCH4(g)_T'#HZO(g) )
N(axa)

G = min
L

with Gserycrure,i the Gibbs free energy associated with structure i (slab + adsorbate)

a the number of C-atoms in the adsorbate
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p the number of H-atoms in the adsorbate
y the number of O-atoms in the adsorbate
N(@xa) the number of surface Pt-atoms on one side of the unit cell

The prediction of the chemical potential of oxygen using DFT is improved significantly by
relating the enthalpy/chemical potential of oxygen to the DFT-derived enthalpy/chemical
potential of hydrogen and water [A12,A13] rather than using the enthalpy/chemical potential

of oxygen derived from DFT-generated data:
6, = 2 (hf,o — hf, — DpuyoH®)  pd, = 2+ (uf0 — 15, — Ap i,0G°)

Hence, the derived phase diagrams in this study refer use water and hydrogen as the reference

state for gas phase oxygen.
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Table A2.2: Geometric characteristics, energetics, and normal modes of surface structures

considered to determine the surface phase diagram of adsorbed O, OH and H>O

on Pt(111)
0- ®o Oumo Oon Eags, €V AaasZPE, eV
0.75 0.25 - - -0.974 0.026
dpeo:  2.047,2.047,2.047 A N
(O in fce hollow on 2x2) 470,367, 366 cm
0.75 [ - [ 0.25 [ - -0.464 [ 0.073
dprogm: 2.410 A
deno-ir: 0'982; 09824 3658, 3563, 1551, 566, 508, 165, 151, 91,
Zy.on: 104.4 84 em!
Z plane through H-O-H and surface: 0.8°
(H20 in atop on 2x2)
0.75 [ - [ - [ 0.25 -0.594 [ 0.028
dpeony:  1.988 A
degon:  0.980 A ¥
L 106.0° 3650, 928, 518, 126, 118, 80 cm
(OH in atop on 2x2)
0.67 [ 033 [ - - -1.049 [ 0.011
dpro: 2.070,2.071,2.071 A 0
(O in fec hollow on V3xV3) 448,260,259 cm
0.67 [ - [ 0.33 [ - -0.630 [ 0.081
dprogm: 2.447 A
deyo-ir: 0'982;0'983A 3635, 3539, 1554, 584, 471, 150, 88, 75,
Zu.o-u: 103.6 40 -1
cm

Z plane through H-O-H and surface: 1.6°
(H,0 in atop on V3xV3)
0.67 [ - [ - [ 0.33 -0.848 [ 0.039
dprogn: 1.987A
deyon: 0.981 A ¥
L 106.4° 3638, 940, 520, 152, 107, 81 cm
(OH in atop on \/3x\/3)

. 0.50 [ 0.50 [ - - -1.899 [ 0.062

dpr.o:  2.028, 2.028, 2.031, 2.031,

2.033,2.033 A
(O in fcc hollow on 2x2)

490, 471,442, 413,382,371 cm™!
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Table A2.2 (cont.)

(OF [O1) BOu20 Oon Eags, €V AaasZPE, eV
0.50 0.25 0.25 - -1.858 0.110
dpro: 2.066, 2.085, 2.090 A

dpt.o(H,H): 2.380 A

d(Pt)O.H: 0.980, 0.982 A
Zy.on: 105.2°

Z plane through H-O-H and surface: 8.3°

(O in fcc hollow, H>O in atop on 2x2)

3678,3583, 1561, 624,591, 437,333,311,
213,183, 109, 74 cm’!

0.50 [ 0.25 [ - [ 0.25 -1.858 [ 0.110

dpeo:  2.046,2.046,2.059 A

dreogn: 1.989 A 3650, 954, 521, 465, 370, 356, 170, 138,
d(P[)O.H: 0.980 A 110 cm‘l

Zpron: 107.3°

(O in fcc hollow, OH in atop on 2x2)

0.50 [ - [050 |-

-1.335 [ 0.167

dprogm: 2.397 A

dpeneoy: 2.489,2.554,2.711 A

devo-n: 0.980, 1.001, 0.979, 0.996 A

ZH-0-H: 106.10, 102.5°

Z plane through H-O-H and surface: 21 .60, 77.6°

(H>0 in atop and H,O above hcp hollow on 2x2)

3674, 3638, 3296, 3192, 1604, 1547, 879,
634, 586, 525, 399, 249, 210, 165, 142,
140, 71, 61 cm’!

0.50 [ - 0.25 [ 0.25

-1.664 [ 0.117

dpeomy: 2.081 A

dprogm: 2.186 A

depgo-n: 0.977 A

dpemyo-n: 0.977, 1.078 A
Zpro-n:  104.9°

Zy.on: 109.1°

Z plane through H-O-H and surface: 20.9°

(H>O and OH in atop on 2x2)

3690, 3690, 1853, 1539, 1269, 872, 738,
620,422,386, 307, 229, 164, 135, 109 cm’
1

0.50 [ - [ - [ 0.50

-1.639 [ 0.103

dpt.o(H)Z 1.988, 1.988 A
d(Pt)O.H: 0.991, 0.992 A

3394, 3371, 1144, 1055, 618, 533, 515,

Zpcon: 106.2°,106.2° 405,257, 147,90, 76 cm’!
(OH in atop on 2x2)

0.33 [ 0.67 [ - [ - -2.047 [ 0.082
deeo:  2.038,2.038,2.038, 2.038,

2.038,2.039 A
(O in fec hollow on V3x\3)

503, 430, 428, 420, 388, 386 cm™!

0.33 [ 033 [ 0.33 [ -

I A structure containing 0+ = 0.33, 60 = 0.33, 0o = 0.33 on (V3xV3)-Pt(111) optimises to a structure with 6« =

0.33, Bon = 0.67.
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Table A2.2 (cont.)

O- B0 Omo Oon Eaas, €V AqdasZPE, eV
0.33 0.33 - 0.33 -0.959 0.062
dpro: 1.845 A

dpeogn: 1.957 A

depyo-n: 1.003 A

Zpron: 105.6°

(O and OH atop on V3xV3)

3139, 1065, 634, 537, 493, 204, 154, 142,
132 cm!

0.33 [ 0.33 [ - [ 0.33

-1.141 [ 0.079

dpro: 1‘997, 2.004 A

dpt.o(H)Z 1.994 A

d(Pt)O.H: 0.981 A

Zpron: 107.1°

(O in bridge and OH atop on V3xV3)

3639, 906, 500, 476, 367, 317,
186, 168, 150 cm’!

0.33 [ - [067 |-

-1.994 [ 0.246

dpeom,n): 2.536 A

dpinio,n): 2.087 A

dee moon: 0.996, 0.997, 0.993, 1.009 A

Zuown: 106.4°,100.0°

Z plane through H-O-H and surface: 0.4°, 89.7°

(H»O alternating in atop and perpendicular orientation
on V3x13)

3402, 3272, 3254, 3017, 1640, 1544, 956,
875, 854, 588, 502, 429, 280, 233, 231,
114, 70, 43 cm’!

0.33 [ - [ 0.33 [ 0.33

-2.831 [ 0.225

dpeomy: 2.101 A

dpt.o(H,H): Z.ZOIA

dpyo-n: 0.985 A
dpehyo-n:1.017, 1.018 A
Zpron: 102.8°

Zyown: 112.1°

Z plane through H-O-H and surface: 14.9°

(H>0O and OH in atop on \/3x\/3)

3528, 2868, 2823, 1537, 1071, 1016, 961,
958, 623,408, 336, 254, 197, 140, 128 cm’
1

0.33 [ - [ 0.33 [ 0.33

-2.756 [ 0.232

dpeomy: 2.101,2.101,2.101 A

dpt.O(H,H):Z.ZOO, 2.200, 2.200 A

degoa: 0.985, 0.985, 0.985 A

d(pt,H)o,Hll.017, 1.017, 1.017 A
1.019,1.019,1.019 A

Zpeon: 102.7°,102.7°, 102.7°

Zpowm: 112.4°,112.4°,112.4°

Z plane through H-O-H and surface: 14-80, 14»80, 14.8°

(H>O and OH in atop on 3x3)

3529,3524, 3520, 2918, 2916, 2869, 2823,
2814,2812, 1552, 1552, 1539, 1084, 1084,
1073, 1021, 986, 985, 975, 973, 965,

960, 846, 846, 773, 771, 626,

408, 397, 396, 338, 321, 317,

257,228, 227, 205, 204, 200,

186, 185, 173, 171, 141, 134 cm’!

0.33 [ - [067 |-

-2.270 [ 0.152

dpeo-ny: 1.984, 1.984 A
d(Pt)O.H: 1.008, 1.009 A
Zpt-O-H: 104.40, 104.7°
(OH atop on \/3x\/3)

3068, 2995, 1201, 1154, 823, 682, 541,
505, 331, 203, 160, 121 cm'!

