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A High-Throughput Thermographic Screen for Model Heterogeneous Catalysts

By Jovine Kamuhabwa Emmanuel

Despite the fact that it is now accepted that the particle size and the support in heterogeneous
catalysts strongly influences the activity and selectivity of the catalysts, it has been a challenge
to measure such effects systematically, especially on model systems. A high-throughput (paral-
lel) thermographic screening methodology is described here, which allows such measurements
to be made. A screening chip was designed and fabricated in order to produce multiple fields of
low stress silicon nitride membranes that exhibit low thermal conductivity and heat capacity.
The heat generated on model, supported catalysts in an exothermic reaction deposited on the
membranes could then be monitored using a thermal (infra-red) imaging camera. The tempera-
ture of the catalyst under steady state reaction conditions was used as a measure of mass or spe-
cific catalytic activity. The effectiveness of the screening method to determine catalytic activity
was demonstrated for titania supported platinum and gold model catalysts by studying the CO
oxidation reaction. For both supported metals we observe strong particle size effects in the ac-
tivity.

Platinum nanoparticles in the size range of ca. 1 to 8 nm and gold nanoparticles between ca. 1 to
6 nm in size were deposited on an amorphous titania support, as determined from transmission
electron microscope image analysis. The reaction of CO and O, on these model catalysts was
measured using the thermographic screening method. The model, supported catalysts were also
characterised by TEM and XPS both before and after reaction. The reaction over titania sup-
ported platinum was investigated in the temperature range of 80 °C to 240 °C and pressure range
0.072 mbar to 2.4 mbar. The turnover frequency (TOF) and specific mass activity of Pt for CO
oxidation increased monotonically with decreasing particle size by a factor of 17. XPS showed
that there was no change in the particle size distribution during the reactions. While there is no
apparent consensus in the literature concerning a particle size effect for this system, this result is
in good agreement with recent findings on high area supported catalysts, finding a seven-fold
increase in activity between 10 nm and 1nm particle sizes.

The CO oxidation on titania supported gold nanoparticles was investigated at 80 °C and 170 °C
and pressure ranging between 0.06 mbar and 1.5 mbar. The TOF and specific mass activity in-
creased monotonically with decreasing particle size by a factor of 19. XPS again showed that
there was no significant change in the particle size distribution during the reactions. While there
is no apparent consensus in the literature concerning the activity trend with particle size for this
system, this result is consistent with most data published in the literature.

The absolute activities measured at low temperature (ca. 80 °C) and pressure (0.11 mbar) in this
study for Au/TiO, nanoparticle catalyst are higher than Pt/TiO, nanoparticles over the ranges of
particle sizes investigated.
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1-Introduction

1. Introduction

1.1 A Brief History of Catalysis and its Developments

Catalysis is a phenomenon well known from ancient times in human history. Today it
plays a crucial role in a wide variety of applications including the chemical industry,
pharmaceutical, energy conversion and environmental protection.® It is estimated that
over 90% of chemical production processes rely on one or more catalytic steps.? It is
without doubt that catalysis in chemical and pharmaceutical industries minimizes the
production costs and waste products and helps to preserve resources at the same time.*
In a modern world where human activities are increasingly causing negative impacts on
the environment, catalysis helps to conserve the environment and will continue to play a
key role in environmental protection and sustainable energy strategies. Catalysis has a
direct impact on quality of life and economic growth.» ® Its development can be divided

into a number of important stages over time.

e Catalysis was first used by mankind to make alcohol from sugar by fermenta-

tion, although the ancient societies did not realise its theory and impacts.? * °
During this time, there were no theories to explain the phenomenon and only
isolated observations were irregularly documented and collaboration amongst
scientists of the era was uncommon. The principal features of catalysis were first
addressed by Fulhame in 1794, who observed that a small quantity of water was
necessary for the oxidation of carbon monoxide and water remained unaltered at
the end of a chemical reaction.* In 1817, Sir Humphry Davy suggested that
combustible gases could burst when mixed together if they were exposed to
heated platinum, though he was unsure what caused this phenomenon. In 1822,
Dobereiner showed that it was possible to combust hydrogen and oxygen at
room temperature over a platinum surface, the discovery immediately led to its
application in hydrogen lighter.> * ® However, this era of catalysis ended with a
significant achievement when in 1835 Jons Jacob Berzelius investigated the

documented observations and classified them as catalysts.> * °
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During the second period of catalysis, systematic research and discovery of new
catalytic processes were undertaken. It emerged that catalysis was important in
chemical processes and its application in industry could result into financial
benefits.* Wilhelm Ostwald formulated this idea of catalysis and wrote that,
“there is probably no chemical reaction which can not be influenced catalytical-
ly”.* In 1877, Lemoine demonstrated that the rate at which a chemical reaction
attains equilibrium could be increased when a catalyst was involved, though the
position of the equilibrium remained unchanged.’