0.33 [ - [067 |-

-2.155 [ 0.137

dpio-y: 2.009, 2.119,2.178 A
d(Pt)O.H: 0.995, 1.037 A

Zecoa: 103.7°,104.2°, 105.9°
(bridging OH + OH atop on V3xV3)

3252, 2427, 1259, 1077, 1009, 626, 592,
486, 390, 206, 188, 86 cm’!
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Table A2.2 (cont.)

0- Oo Omo Oon

Eads, eV AadsZPE, eV

0.25 0.75 - -

-1.700 0.091

dr.o: 2.028,2.028, 2.028, 2.029,
2.029,2.029, 2.034, 2.035

494, 469, 444, 444, 423, 422,

dpt.o(H,H):3.327A

d(H)Q.HZ 0.973, 0.977 A
Zu.o-u. 104.8°

£ plane through H-O-H and surface: 48.4°

(O on fcc hollow and H,O atop on 2x2)

2.035A 377,377,361 cm’!
(O on fcc hollow on 2x2)
0.25 [ 0.50 [ 0.25 [ - -2.218 [ 0.117
dpeo:  2.028,2.032,2.033, 2.045,
2.051,2.052A

3780,3673, 1582, 488, 465, 446, 402, 399,
374,370, 220, 189, 117, 56, 27 cm’!

0.25 [ 0.50 [ - [ 0.25 -1.824 [ 0.103
dpeo: 2.007,2.011,2.046, 2.049,
2.061,2.072 A
dpeogn: 1.979 A 3626, 1036, 527, 494, 467, 449, 416, 402,
dpgon: 0.982 A 353,214, 127,93 cm’!
Zprou: 103.6°
(O on fcc hollow and OH atop on 2x2)
0.25 [ 0.25 [050 |- -2.627 [ 0.220

dpo: 2.069,2.081,2.121 A
dpom,m):2.295, 3.592 A

dpyo-n: 0.973, 0.982, 0.995, 1.021 A
ZH-0-H: 105.20, 105.1°

£ plane through H-O-H and surface: 28-80, 47.6°
(O on fcc hollow, H>O atop on 2x2)

3780,3586,3312,2838, 1629, 1585, 1031,
768, 714, 575, 469, 406, 351, 343, 322,
280, 211, 169, 140, 105, 48 cm’!

0.25 [ 0.25 [ 0.25 [ 0.25

0.25 [ 0.25 [ - [ 0.50

-1.460 [ 0.141

dpeo:  1.984,2.043,2.066 A
dpt,O(H)Z 1.989, 2.005 A

deyo-n: 0.990, 0.993 A

Zpt-O-H: 105.40, 106.2°

(O on fcc hollow, OH atop on 2x2)

3451, 3343, 1166, 1087, 571, 526, 517,
496, 423, 400, 374, 273, 194, 121, 64 cm’
1

0.25 | [ 0.75 [ -

-2.024 [ 0.289

dprogm: 2.314,3.357 A
dpenoy: 2.311 A
depgo-n: - 0.980, 0.982, 0.987, 0.993,

1.000, 1.023 A
Zpowu: 103.8°,103.9° 105.8°
Z plane through H-O-H and surface: 23.8°,30.8°, 78.1°
(H>O on/above atop on 2x2)

3627,3611,3477,3354,3222,2777, 1673,
1602, 1574, 1097, 804, 677, 646, 625, 545,
515, 454, 389, 365, 257, 204, 172, 146,
122, 94, 68, 50 cm™!

2 Starting from a structure containing 0+ = 0.25, 6o = 0.25, 0.0 = 0.25 and Oon = 0.25 on (2x2)-Pt(111)optimises

to a structure with 6+ = 0.25 and Oou = 0.75.
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Table A2.2 (cont.)

0- Oo Omo Oon

Eads, eV AadsZPE, eV

0.25 - 0.50 0.25

-2.5901 0.253

dpeomy: 2.149 A
dprogm: 2.323,2.333 A
deumon: 0.983,1.043 A

0.984,1.043 A
degon: 0975 A
ZH-0-H: 107.80, 107.9°

Zpro-HY: 96.4°
Z plane through H-O-H and surface: 16.6°, 16.6°

3706, 3558, 3505, 2469, 2305, 1681, 1533,
1171, 1135, 868, 792, 722, 689, 630, 519,
393, 386, 337, 225, 196, 180, 147, 115,
113 cm!

2.013,2.015,2.021, 2.022,
2.036, 2.038, 2.044, 2.064,
2072 A

dpeogn:  1.982 A

d(pt).o.HI 0.982 A

Zpron: 104.1°

(O on fcc-hollow; OH atop on 2x2)

dpio:

(H>O and OH atop on 2x2)
0.25 [ - [ 0.25 [ 0.50 -2.873 [ 0.210
dpeogy: 2.034,2.066 A
dpt.o(H,H)I 2.126 A
g@"H)O’_H: g‘g%’ ﬁ‘%%ié 3670,3109,2942,2114, 1589, 1272, 1166,
L@‘)O‘H; 95 00 1097, 942, 876, 646, 492, 465, 451, 425,
H-O-H: . 1
100,19, 100.1° 324,284,206, 151, 134, 133 cm
Z plane through H-O-H and surface: 9.5°
(H>O and OH atop on 2x2)
0.25 [ - [ - [ 0.75 -2.365 [ 0.165
321?;‘25 1007, 1007 igfgfi 3080, 3021, 2865, 1247, 1179, 1135, 933,
t)O-H- . 5 L. s L. R
Lo 103,45, 103,75, 104.6° 1697, 605, 541,519,492, 358,270, 245 cm
(OH atop on 2x2)
- [ 1.00 [ - - -0.984 [ 0.100
dpeo:  2.041,2.041,2.041,2.044,
2.044, 2.044, 2.044, 2.044, 496, 429, 428, 427, 419, 417, 416, 369,
2.044,2.044, 2.044, 2.044 A 368, 366, 310, 305 cm’!
(O on fcc-hollow on 2x2)
- [ 0.75 [ 0.25 [ - -1.818 [ 0.171
deeo:  1.967,1.968, 1.994, 1.998,
2.038,2.046, 2.052, 2.059 A
dpeogum: 3.265 A 3785,3592, 1579, 577, 546, 510, 487, 455,
dano:  0.973,0.980 A 441,425,411,379,298,272,217, 118, 94,
Zy.on: 105.3° 79 cm!
Z plane through H-O-H and surface: 14.8°
(O on fcc-hollow; H,O above bridge on 2x2)
. - [ 0.75 [ - [ 0.25 -1.517 [ 0.136

3632, 1035, 520, 489, 477, 467, 450, 438,
435, 413, 381, 360, 188, 126, 106 cm'!

170



Table A2.2 (cont.)

O- B0 Ouzo Oon Eags, €V AqdasZPE, eV
- 0.67 0.33 - -1.6834 0.141
dpt.oi 2.032 A
do.o: 1.344 A
dprogm: 2.074 A
danos: 0.993, 1.090 A 3315, 1647, 1618, 1079, 993, 972, 624,
Lproo:  119.7° 558, 460, 316, 289, 233, 158, 94, 73 cm’!
Zy.on. 105.5°
£ plane through H-O-H and surface: 10.7°
(H,O and O, atop on \3x3)
- [ 0.67 [ - [ 0.33 -1.830 [ 0.161
dpeo: 2.015,2.019, 2.020, 2.027,

2.066,2.067 A
decog: 1977 A 3606, 1068, 541, 522, 511, 473, 427, 402,
degon:  0.983 A 392, 260, 147, 137 cm’!
Zpron: 104.1°
(O in fcc hollow; OH atop on V3xV3)
- [ 0.673 [ - [ 033 -1.632 [ 0.167
dpt.o(o)Z 2.004, 2.042 A
do.o: 1.389 A
dreo: 1959 A 3437, 1017, 801, 582, 562, 522, 417, 380,
deyos: 0986 A 286,243, 165, 151 cm'!
Zpro-o:  109.0°, 109.3° > <2, A0
Zpron: 108.3°
(O, on bridge; OH atop on \V3xV3)
- [ 0.50 [ 0.50 [ - -3.174 [ 0.247
dpeo:  2.032,2.034, 2.045,2.047,

2.050 A
docogny: 2,127, 3.561 A 3727,3094,2510,2419, 1645, 1610, 1178,
davoa: 0976, 1.006, 1.039, 1.043 A 1126, 930, 817, 550, 517, 464, 441, 440,
Lo 10335, 104,30 413; 376,367, 363,292, 224, 150, 125, 96

Z plane through H-O-H and surface: 28.2°,40.7°
(O in fcc hollow and bridge; H,O atop on 2x2)

cm’

- [ 0.50 [ 0.25 [ 0.25 -2.306 [ 0.216
dreo:  1.966, 1.975,2.022, 2.037,
2.050 A
dpt.O(H)Z 2.031 A
g""o‘“"_”‘ %)‘ 192212 3324,2604,2374, 1613, 1192, 1099, 1020,
d“’”O‘Hj 1035, 1.043 A 861, 617, 560, 530, 507, 477, 444, 413,
2:)22 0810 362, 343, 302, 240, 169, 138 cm’!
't-O-H- .
Zy.on: 102.8°

Z plane through H-O-H and surface: 0.0°

(O in fce hollow and bridge; H,O and OH atop on 2x2)

- [ 0.50 [ - [ 0.50 -1.942 [ 0.184

dreo:  2.012,2.012,2.017,2.017,

dovcren: ;8?5’ ggﬁﬁ‘ 3405, 3380, 1152, 1066, 560, 512, 502,
PRO(E). ol T o 501, 473, 461, 456, 434, 404, 388, 256,
devo: 0.992,0.992 A 200,195 131 o

Zpt-O-H: 105.00, 105.1° ’ ’

(O in fcc hollow; OH atop on 2x2)

* In this configuration molecularly adsorbed Oz is on the surface rather than 20
4 The same coverage with O in the fcc hollow site is more stable (Eads = -2.527 €V), but vibrational analysis

resulted in a single imaginary frequency
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Table A2.2 (cont.)

- Oo Omo Qon Eags, €V AaasZPE, eV
- 0.33 0.67 5

- [ 033 [ 0.33 [ 0.33 -3.064 [ 0.262

dpt,oi 1.840A

dpeowy:  2.053 A

dprogm: 2.142 A

dpgo-n: 0.987 A

dmo-n: 1.016, 1.017 A
Zpron: 104.0°

ZH-0-H: 110.7°

Z plane through H-O-H and surface: 17.9°

(O, H,O and OH atop on \3x3)

3491,2903, 2874, 1494, 1104, 1073, 1024,
830, 656, 502, 447, 375, 294, 278, 238,
205, 156, 143 cm!

- [ 0.33 [ - [ 0.67

-2.259 [ 0.173

dpeo: 1.831 A

dpeogn: 1.971,1.971 A
d(Pt)O.H: 1.005, 1.005 A
Zpeon: 105.4°,105.4°
(O and OH atop on V3xV3)

3126, 3087, 1180, 1127, 739, 651, 563,
531,512,290, 244,213,212, 180, 170 cm’
1

- [ 0.25 [ 0.75 [ -

-3.313 [ 0.321

dpio: 2.058,2.063,2.083 A

dpt,O(H,H)I 2.315, 3.399,4.371 A

dmo-n: 0.975,0.982, 0.985, 0.988,
1.011,1.042 A

Zpon: 103.3°,105.4°,105.0°

Z plane through H-O-H and surface: 23.0°, 60.7°, 45.2°

(O in fcc hollow; H>O atop on 2x2)

3730, 3598, 3525, 3448,3033, 2467, 1656,
1619, 1583, 1201, 931, 732, 722, 624, 550,
468, 456, 442, 416, 377, 357, 335, 271,
237,162, 143, 135, 103, 73, 45 cm’!

- [ 0.25 [ 0.50 [ 0.25

-3.194 [ 0.281

dpeo: 2.025,2.046,2.082 A

dpeomy: 2. 128A

dprogm: 2.138,3.465 A

degon: 0978 A

dmo-n: 0.978,1.018, 1.023, 1.052 A
Zpon:  100.9°

Zy.own. 97.4°, 102.4°

Z plane through H-O-H and surface: 26.9°, 35.4°

(O in fcc hollow; H,O, OH atop on 2x2)

3679,3670,2886,2780,2332, 1657, 1641,
1210, 1122, 1014, 861, 810, 615, 522, 500,
462, 442, 398, 372, 323, 303, 266, 255,
168, 123, 119, 86 cm’!

- [ 0.25 [ 0.25 [ 0.50

-2.373 [ 0.216

dpio: 1.990, 2.006, 2.073 A
dpomy:  2.068,2.094, 2.159 A
d(Pt)O.H: 1.015, 1.085 A
dmo-n: 0.973,0.995 A
Zpeon: 100.5°, 104.8°, 105.9°
Zu.o-u: 104.3°

Z plane through H-O-H and surface: 45.9°

(O in fcc hollow; H>O atop, OH bridge on 2x2)

3772,3316,2945, 1725, 1606, 1343, 1306,

1188, 930, 761, 515, 486, 469, 450, 428,

375,364,311, 284, 265, 170, 150, 136, 72
-1

cm

5 A structure containing 6o = 0.33, 0.0 = 0.67 on (V3xV3)-Pt(111) optimises to a structure with Oi.o = 0.33, Oon

=0.67

172



Table A2.2 (cont.)

(OF [O1) BOu20 Oon Eags, €V AaasZPE, eV
- 0.25 0.25 0.50 3.148 0.217
dpt,oi 1.86112&
dpt,O(H)Z 2.005, 2.006 A
g""o‘“"?’: %‘%%L% 995 A 3322,3312, 2620, 2608, 1404, 1206, 1146,
d“")O‘Hj 1030, 1031 A 1075, 1064, 810, 630, 564, 484, 479, 421,
@O S-S 414, 315, 291, 260, 245, 211, 193, 156,
Zcoa:  104.1°, 104.2° >
152 cm
ZH-0-H: 113.9°
Z plane through H-O-H and surface: 18.8°
(O, H,O and OH atop on 2x2)
- [ 0.25 [ 0.25 [ 0.50 -3.179 [ 0.234
dpt,oi 1.880 A
dpt,O(H)Z 1.990, 1991 A
g""o‘“"?’: 21‘%%%/&1 005 A 3198, 3098, 2842, 2810, 1418, 1175, 1141,
d“’”O‘H_' 1018, 1.020 A 1124, 1065, 758, 686, 595, 526, 512, 495,
EO-H: - DL 405, 325, 290, 250, 244, 226, 175, 156,
Zcow:  103.9°, 104.3° -~
144 cm
ZH-0-H: 111.1°
Z plane through H-O-H and surface: 17.2°
(0, H,O and OH atop on 2x2)
- [ 0.25 [ - [ 0.75 -1.971 [ 0.216

1.942,2.043, 2.066 A
1.954,1.973,2.074 A
d(Pt)O.H: 0.982, 1.010, 1.013 A
Zpeon:  101.2°,103.6°, 105.3°
(O on fcc hollow, OH atop on 2x2)

dpio:
dpiogH):

3618, 3015, 2897, 1241, 1191, 988, 816,
749, 592, 534, 525, 433, 424, 403, 393,
348, 298, 212, 198, 166, 142 cm™!

- [ 0.22 [ 0.33 [ 0.44 -3.273 [ 0.283

deeo:  1.843,1.843 A

deeogn:  1.989,2.052,2.062,2.062 A 3525,3523, 3495, 3458, 3248, 3227, 2894,

dpeoguim: 2.134,2.145,2.148 A 2870, 2455, 2429, 1547, 1542, 1500, 1174,

degor:  0.985,0.986, 0.986, 0.986 A 1169,

depeinom:0.999, 1.000, 1.018, 1.018, 1132, 1102, 1065, 1041, 1036, 1034, 986,
1.040, 1.042 A 981, 818, 742, 675, 668, 660, 602, 595,

Zpcow:  104.0°, 104.1°, 104.8°, 106.0° 506, 497, 463, 386, 378, 359, 316, 300,

Ziow: 103.4°,104.8°, 108.0° 296, 254, 249, 246, 230, 223, 210, 187,

Z plane through H-O-H and surface: 15.3°,15.4°, 18.5° 185,167, 148, 145, 100 cm’!

(0O, H,0O, OH atop on 3x3)

- [ 0.11 [ 044  [o044 6 |

® A structure containing 8o = 0.11, 0.0 = 0.44 and Oon = 0.44 on (3x3)-Pt(111) optimises to a structure with 0.0

=0.33, Bon = 0.67
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Table A2.2 (cont.)

- Oo Omo Qon Eags, €V AaasZPE, eV
- 0.11 0.33 0.55 -3.519 0.307
dpeo: 1.841 A
dpomy: 1.998,2.001, 2.060, 2.064,
2.072 A 3564,2548,3512,2496, 2486, 3328, 3319,

dpeom,n): 2.135,2.148,2.151 A

dego-n: 0.983, 0.983, 0.984, 0.984,
0.986 A

depeH)0-1):0.996, 0.996, 1.022, 1.027,
1.043, 1.046 A

Zpro-n:  104.5°,104.7°,104.8, 105.9°,
106.3°
Zy.on:  107.0°,107.2°, 110.7°

Z plane through H-O-H and surface: 13.8°, 14.6°, 15.2°
(O, H,O, OH atop on 3x3)

2778,2688,2473,2330, 1572, 1567, 1554,
1203,

1171, 1154, 1124, 1077, 1057, 1032, 1024,
1011, 1001, 988, 877, 720, 685, 651, 607,
555, 543, 506, 486, 473, 450, 433, 421,
414, 386, 380, 348, 332, 332, 317, 295,
293, 288, 277, 260, 256, 235, 228, 215,
203, 179, 151, 147, 144, 110 cm’!