The third period of catalysis was marked by the discovery and application of new
catalytic processes.* This era experienced the development of the ammonia pro-
cess originally meant to provide Europe with fertilizer to avoid starvation. Later,
most of the ammonia produced ended up in the manufacture of nitrogen based
explosives.? The idea of using ammonia to make explosives is attributed to Ost-
wald who in 1902 established a process for the oxidation of ammonia to nitric
acid.* Haber started a small scale catalytic production of ammonia in 1905 by
using an iron-based catalyst and the industrial process was later established by
Haber, Bosch and Mittasch.* Despite the development of catalysis during this
era, it ended in embarrassment because it was dominated by the production of

weapons of mass destruction used in the First World War.*

The growth of the petroleum industry marked the start of the fourth period of
catalysts development immediately after the First World War. This period expe-
rienced the large scale industrial production of isopropanol by oil companies.”
Franz Fischer and Hans Tropsch were able to make hydrocarbons from carbon
dioxide and hydrogen at room temperature in 1922.* This is one of the most im-
portant chemical achievements during this era. The process became crucial dur-
ing World War Two when enormous demand of hydrocarbons arose. However,
the process is still as relevant today as it was almost a century ago, and is being
applied by a number of companies including Shell and SASOL.* Methanol is the
most significant bulk chemical of this era, used in an enormous amount of appli-

cations from being a base chemical in the manufacture of formaldehyde, to be-
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ing used as a fuel in fuel cell vehicles.* Steam reforming, a significant process
in the production of hydrogen in the modern chemical industry, was discovered
during this catalysis era and the first commercial steam reforming plant dates
back t01930 by the Standard Oil Company, in New Jersey.* Ammonia produc-
tion was re-investigated by Temkin in 1940 by addressing the kinetics of ammo-
nia synthesis and the period ended with World War Two in 1945.*

e The fifth era of catalysis development is that after World War Two to the early
1970s. The period was largely dominated by the petrochemical industry and vast
catalytic processes for the production of synthetic polymers.* This domination
by the petrochemical industry was sparked by automotive markets that appeared
in Europe and North America after World War Two.* During this time, the
world realised the effects that industry had on the environment and led to the es-
tablishment of environmental catalysis.* Today, environmental catalysis is con-
sidered the drive towards the modern chemical industry where catalysis is appli-
cable to almost every process from production of fine chemicals for pharmaceu-
tical use to the manufacture of bulk chemicals and automotive catalytic convert-

ers.*

e The sixth and ongoing stage of catalysis is largely described and driven by envi-
ronmental considerations and the integration of science with new technologies
including the use of super computers.* The advancement of economical compu-
tational systems led to a new area of catalysis called mathematical modelling,
currently applicable in developing new catalytic systems.? It is not worthwhile
detailing the vast amount of new processes, catalysts and discoveries that has
taken place and is ongoing in this period. However, important developments
have and are being addressed and their impact on the progress of catalysis and

the way they affected the world.

Generally, any methodology that can be used to speed up the development of new cata-
lysts will be highly beneficial; therefore, combinatorial methods are one important ap-

proach towards high speed catalysts discovery.
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1.2 Catalytic Activity

In practical terms, a catalyst increases the rate of a chemical reaction by providing an
alternative pathway with as low an activation energy as possible.® ” A catalyst temporar-
ily binds with the reactant molecules and remains wholly unchanged in the end of a
chemical reaction.” One way of accelerating a chemical reaction is by raising the reac-
tion temperature.® On the other hand, the reaction rate can be accelerated by any means
that lowers the activation energy of a particular reaction. In this case, at the same reac-
tion temperature, a large proportion of reacting molecules would be able to go through
the activation barrier.® Since the activation barrier height for a particular reaction can
not be managed as it is only determined by the electronic structures of reactants and re-
arrangement of atoms in the activated complex, changing the activation barrier involves
providing another reaction pathway for the reaction by using a catalyst, this results in a
new reaction mechanism.® Figure 1.1 presents the reaction profiles for both un-catalysed

and catalysed reaction path-ways.