[ 1.00

-2.733 [ 0.389

dpt.o(H,H) 12240 A
dpenoy  2.370,2.377, 4.946 A
d(Pt)O.H: 1.036, 1.036 A
depgo-n: 0.972,0.988, 0.989, 0.990,

0.998, 1.007 A
Zpowu: 100.7°, 104.8°, 104.8°, 105.8°
Z plane through H-O-H and surface: 26.3°, 60.7°, 61.4°, 89.8°
(H>0, OH on/above atop on 2x2)

3795,3423,3392,3312,3231, 3051, 2607,
2484,1676, 1633, 1589, 1585, 1200, 1143,
1033,

847, 843, 739, 594, 560, 526,

470, 465, 398, 351, 338, 314,
245,235,171, 161, 155, 129,

109, 59, 49 cm’!

- - [ 0.75 [ 0.25 -3.118 [ 0312

dpomy:  2.071 A

dprogm: 2.145,3.222,4.268 A

degon:  0.981 A 3757,3594, 3390, 3213, 3003, 2706, 1635,

dmo-n: 0.974,0.991, 0.999, 1.014, 1618, 1588, 1576, 1336, 1245, 1072, 929,
1.025, 1.094 A 897, 736, 719, 554, 483, 469, 427, 396,

Zpeon: 108.3° 355, 327, 300, 251, 213, 169, 155, 139,

Zuon: 106.6°, 102.0°,105.7° 101, 78,52 cm’!

Z plane through H-O-H and surface: 26-10, 81»40, 52.8°

(H>0O, OH on/above atop on 2x2)

- - [067 [033 -3.241 [ 0.398

dpt.O(H)Z 2.186 A

dpt.o(H,H)I 2.340, 2.362 A

degon:  0.983 A 3569, 3370,3332,3241,3186, 1639, 1611,

dmon:  0.991, 0.992, 0.996, 0.997 A 922, 897, 823, 796, 748, 733, 641, 520,

Zpron: 105.2° 354,338,317, 288, 280, 191, 115, 110, 84

Zuon: 106.4°, 106.3° cm’!

Zplane through H-O-H and surface- 10.6°, 11.1° (H2O, OH on
atop on \/3x\/3)

-3.604 [ 0.332

- - [ 0.55 [ 0.44
dprogn:  2.100,2.102,2.121,2.138 A
dpeom,ny: 2.153, 2.161, 2.183, 2.211,
3.386 A
degon:  0.972,0.981,0.982, 0.996 A
d(H)Q.HZ 0972, 0990, 0991, 0998,
1.004, 1.010, 1.024, 1.029,
1.034, 1.042 A
Zpeon:  100.6°, 101.0°, 105.3°, 107.2°
Zy.on:  102.9°,105.5°,110.0°, 110.4°,

111.0°
Lplanc through H-O-H and surface: 6-305
12.9°, 14.5°, 60.8°
(H>0, OH on atop on 3x3)

3739,3716,3595,3494, 3388,3312, 3277,
3179,3162,2886,2772,2585,2478, 2456,
1626, 1612, 1564, 1537,1511, 1188, 1164,
1154, 1098, 1065, 1057, 1026, 1016, 1003,
956, 929, 922, 866, 857, 820, 804, 705,
689, 640, 569, 456, 423, 413, 402, 388,
384, 372, 348, 339, 328, 307, 299, 287,
277, 272, 259, 253, 250, 239, 221, 217,
205, 191, 177, 140, 135, 127,

111, 88,40 cm’!
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Table A2.2 (cont.)

- Qo On20 BOon Eags, eV AaasZPE, eV
- - 0.50 0.50 -4.039 0.383
deeony:  2.123,2.124 A

deeomy: 2.173,2.174 A

dego-n: 0.983,0.983 A

dano-n:  1.011, 1.012, 1.012, 1.013 A

Zpeo-H:  105.0°,104.9°

ZuoH: 109.7°,109. 7°

£ plane through H-O-H and surface’ 14.00, 14.1° (HZO, OH
on atop on 2x2)

- [ - [044 | 0.55 -3.846 [ 0.357

drogny:  2.060, 2.069, 2.072, 2.077, 3662, 3560, 3427, 3406, 3394, 3356,

2.121 A
, 3322, 3005, 2899, 2771, 2594, 2589,
deroainy: 2.144, 2.145,2.157,2.237 A 2396, 1586, 1574, 1543, 1513, 1193,

deyo-n: - 0.976, 0.981, 0.989, 0.990, 1171, 1141, 1120, 1090, 1063, 1049,

0.991 A
dayo: 0.989,0.993, 1.009, 1.014, 1027, 1006, 1000, 983, 950, 925, 862,
845, 756, 743, 714, 665, 647, 571,
1.023, 1.031, 1.031, 1.043 A
S 10050 103.3% 10425 10520 453, 447, 440, 426, 407, 399, 393,
Pro-H- losee o 379, 370, 366, 351, 332, 324, 306,
' 300, 291, 280, 268, 251, 239, 229,

Znon: 108.2°,108.8° 109.4°, 109.5° !
Lplanethrouth-O-Hand surface. 14.20, 14.20, 15.80, 17.4D 1208’ 198’ 171’ 159’ 144’ 137, 130 om

(H20, OH on atop on 3x3)

3553, 3502, 2999, 2978, 2909, 2892,
1566, 1537, 1086, 1073, 1069, 1025,
947, 893, 816, 796, 725, 687, 420,
394, 383, 340, 331, 300, 282, 269,
222,176,139, 137 cm

- [ - [033  |o0.67 -3.782 [ 0.336

deeoan:  1.998,2.078 A

dreoamy: 2.155 A

degon: 0981, 0.983 A 3566, 3540, 2964, 2888, 1531, 1124,
dmwon:  1.014,1.015 A 1075, 1012, 991, 877, 514, 507, 426,
Lecon:  104.4°,106.4° 420,380, 351, 300, 229, 211, 135, 134
zuon: 106.4° cm’!

Zplane through H-O-H and surface: 13.9°

(H20, OH on atop on \3x\3)

- [ - [033  |o0.67 -4.049 [ 0.330

dreoan:  2.045, 2.045, 2.045, 2.046,
2.046, 2.046 A

deeoaumy: 2.112,2.112,2.112 A

dego-n: - 0.986, 0.986, 0.986, 0.987,

3525, 3523, 3495, 3458, 3248, 3227,
2894, 2870, 2455, 2429, 1547, 1542,
1500, 1174, 1169, 1132, 1102, 1065,

deet H)O.H):19693807 ’10.'093817 11&.031 1.032 1041, 1036, 1034, 986, 981, 818, 742,
1032, 1,033 A 675, 668, 660, 602, 595, 506, 497,

463, 444, 437, 435, 386, 378, 359,
316, 300, 296, 294, 276, 265, 254,
249, 246, 230, 223, 210, 187, 185,
167, 148, 145, 100 cm™

Zpro-H:  104.2°,104.2°,104.2°, 104.3°,
104.3°, 104.3°

Zuon: 110.6° 110.6°, 110.7°

£ plane through H-O-H and surface: 14.90, 14.90, 14.9°

(H20, OH on atop on 3x3)

- [ - [025 075 -3.927 [ 0.304

dpeon:  2.008,2.028,2.036 A

dreoamy: 2.126 A

deyon:  1.004, 1.005, 1.016 A

dapon:  1.023,1.033 A

Zpron:  101.9°,102.9°,

Zuon: 97.6°

Zplane through H-O-H and surface: 9.9°

(H20, OH on atop on 2x2)

3125, 3086, 2855, 2817, 2612, 1579,
1244, 1194, 1172, 1137, 1107, 1065,
865, 718, 544, 502, 493, 462, 426,
377, 319, 308, 253, 237, 182, 153,
151cm™

Table A2.2 (cont.)
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0- [0 Omo Oon

Eads, €V AagsZPE, eV

- - 0.22 0.77

-3.800 0.291

dromy: 1.982,2.005, 2.008, 2.024,
2.024,2.025,2.026 A

dpt.o(H,H)i 2.079,2.146 A

depgo-n: - 0.987, 0.990, 0.991, 0.996,
0.997,0.997,0.997 A

dmon: 1.021,1.021, 1.047, 1.051 A

Zpron:  102.7°,102.9°,103.1°, 103.4°,
104.3°, 104.4°, 107.1°

Zy.on:  109.1°,112.0°

Z plane through H-O-H and surface: 9.7°,15.3°

(H>O, OH on atop on 3x3)

3518, 3462, 3435, 3329, 3298, 3287, 3204,
2863,2716,2342,2211, 1540, 1493, 1327,
1248,

1176, 1157, 1144, 1125,1120, 1116, 1103,
1099, 1093, 957, 838, 714, 697, 632, 564,
543, 531, 488, 477, 473, 470, 461, 450,
450, 435, 429, 375, 333, 316, 314, 303,
291, 289, 279, 276, 261, 245, 217, 213,
201, 187, 179, 159, 144, 26 cm’!

_ [ - [ - | 1.00

-3.369 [ 0.250

dreoy: 1.975,1.976, 1.976, 1.976 A
deyo-n: 1.003, 1.003, 1.003, 1.004 A
Zpro-n: 104.4°,104.4°, 104.4°, 104.4°
(H20, OH on atop on 2x2)

3141,3137,3133,3107, 1209, 1164, 1164,
1154, 747, 744, 717, 543, 512, 512, 511,
493, 312, 304, 302, 243, 224, 223, 166,
165 cm’!
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Table A2.3: Geometric characteristics, energetics, and normal modes of surface structures of

proposed intermediates in the aerobic oxidation of methane on Pt(111)

Methoxy

derocc): 1.990 A

deyo-c: 1.404 A

doyca: 1104 A, 1.112 A, 1.114 A
Zpro-c: 116.5°

Zo-c-H: 106.8°,112.3°,112.3°

Eads, eV -2.154

AadtsZPE, eV 0.084

2975,2821,2796, 1389, 1373, 1362, 1084,
1079, 1004, 471, 259, 235, 131, 81,47 cmx’
1

Methanol

dreor 2290 A

don: 0982 A

doc: 1452A

dcn: 1.095,1.099, 1.101 A
Zprou: 96.1°

Zpro-c: 117.3°

Zpoc: 109.3°

Zo-cu: 106.2°,108.8°, 110.9°

Eads, eV -1.702

AadsZPE, eV 0.185

3583, 3087, 3035, 2976, 1440, 1430, 1401,
1297, 1123, 1058, 947, 576, 272, 215, 175,
140, 115, 58 cm’!

Hydroxy-methoxy
dreocy: 2.048 A
dpeocmy: 2.238 A

degon: 0.982 A
deemo-c: 1.499 A

degoc: 1.351 A

dcn: 1.105A,1.114 A
Zpromyc: 111.7°

Zproc:  115.9°

Zpron: 101.1°

Loc-o: 113.9°

Zo-ch: 101.6° 105.7°
Zom)-c-u:  108.8°, 115.1°

Eads, eV -4.388

AadsZPE, eV 0.197

3602, 2958, 2790, 1401, 1329, 1248, 1172,
1106, 987, 742, 603, 487, 408, 303, 248,
138, 104, 84 cm’!

Methanediol

dero@): 2.264 A
deeny-oc: 1.475 A
daoc: 1379 A
dego-n: 0.981 A

do-n: 0.996 A

den:  1.099 A, 1.104 A
Zpromy-c:119.3°

Zpron: 104.4°

Zoc-o: 112.9°

Zo-cH: 103.3° 106.6°
ZcoH: 108.8°

Eads, eV -3.967

AadsZPE, eV 0.250

3627, 3268, 3034, 2937, 1441, 1373, 1359,
1269, 1173, 1068, 986, 835, 579, 524, 439,
265, 187, 149,

124,92, 26 cm’!
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Table A2.4:

Geometric characteristics, energetics, and normal modes of surface structures of

proposed intermediates in the aerobic oxidation of methane on Pt(111) covered

with O, OH and H,O

Initial structure

®Ocnz = 0.25
®o=0.25
®on =0.25

Final structure

®Ocuz =0.25
®0=0.25
®on = 0.25

dreo:  2.043,2.052,2.058 A
dreoan: 2.007 A

don: 0978 A

dpecy: 2.005 A

dcn: 1.093, 1.093, 1.094 A
Zpro-n: 105.9°

Zpecn: 102.7°,108.3°, 108.4°

Eads, eV -1.551

AadsZPE, eV 0.132

3669, 3126, 3112, 2993, 1404,
1368, 1200, 953, 845, 825,
505, 499, 471, 407, 365, 268,
226, 193, 168, 141, 102 cm!

Initial structure

®cnz = 0.25
®o=0.25
®on = 0.25

Final structure

®ocmz2 = 0.507
®Ouo =0.25

dreoy: 2.175 A

deroay: 2.221 A

don:  0.975,1.044 A

doc: 1379A

dcn: 1.101,1.106 A
Zpro-c: 103.8°

Zo-c-H: 112.7°,113.3°

Zpomn: 111.9°

Zplane through H-O-H and surface: 22.9°

Eads, eV -3.100

AaasZPE, eV 0.171

3711, 2979, 2902, 2377, 1559,
1399, 1184, 1130, 1106, 956,
725, 679, 546, 511, 356, 326,
276, 251,

202, 166, 139 cm’!

Initial structure

®ocnusz =0.25
®ou = 0.25

Final structure

®ocus = 0.25
®ou = 0.25

deroay: 1.980 A

drroy: 2.028 A

don: 1.054A

der: 1104, 1111, 1118 A
Zpron: 103.1°

Zproc: 115.1°

Zpro-c: 107.4°111.5°,112.7°

Eads, eV -2.047

AaasZPE, eV 0.156

3140, 2976, 2846, 2734, 1393,
1373, 1344, 1172, 1089, 1078,
997, 722, 539, 445, 325, 283,
243, 194,135,115, 96 cm’!

Initial structure

®ocnuz =0.25
®m20 =0.50
®on = 0.25

Final structure

®nocus = 0.25
®Ouo =0.25
®on = 0.50

dreoc: 2.838 A

degoc: 1.430 A

do-n: 1.022 A

dcn: 1.097, 1.100, 1.103 A
Zproc: 146.5°

Zpron: 89.0°

Zo-cn: 108.0°,109.1°,110.8°
deroay: 2.061,2.064 A
dreoamy: 2.139 A

deyon:  1.006, 1.020 A
decmo-n: 1.032, 1.036 A
Zpeo-H: 101.8°,104.9°
Zpon: 96.7°

Z plane through H-O-H and surface: 0.9°

Eads, eV -3.761

AaasZPE, eV 0.411

3076, 3058, 3008, 2949, 2827,
2698, 2676, 2499, 1610, 1474,
1445, 1440,

1424, 1256, 1235, 1181, 1157,
1136, 1126, 1102, 1023, 931,
838, 693, 487, 459, 438, 384,
341, 317, 277, 231, 207, 169,
148, 110, 90, 78, 68 cm’!

7 Di-o surface species
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Table A2.4 (cont.):

Initial structure

®nocus = 0.25
®Ouo =0.25
®on = 0.50

Final structure

®nocus = 0.25
®Ouo =0.25
®on = 0.50

3.185A

1.430 A

1.025 A

1.098, 1.099, 1.102 A
137.7°

73.3°

dpr-o(c):
deoo-c:
do-u:
dcn:
4pt-0-C:
£ Pt-O-H:
Zo-cu:  108.0°,110.0°, 110.9°
deroay:  2.041,2.056 A
dreoay: 2.148 A

dego-n: 0.987,1.030 A
decmo-n: 1.000, 1.046 A
Zpeo-H: 99.9° 110.4°

Zpon: 98.8°

Zplane through H-O-H and surface: 14.4°

Eads, eV -3.804

AaasZPE, eV 0.406

3437, 3243, 3052, 3023, 2957,
2734, 2556, 2366, 1620, 1507,
1453, 1440,

1415, 1276, 1192, 1143, 1135,
1073, 1036, 1004, 973, 924,
776, 528, 474, 454, 435, 417,
337, 295, 266, 217, 168, 149,
134, 109, 103, 90, 74 cm’!

Initial structure

®ocuz =0.11
®on = 0.88

Final structure

®ochzon = 0.227
®Ou0o=0.11
®on = 0.66

dreoc: 2.039 A

dreocmy: 2.180 A

degoc: 1.371 A

decmoc: 1.471 A

do-n: 1.013 A

dcn: 1.098, 1.104 A

Zproc: 124.8°

Zpromyc: 116.1°

102.2°

115.7°

1.979, 1.981, 1.987,

2.020, 2.045, 2.055 A

drroamy: 2.097 A

deoo-n: 0.984, 0.994, 1.000,
1.003, 1.008, 1.015 A

decmo-n: 1.001, 1.050 A

£ Ppt-O-H:
240-C-0:
dpe-om):

Zpeo-u: 100.0°, 100.6°,101.5°,
103.1°, 104.1°, 105.5°
Zu-oH: 111.4°

Z plane through H-O-H and surface: 19.5°

Eads, eV -4.740

AadsZPE, eV 0.320

3625, 3374, 3268, 3239, 3205,
3021, 2947, 2912, 2894, 2817,
2222, 1540, 1406, 1352, 1308,
1260, 1205, 1197, 1188, 1175,
1165, 1082, 1062, 1052, 1048,
1026, 959, 850, 831, 800, 774,
712, 642, 607, 561, 515, 507,
504, 477, 445, 434, 425, 410,
379, 375, 366, 334, 328, 312,
294, 276, 269, 263, 258, 254,
227, 202, 193, 184, 172, 152,
138,129 cm’!