A E, without a catalyst

==A E, with a catalyst
1

o

Potential Energy

Reaction Coordinate

Figure 1.1: A 1 dimensional cut-out of the potential surface of an exothermic reaction without
and with a catalyst. The potential energy presents the energy of reactants as results of vibration-
al of chemical bonds and free electrons. The figure was adapted from reference.®
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The impact of a catalyst in a reaction is crucial as shown in Figure 1.1, because it not
only makes many reactions feasible, it may also improves their selectivity and yield,
leading to an incredible impact on manufacturing, production and environmental costs.
Catalysts and their biological counterpart called biocatalysts, transform chemical pre-
cursors into the exact molecular species that are very important for enormous products.
Economically, catalysts are used in the production of over 7,000 compounds amounting
to over $3 trillion worldwide. Manufacturing based on catalysts accounts for approxi-
mately 60% of chemical production and 90% of processes.® These figures are likely to
rise due to an increasing demand for the development of environmentally friendly man-
ufacturing processes. However, a good catalyst is expected to show three qualities: ac-
tivity, selectivity and stability.’ In heterogeneous catalysis, activity quantification is
carried out so that comparison of the activity value obtained on different catalysts is
possible.* For solid-gas phase reactions, the usual way of quantifying activity is the
turnover frequency (TOF) defined as the number of revolutions of the catalytic cycle
per unit time (reaction rate) generally in seconds or specific mass activity (per gram of
catalyst per second). It is clear that maximising the utilization of a particular catalyst is
crucial, especially if the catalyst comprises precious metals such as gold, platinum and
platinum group metals. Therefore, maximizing the surface area of a catalytic material by
finely dividing the catalyst on a high surface area support is economically important.
However, describing a catalyst in terms of mass activity alone neglects the effect of sur-
face structure, an important factor witnessed in a number of reactions whose rates de-
pend on a catalyst’s surface structure. Hence the interest in studying supported catalysts
in order to explore the particle size, particle morphology and support effects is essential
for the development of these catalysts.'? The observed structure sensitivity of a reaction
is a phenomenon first discussed by Boudart.*" ** Many catalytic reactions are structure
sensitive as their rates rely on the geometrical structure of the surface atoms of the cata-
lyst.** Structure sensitivity manifests itself as a dependence of rate per surface atom on
the average size of the catalyst particles. The rationale is that for particle size of diame-
ter less than 10 nm, the relative number of kink sites, steps and corners increases expo-
nentially with decreasing diameter. These under-coordinated surface atoms have a sig-
nificant different capability to interact with molecules from the gas-phase.** Therefore,

structure sensitivity can reflects a variation in the intrinsic capability of the surface at-
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oms to take part in the surface reaction or it can be related to the availability of a certain
number of surface atoms in special geometrical arrangements crucial for the interaction
with the reacting molecules.* A structure insensitive reaction is classified as a reaction
where the TOF or specific mass activity does not depend on surface modifications, such
as particle size, or crystalline faces in the case of a single crystal, therefore for a struc-
ture sensitive reaction, the TOF/specific mass activity depends on these parameters.*®

The catalyst support induces structural variability of the catalyst and provides the oppor-
tunity to explore them. The support controls the shape of supported nanoparticles
through the metal-support interaction phenomenon® ensuring catalyst stability and de-
termines the particle size by maximising metal dispersion. Enhanced metal dispersion
results into a catalyst surface with a vast amount of low coordination reactive sites.*
TOF/specific mass activity changes with dispersion/particle size (often determined by
loading) for a structure sensitive reaction since densities of close packed facets, step,
corners or edge sites are typically varying. For a structure insensitive reaction, the TOF
(mass activity) would be greater with decreased dispersion of the metal on the support.
Figure 1.2 illustrates how the number of less coordinated atoms varies with the de-

crease in particle size for Au supported particles.!’
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Figure 1.2: Calculated fractions of Au atoms showing the number of atoms present at edges
(blue), corners (red), and crystal faces (green) in nanoparticles having the top half of a truncated
octahedron. Fractions of atoms are presented as a function of Au particle diameter/ nm. The rep-
resentative edges, corner and crystal surface atoms positions of a truncated octahedron are
shown in the insert. The figure was taken from reference'’