Initial structure

®ocuz =0.11
®Ou0o=0.11
®on =0.77

Final structure

®ocrzon = 0.227
®Ou20 =0.22
®on = 0.55

dero): 2.078 A

dreocmy: 2.184 A

deyoc: 1.382 A

decmo-c: 1.474 A

do-n: 1.013 A

dcn: 1.094, 1.101 A

Zproc:  126.5°

ZpeoH)-c: 119.4°

102.8°

115.3°

1.992, 2.036, 2.043,

2.055,2.066 A

deeoamy: 2.105,2.126 A

deego-n: 0.993,0.997, 1.010,
1.011,1.016 A

depemo-n: 1.003, 1.003, 1.050,

1.056 A

100.1°, 101.1°,

101.8°,102.1°, 103.8°

Zu-o-n: 101.8°,106.9°

Z plane through H-O-H and surface: 12.80, 15.7°

£ Ppt-O-H:
240-C-0:
dpe-om):

£ Pt-O-H:

Eads, eV -4.866

AaasZPE, eV 0.355

3497, 3411, 3267, 3181, 3104,
3087, 2951, 2935, 2587, 2771,
2363,2113,

1624, 1566, 1412, 1379, 1323,
1270, 1260, 1239, 1227, 1199,
1161, 1111,

1096, 1084, 1072, 1058, 1036,
980, 966, 927, 865,

803, 760, 698, 626, 576, 546,
504, 464, 449, 440, 425, 408,
405, 378, 357,

354, 332, 312, 308, 306, 292,
283, 273, 264, 244, 223, 203,
191, 183, 180,
143,130, 117 cm”!

179



Table A2.4 (cont.)

Initial structure

BOocuz =0.11
Omo=10.33
®on = 0.55

Final structure

BOocnuz =0.11
Omo=10.33
®on = 0.55

dpt.o(c)Z 2.133 A

dppyo-c: 1.431 A

den: 1.101, 1.01, 1.103 A
Zproc. 132.3°

Zo.cu: 108.0° 110.1°,110.4°
dpeomy: 1.973,2.040, 2.056 A

2.075,2.077 A
dpt.o(H,H)i 2.080, 2.106, 1.141 A
d(Pt)O.H: 0.985, 1.000, 1‘001,

1.003, 1.005 A
depemyo-n: 0.983, 1.024, 1.033,
1.038, 1.047, 1.055 A
100.5°, 101.0°, 101.3°
102.6°, 103.6°
Zy.om: 111.4°,111.7°,112.4°
Lplanc through H-O-H and surface: 17»00, 17.20,
25.9°

£p-0-H:

Eads, eV

-4.198

AwisZPE, eV

0.586

3596,
3065,

3449,
3034,

3274,
2989,

3219,
2913,

3111,
2781,

2645, 2418,

2258,
1452,
1201,
1139,
1005,

2240,
1432,
1199, 1186, 1159, 1152,
1132, 1124, 1078, 1047,
992, 948, 925, 867, 793,

1562,
1386,

1527,
1296,

1487,
1228,

745, 659, 576, 557, 514, 485, 453,
447, 431, 416, 408, 401, 374, 362,
358, 348, 340, 310, 306, 297, 276,
269, 256, 246, 235, 231, 224, 214,
187,178,172, 147,128, 119 cm’!

Initial structure

®ocuz =0.11
Omo = 0.44
®on = 0.44

Final structure

Onocus = 0.11
Omo=0.33
®on = 0.55

dpioc,ny: 2.969 A
d(pt)o.ci 1.432 A
1.017 A
dcn: 1.097, 1.100, 1.102 A
dpt.o(H)Z 2.050, 2.059, 2.068,
2.071,2.094 A
dpom,n):2.089, 2.137, 2.163 A
dpyo-n: 0.985, 0.990, 0.990,
0.998,1.011 A
depemyo-n: 0.990, 1.018, 1.028,
1.055, 1.058, 1.075 A
101.6°, 102.0°,102.2°,
102.3°, 104.0°
Zy.on: 97.6°,107.5°, 111.3°
£ plane through H-O-H and surface- 9.6° 14.5°,26.9°

do.n:

£p-0-H:

Eads, eV

-4.407

AwisZPE, eV

0.381

3696,
3132,
2861,
1579,
1445,
1143,
1085,
1005,

3508,
3087,
2653,
1533,
1422,
1142, 1140, 1114, 1108,
1074, 1054, 1046, 1019,
933, 899, 788, 775, 756,

3417,
3064,
2593,
1515,
1224,

3396,
3037,
2573,
1480,
1223,

3295,
2966,
2312,
1452,
1211,

704, 658, 528, 455, 452, 440, 430,
419, 411, 402, 396, 354, 352, 335.
330, 315, 301, 289, 277, 274, 262,
240, 215, 214, 203, 200, 186, 135,
132, 126, 113, 94, 76, 29 cm’!

Initial structure

Onoczon = 0.227
Ou0=0.11
®on = 0.66

Final structure

@ocmzon = 0.227
Omo=10.22
®on = 0.55

dpeo): 2.078 A

dpt.O(C,H)Z 2.184 A

d(pt)o.ci 1.382 A

dpenyo-c: 1.474 A

1.013 A

den: 1.094,1.101 A

Zproc:  126.5°

ZLprom)y-c: 119.4°

102.8°

115.3°

1.992, 2.036, 2.043,

2.055,2.066 A

dprogm: 2.105,2.126 A

dpyo-n: 0.993,0.997, 1.010,
1.011,1.016 A

depemyo-n: 1.003, 1.003, 1.050,

1.056 A

100.1°, 101.1°,

101.8°, 102.1°, 103.8°

Zy.on:  101.8°,106.9°

Zplane through H-O-H and surface: 12.8°, 15.7°

do.u:

£p-0-H:
Zo-c-0:
dpiogH):

£p-0-H:

Eads, eV

-4.866

AwisZPE, eV

0.355%

8 Not determined as structure is identical to structure starting from ®ocns = 0.11, @m20 = 0.11 and Oon = 0.77
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SECTION I: CATALYST SYNTHESIS

In a typical preparation, an aqueous solution (250 mL) of chloroplatinic acid hexahydrate
(H2PtCle-6H,0, Merck; 0.002 mol/dm?®) was contacted with 9.9 g of either titania (TiO-,
Degussa P25 Aeroxide, 47 m?/g, Evonik or TiO, rutile phase, Merck, 25 m?/g), alumina (y-
AlO3, Alpha-Aesar, 80-120 m?/g) or carbon black (Vulcan XC-72R, FuelCellStore, 250 m*/g)
at room temperature. Excess water was slowly evaporated at 60°C and 72 mbar in a rotary
evaporator. The solid was dried overnight at 120°C in an oven under static air. The catalyst
was calcined at 400°C in air (flow rate: 48 ml,/min/g) for 5 hours and subsequently reduced in

hydrogen (48 ml,/min/g) at 400°C for 5 hours.

SECTION II: CATALYST CHARACTERISATION

The platinum loading on the oxide supported catalysts (Pt/TiO-Rutile, Pt/TiO2-P25, Pt/A,O3)
was determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES).
The catalysts were digested in aqua regia using a Mars 5 microwave digestion unit and analysed
on a Varian ES 730 inductively coupled plasma-optical emission spectrometer. The metal
loading on the carbon supported catalyst (Pt/C) was determined using thermogravimetric
analysis which was conducted on a SDT650 Thermal Analysis Instrument. For the analysis,
the Pt/C sample was heated to 900°C under a flow of air (10 mly,/min), at a heating rate of

10°C/min whilst monitoring the weight loss.

The phases present in the catalysts were determined using powder X-ray diffraction (XRD) on
a Bruker DS ADVANCE diffractometer (Co-Ka radiation: A = 1.789 A, 35 kV, 40mA). The
scan was taken from 20 =20° to 100°. The morphology and diameter of the supported platinum
nanoparticles was determined by transmission electron microscopy imaging on a FEI Tecnai
G2 T20 TEM, operating at 200 kV. The samples were first dispersed in ethanol via sonication
at room temperature, then drop-casted on carbon-coated copper grids. The images were
analysed using Image]® software to determine the particle size distribution of the platinum

nanoparticles.

The BET-surface area of the samples was determined using nitrogen adsorption at -196°C on
a Micrometrics Tristar II 3020, after degassing the sample at 200°C for 3hrs. The available

active metal surface of the freshly prepared and recovered catalysts was determined through
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the chemisorption of hydrogen. The catalysts were first degassed under vacuum overnight at
250°C, and subsequently analysed on a Micromeritics ASAP 2020 Chemisorption Analyser.
The hydrogen uptake was determined at 80°C in the pressure range of 0.1-600 mmHg. The

platinum dispersion was determined assuming an adsorption stoichiometry of H:Ptsurface=1.

The Bronsted acidity of the catalysts was determined using temperature programmed
desorption (TPD) of isopropyl amine, which was performed on an Autochem II (Micromeritics
Corporation, USA) coupled to a Cirrus mass spectrometer (MKS, USA) to determine the
effluent gas composition. Prior to adsorption of isopropyl amine (99% purity, GC grade,
Merck), the catalyst (ca. 0.1 g) was heated to 200°C and kept at this temperature for 15min
under hydrogen flow (50 ml,/min). Thereafter, it was kept at 200°C for 1 hr under helium flow
(50mly/min). The catalyst was then cooled to 100°C and isopropyl amine was pulsed over the
catalyst to saturate its surface. The desorption experiment was performed in a flow of helium
(25 mly/min) from 100°C to 800°C with mass spectrometry used to analyse the gases formed.
Isopropyl amine reacts with Bronsted acid sites to produce propylene and ammonia gas and the
desorption of propylene indicates the strength and quantity of the Bronsted acid site(s).[302,
303] The same instrument and methodology were used for the temperature programmed
desorption of CO; (pulse adsorption of CO; at 40°C), which was performed to characterise the
Brensted basicity of the catalysts.

The catalysts were also characterized using Fourier transform infrared spectroscopy (FTIR) to
determine the presence of organic deposits on the catalyst. The measurement was performed
on a Perkin Elmer Spectrum 100 FTIR Spectrometer in the ATR mode in the range 650-4000

cm™! with a resolution of 1 cm™!.

The organic species on the recovered catalysts were further analysed using temperature
programmed decomposition/desorption by flowing helium over the catalyst whilst heating
from 100 to 850°C on the Autochem II (Micromeritics Corporation, USA). The composition

of the effluent was monitored with a Cirrus mass spectrometer (MKS, USA).

The TGA-DSC profiles of the fresh and recovered Pt/C catalyst is presented in Fig. A3.1.
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Figure A3.1: Thermogravimetric analysis to determine the Pt-loading in the freshly reduced

Pt/C catalyst (a) and recovered Pt/C (b) catalyst.
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SECTION III: CATALYST ACTIVITY TESTS

The catalysts (ca. 1.5 g) were pelletized and crushed to form particles (dp = 150-200 pm) and
loaded into a quartz reactor that was then placed in the trickle bed reactor stainless steel casing
[262]. The pre-reduced catalyst was pre-conditioned at 220°C at atmospheric pressure in
helium (100 mly/min) for 8 hours. The reactor was subsequently pressurized to 30 bar.
Thereafter, methane, oxygen and helium were simultaneously introduced using Brooks thermal
mass flow controllers. De-ionized water was introduced via a high-performance liquid
chromatography (HPLC)-pump. The partial pressure of methane and oxygen at the reactor inlet
were maintained at 0.5 and 1.5 bar respectively by keeping their volumetric flow rates constant.
The space velocity was kept constant at 3.23 CHa4/g/hr. During the catalytic measurements, the
molar feed ratio of water to methane was varied and the helium flow rate was adjusted to
compensate for the steam flow rate (assuming vapor-liquid equilibrium at the start of the
catalyst bed). The gas mixture leaving the reaction zone was diluted with argon and the reactor

effluent was subsequently expanded to atmospheric pressure.

The gas composition was analysed online on a 6890N Agilent Gas Chromatograph (GC)
equipped with a flame ionization detector (FID) interfaced with a PolyArc oxidizer-methanizer
reactor (Quantum Analytics, USA). This enabled the detection of all carbon containing
compounds, including CO, CO», and formaldehyde using an FID. The GC-methanizer-FID was
calibrated with a CO/CO»/CH4 gas mixture as well as liquid mixtures containing oxygenates
such as methanol, formaldehyde, formic acid, methoxy methanol and dimethyl-ether to ensure

the accurate detection and quantification of these compounds.
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Table A3.1: Quantity of isopropyl amine adsorbed by the fresh and recovered catalysts

during pulse chemisorption

Catalyst Nads, 1PA, Umol/m?
Pt/Ti02-P25-Fresh 6.8
Pt/Ti02-P25-Used 3.8

Pt/TiO-Rutile-Fresh 3.1
Pt/TiOz-Rutile-Used 1.4
Pt/Al,O3-Fresh 7.8
Pt/Al,O3-Used 2.8
Pt/C-Fresh 1.2
Pt/C-Used 4.7

Table A3.2: Comparison of the catalytic performance of the Pt/TiO»-Rutile and Pt/C-

catalysts with the activity of systems recently reported in literature

Entry Catalyst T, °C Reactants XcH4, Scmzo Sco2 Reference
%

1 Pt/TiO2-Rutile 220 CH4, H20, O2 1.0 90 10 This study
2 Pt/C 220 CH4, H20, O2 4.2 98 2 This study
3 Fe/Si0, 600 CH4, H20, O2 23 41 13 Al
4 B203/AL03 550 CH4, H20, O2 6.8 46 2.7 A2
5 Co/SiO2 400 CH4, H20, O2 -2 100 - A3
6 V-SBA-15 640 CHa, H20P, Oz 1.5 65 1 A4

aConversion very low, less than 0.01%

Water = 10% in the feed.
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Table A3.3: The uptake of Hz and O: by the fresh and recovered catalysts

Catalyst H:-uptake O:-uptake
pmol/g pmol /g

Pt/TiO2-P25-F 71 67
Pt/TiO2-P25-U 67 62
Pt/TiO»-Rutile-F 62 58
Pt/TiO»-Rutile-U 62 58
Pt/ALOs-F 89 58
Pt/AL,O3-U 9 9
Pt/C-F 107 116
Pt/C-U 45 80
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SECTION I: CATALYST SYNTHESIS
Platinum(II) acetyl acetonate (Pt(acac), 97%, Merck), silver nitrate (AgNO3, 99%, Merck),

copper(Il) acetyl acetonate (Cu(acac), 99.9% trace metal basis, Merck) and gold chloride
trihydrate (HAuCls-3 H20, 99.9% trace metal basis, Merck) were dissolved in a mixture
containing benzyl ether (BE, 98%, Merck), oleylamine (OAm, 70%, Merck) and oleic acid
(technical grade, 90%, Merck) in a volumetric ratio of 1.2:1:1 under continuous stirring at
150°C. Thereafter, the resulting mixture was heated to 250°C, followed by the addition of
molybdenum hexacarbonyl (Mo(CO)s, 98%, Merck) as a reducing agent, based on a method
developed in-house. Reduction with molybdenum hexacarbonyl was found previously to lead
to the formation of high-index faceted nanoparticles, and allows for the tailoring of the
nanoparticle structure [A1]. The mixture was subsequently cooled, and the nanoparticles were
precipitated out with ethanol. The nanoparticles were cleaned with ethanol, then re-dispersed
in chloroform. The support was added to the chloroform suspension, sonicated, dried, then
successively washed with ethanol. Thereafter, the impregnated support was dried to yield the

supported catalyst.

SECTION II: CATALYST CHARACTERISATION
The elemental composition of the supported nanoalloys and the overall metal loading was

determined by first digesting the materials in aqua-regia (HCl, HNO; and HF) using a Mars 5
microwave digestion unit, followed by analysis by inductively coupled plasma-optical

emission spectroscopy (ICP-OES) on a Varian ES 730 spectrometer.

Powder X-ray diffraction (Bruker D8 Advance, Co-Ka radiation: A = 1.789 A, 35kV, 40mA)
was used to determine the phases present in the materials as well as to confirm the formation

of alloys. The scans were obtained at 20 angles ranging from 20° to 120°.

Transmission electron microscopy was also used to determine morphology and sizes of the
supported nanoparticles, with High Angular Annular Dark Field (HAADF) imaging and

scanning transmission electron microscopy being used to characterise the alloy structure.