A common structure sensitive reaction is the solid/gas-phase CO oxidation reaction on a
supported gold nanoparticle catalyst, where the particle size effect is commonly ob-
served at a particle diameter below 5 nm.*® The origin of the particle size effects is often
based on the geometric effects, in which different particle geometries have an impact on
the catalytic activity. Under-coordinated sites and crystallographic orientations of small
particles in addition to the induced strain in supported particles (electronic effect) have

been used to explain changes in the binding energies of adsorbates.'® %

The particle size effect also is anticipated to play a significant role in the activity of
small particles activity at relatively low temperature, resulting in greater activity with
decreasing particle size.?’ The valence band structures of small particles are considera-
bly different from those of bulk metals?, it is proposed they contain discrete energy
levels compared to the continuous band energy structure of bulk metals.”® Particle size

effect has been reported in titania supported gold nanoparticles of less than 5 nm in
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size.?%?? Particle size effect influences the chemisorption and thermodynamic properties
of metallic nanoparticles. However, the particle size effect has been found to be influ-
enced by the physical properties of the support material, which is addressed in terms of

a metal-support interaction and support-assisted mechanisms.*® %

Tauster et al. used the SMSI phenomenon to address the observed decrease for CO and
H, chemisorption on titania supported noble metals at high temperature conditions.?
SMSI was first addressed in 1978 to explain the abrupt changes in the chemisorption
properties of group 8-10 noble metals that were anticipated when these substances were
supported on titanium dioxide.?® ?* Over the years the adsorption of hydrogen has been
used to show the particle sizes of catalytic metals like platinum.?* It was addressed that
at room temperature, these metals chemisorb one hydrogen atom per surface metal atom
when unsupported or supported on a metal oxide support such as alumina.?* Neverthe-
less, the capability to chemisorb hydrogen or carbon monoxide was either largely su-
pressed or completely gone when these metals were supported on titanium dioxide and
activated in hydrogen at ordinary temperatures.?* The ascribing this effect to, for exam-
ple, particle sintering was ruled out, and it was concluded that a SMSI had deprived
these metals of one of their crucial properties.?® Since then, much effort has been dedi-
cated to the understanding of this phenomenon which is limited to titanium dioxide.
This has transformed the understanding of supported metal catalysts, especially regard-
ing their morphology due to solid-state transformations that take place in these system.?*
It is now well established that it is not the case that metal nanoparticles remain un-
altered on a metal oxide surface as in many systems, metal oxide support can cover the
metal surface hence masking a substantial part of it and in such a way it can create spe-
cial contact zones which enhances the catalytic properties for some reactions.?* In other
instances, the metal disperses to attain its coverage of the metal oxide support, which
indicates bonding interactions. There are special features of this bonding that prevent its
existence anywhere but at an interface, this renders an understanding of this system very
crucial. The chemisorption retardation has been observed with metal nanoparticles as
large as 5 nm. It was suggested that titania was in direct contact with at least a portion
of metal surface (encapsulation).?* Madey and co-workers™ described the interaction of
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Au with TiO, and that of Pt with TiO, at higher temperature. In their study, they found
that, after annealing of Au/TiO, at about 775 K, the size of Au islands increased with no
significant encapsulation by TiOx. However, at similar conditions, Pt was completely
encapsulated by TiOx." Further evidence of Pt encapsulation was provided by Pesty et
al.® In their study, Pt on TiO, surface was investigated by annealing under vacuum
with LEIS. The Pt signal decreased and eventually varnished with annealing time while
Ti and O signal grew. The rate of Pt signal disappearance was dependent on both cover-
age and annealing temperature, at a particular temperature, the Pt signal decreased
quickly for thinner film layers of Pt suggesting easier encapsulation. The unusually high
activity of TiO, supported gold particles toward CO oxidation at low temperature ex-
emplifies the support-metal interaction, with charge transfer stabilizing oxygen species
on gold with the reactants stabilized by the support (oxygen spillover effect). The reac-
tants go on to react directly with CO adsorbed on the gold-support boundary. Metal
support interaction between Pt and TiO, and charge transfer has also been widely dis-

cussed by Diebold,?® Madey and co-workers.* %

This thesis presents the application of a High Throughput method for synthesis and
screening of titania supported platinum and gold nanoparticle catalysts of various sizes
for the solid/gas-phase oxidation of CO at relatively low reaction temperatures. High
through-put techniques have been developed in catalysis and material science and have
gained extensive application in both academia and industry to improve known materials
and aid the discovery of new materials.” % #"% physical vapour deposition (mainly
sputtering) has been established for the synthesis of compositional gradient thin film

materials,® 3

and this has recently been extended to MBE based sources by using an
arrangement of “shadow” shutters, described in detail in Chapter 3.*? This method ena-
bles the synthesis of a compositional material library of metal alloys and nanoparticles
on thin film supports.®* 3* It has been applied here to synthesise and optimise Au and Pt
nanoparticle catalysts supported on titania. The synthesised titania supported Pt/Au na-
noparticles have been screened for catalytic activity using a new method of high
throughput infrared thermography, developed during this work. The activity of the dif-

ferent catalysts systems for the CO oxidation reaction at relatively low reaction tem-
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perature is compared and discussed. These findings are set in the context of the litera-

ture, with an overview of the relevant literature given in the proceeding sections.