High-resolution transmission electron microscopy (HRTEM) images were obtained on a
double-aberration corrected JEOL ARM 200F transmission electron microscope operating at
200kV at the Centre for High Resolution Electron Microscopy at the Nelson Mandela
University. The samples were first dispersed in ethanol using ultrasonication, then transferred
to a holey-carbon copper grids (for non-copper containing samples) and nickel grids. Images

were obtained in the high angle annular dark field and bright field analysis modes.
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Oxygen chemisorption was used to determine the available active metal surface. The samples
were first degassed at 250°C under vacuum overnight and analysed on a Micromeritics ASAP
2020 Chemisorption analyser. The oxygen uptake was measured at 220°C in a pressure range

of 0.1-600 mmHg.

Infrared spectroscopy was used to determine the presence of organic deposits on the catalyst.
The measurement was performed on a Perkin Elmer Spectrum 100 FTIR Spectrometer in the

ATR mode in the range 650-4000 cm™! with a resolution of 1 cm™.

The Particle-size distribution plots of the as-synthesised nanoparticles are presented in Figure

A4.1.
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Table A4.1: Lattice parameters and crystalline domain sizes of the annealed, supported

nanoparticles as determined from Rietveld refinement

Catalyst Lattice Crystalline Xpt Xm*

parameter, nm domain size, nm

Pt 0.391 1 0
Pt;Cu/TiO; 0.391 21 1 0
Pt;Ag/TiO> 0.393 8.9 8 2
Pt;Au/TiO2 0.394 27 8 2

*Alloying element composition according to Vegard’s law

The scanning transmission electron microscopy energy dispersive X-ray spectroscopy (STEM-
EDX) scans were obtained for multiple metallic particles over the different alloys in order to
establish if there was a size correlation in the metallic compositions of the particles. Over the
Pt3:Cu/Ti0; annealed samples (Fig. A4.2), it was found that the large particles (~ 10 nm) were
platinum-enriched, with a Pt:Cu atomic ratio of ca. 4:1, whilst the smaller particles (~5 nm)

were relatively copper enriched, with a Pt:Cu ratio of 2:1.
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Figure A4.2: a) The dark-field TEM image and corresponding EDX spectra (b-d) of the
annealed Pt:Cu/Ti0; catalyst.
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The STEM-EDX scans of the unannealed and annealed Pt;Ag/TiO; catalyst (Fig. A4.3) show

a variation in the Pt:Ag ratio which in this case does not seem to be particle size dependent.

However, annealing results in the formation of large platinum-rich clusters, with some large

particles having a Pt:Ag ratio of 10:1, and small particles with having a ratio of 4:1.
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Figure A4.3: The dark-field TEM images of the a) unannealed and e) annealed Pt3Ag/TiO>

catalyst and corresponding EDX spectra of the unannealed (b-d) and annealed

(f-h) PtsAg/TiO; catalyst.
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The STEM-EDX scans of the annealed Pt3Au/TiO> catalyst show the variation in the Pt:Au

composition to be size dependent, with platinum-enriched large particles (~ 15 nm) (with a

Pt:Au ratio of 5:1), and gold enriched small nanoparticles (i.e. Pt:Au ratio of 3:1).
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Figure A4.4: The dark-field TEM images of the annealed Pt3Au/TiO; catalyst (a and e) and

corresponding EDX spectra of the nanoparticles (b-d) and large clusters (f-h) of

the annealed Pt3Au/TiO; catalyst.
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SECTION III: CATALYST ACTIVITY TESTS

The catalysts were pelletized and subsequently crushed to a particle size 100-15 pum. A mass
of ~0.5g of catalyst was loaded between glass wool plugs in a quartz tube which was placed in
a stainless-steel shell. The catalysts were pre-treated by flowing oxygen (16 mly,/min’') and He
(96 mly/min') at 350°C overnight. The catalysts were tested for the selective oxidation of
methane at 220°C, at a pressure of 20 bar (po.,intet = 1.5 bar, pch., intet = 0.5 bar), co-feeding
varying amounts of liquid water (with the highest flow-rate being 0.16 ml'min’!, which
corresponds to 15 bar of water in the gas phase). Helium was used to keep the total gas flow

rate through the reactor at 160 ml,/min.

The pelletized and crushed catalysts were also loaded into the trickle-bed reactor in a quartz
tube between quartz wool plugs, then placed in the trickle bed reactor stainless steel casing.
The catalysts were pretreated by annealing in a similar fashion to that employed in the fixed
bed reactor. The reactor was cooled to 220°C, pressurized to 30 bar with argon, before the
reactive gases were introduced. The partial pressures of methane and oxygen were maintained
at 0.5 bar and 1.5 bar respectively, while that of helium was varied when water was introduced

to keep the methane and oxygen partial pressures constant.

The product analysis was carried online via injection on a 6890N GC equipped with an

oxidizer-methaniser reactor, via a 6-way valve (see Appendix 1).

The time on line performance of the Pt nanoparticles (supported on rutile) and the nanoalloy

catalysts is presented in Figures A4.5-A4.8.

From the graphs, it can be seen that the selectivity increases with an increase in conversion in

the presence of water.
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SECTION IV: POST-REACTION CHARACTERISATION
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Figure A4.9: Particle size distribution on the recovered a) PtsCu/TiOz, b) Pt3Ag/TiO; and c)

Pt3Au/TiO; catalysts recovered from the gas phase.
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The TEM images of the recovered Pt3Ag/TiO> and Pt3Au/TiO: catalysts showed signs of
carbon deposition, through the presence of an amorphous material that was not observed for
the fresh or the annealed samples. EDX scans of the materials showed it to be carbon based

(Fig. A4.5).

Spectrum 9
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(0] 26

Spectrum 11
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5, Used
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Figure A4.10: Dark field TEM images of the recovered Pt3Ag/TiO> (a) and Pt3Au/TiO> (¢)
catalysts showing the amorphous material on the catalyst, and corresponding
EDX spectra of the amorphous material on the recovered Ptz Ag/TiO- (b) and
Pt3Au/TiO: (d) catalysts.

Elemental analysis was also performed on the recovered catalysts in order to ensure that the
alloys were stable against leaching. The elemental compositions of the recovered catalysts are

presented in Table A4.1.
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Table A3.2:

The metal weight loading on the titania support, and corresponding molar

compositions of the Pt and M components on the Pt:M alloys

Catalyst Pt (wt.%) M (wt.%) Pt M Pt:M Lattice
(nmoles) (nmoles) (mole parameter,
ratio) nm
PtCu(F) 7.0 0.68 18.77 5.60 34:1 0.382
Ptz:Cu(R) 7.1 0.75 17.87 5.80 3.1:1 0.391
Pt:Ag (F) 7.7 1.8 19.97 8.44 24:1 0.399
Pt:Ag(R) 7.9 1.7 20.24 7.88 26:1 0.393
Pt:Au(F) 7.3 0.66 19.24 1.74 11.2:1°  0.39%
PtzAu(R) 7.0 0.93 18.01 2.37 74:1 0.394

*Error in analysis

The bright-field transmission electron microscope images of the fresh and recovered Pt/TiO2

catalyst (Fig. A4.7 a and b) show well-dispersed platinum nanoparticles in the particle size

range of 4.5 to 8 nm for the fresh catalyst, and 4-10 nm on the recovered catalyst, indicating

minor sintering that may have occurred during the catalytic pre-treatment. The powder XRD

pattern of the recovered catalyst shows an increase in the crystalline character of the supported

platinum. The ATR-IR spectrum of the fresh, unannealed catalyst shows two bands at c¢. 1500

cm! which correspond to the surfactant used during the synthesis of the platinum nanoparticles.

This bands are absent on the recovered catalyst spectrum, which shows the appearance of new

bands at 1030 and 1220 cm'. These bands have been identified as the C-O-C stretching

vibrations (former) and CH> rocking transitions (latter) [A2].
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Figure A4.11: a) Bright-field TEM image of the unsupported, b) particle size distribution of
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TEM image of the recovered catalyst, €) the powder XRD patterns of the
unsupported nanoparticles and the unannealed and recovered catalyst and f)
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Pt/Ti0: catalyst.
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SECTION V: CATALYST DEACTIVATION

The stability of the Pt3Ag/TiO; catalyst was evaluated by returning to baseline operating
conditions, where the flow of water into the reactor was stopped in order to assess the activity
of the catalyst after the introduction of water, and to ascertain that water did not leads to catalyst
deactivation. This was done in both the gas-phase reactor and the trickle bed reactor. The
catalyst in the gas phase reactor showed signs of deactivation, and time on stream experiments
in the absence of water (after the catalyst was exposed to water) show the decline in catalytic

activity (Fig. AE.6a). This corresponds to a 93% activity loss with time. The catalyst appears
more stable in the trickle-bed reactor (Fig. A4.8b).
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Figure A4.12: Time on line performance of Ptz Ag/TiO; in a) the fixed bed reactor (at 20 bar)
and b) trickle-bed reactor (at 30 bar), in the absence of water (pcu. = 0.5 bar, po.
= 1.5 bar, 220°C).
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