1.3 Reactions Involving Carbon Monoxide

Carbon monoxide (CO) is a hazardous gas produced as a result of burning any sub-
stance that contains carbon such as fossil fuels in insufficient oxygen.*™" It is estimated
that global emissions of carbon monoxide into the atmosphere reaches 2,600 million
tonnes annually with 60 % of total emissions due to human activities while natural pro-

cesses contribute only 40 %.

The sources of carbon monoxide are diverse. However, they can simply be grouped into
two, anthropogenic and natural processes. Anthropogenic activities leading to CO into
the environment and indoors include a range of industrial processes, unvented kerosene
and gas space heaters and automobile exhaust emissions, while natural sources of CO
include volcanic eruptions and natural fires. Of all the anthropogenic sources of carbon
monoxide in the UK, exhausts of motor engines are the major contributor responsible
for up to 69 % of the UK’s CO emissions.® Carbon monoxide poisoning is still one of
the top causes of unintentional poisoning to humans and animals causing a huge number

39, 40

of deaths worldwide, particularly in Europe and United States each year.*!

In heterogeneous catalysis, particularly on platinum, carbon monoxide presents a chal-
lenge because it poisons the catalyst. Polymer electrolyte membrane fuel cell (PEMFC)
technology for instance, is forecasted to play a crucial role in the future of electrical en-
ergy production for mobile and stationary applications due to its zero CO, emission and
high power density.** ** PEMFCs depend on hydrogen fuel which is largely produced
from natural gas generating a hydrogen-rich gas mixture that comprises substantial
amount of CO.* The CO present poisons the platinum catalyst used as the anode of the

low temperature PEMFC, where hydrogen oxidation takes place. CO acts as a poison
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because it binds irreversibly to the platinum catalyst surface leaving no active sites for
further reaction cycles to occur and therefore deactivates the catalyst." ** **® The de-
activation of the platinum catalyst in low temperature PEMFCs by CO present in refor-
mate gas has attracted researchers towards searching for an alternative CO tolerant cata-

lyst system.*® %®

The chemistry of CO is of major interest since CO oxidation is among the most crucial
transition metal catalysed reactions. The best way to get rid of hazardous carbon mon-
oxide gas in PEMFCs and car exhausts is via catalytic CO oxidation. The carbon mon-
oxide oxidation reaction is therefore crucial in both the exhausts emission control and
PEMFC technologies.*” *® Technologically, the CO oxidation reaction is crucial for the
purification of hydrogen gas to avoid the deactivation of Pt.***° In such applications,
CO oxidation needs to be carried out at relatively low temperatures® and therefore the
discovery of a catalyst with the capability to convert CO into CO, under such conditions
and conditions that will not lead to hydrogen oxidation is desirable. More studies have
been carried out to investigate the low temperature catalytic oxidation of carbon monox-
ide due to its enormous range of applications in practical processes and in heterogene-

ous catalysis research.*® 2

1.4 Heterogeneous Catalysis

One of the reasons for looking at chemical reactions on surfaces is to understand the
heterogeneous catalytic reaction mechanisms. Heterogeneous catalysis is where the cat-
alyst and the reacting molecules are in different phases, typically a solid catalyst and
gaseous reacting molecules. A catalyst acts by forming an intermediate compound with
the molecules involved in the reaction, offering an alternative reaction path with low
activation energy to the final products. Heterogeneous catalysis is vital to the chemical
industry, being key to a number of economically important reactions/processes such as
the Haber-Bosch process, where ammonia is synthesized from gaseous N, and H; using
an iron catalyst.>® ** The chemical industry would not be as successful as it is today
without the implementation of heterogeneous catalysis. Most large-scale industrially
catalysed processes depend on heterogeneous catalysis, and the widespread recent ap-
11
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plication of catalysis to car emission control uses such solid catalysts as Pt, Pd and Rh
in contact with the gas stream.® ** *® In these kinds of reactions the nature of the inter-
face is very important for the efficiency of the process. The nature of the catalyst sur-
face dictates how fast a catalytic reaction takes place and additives can retard (poison)

or enhance (promote) the reaction.”

The application of bulk metal catalysts presents high cost while the catalysts themselves
are inefficient. These catalysts become efficient when finely divided, because a large
surface area is achieved. However, finely divided metal particle catalysts need to be
supported on a cheaper support. Transition metal oxides have been used as a support
material. These oxides have extensively been used in electrochemical technology be-
cause they offer both potential for stability and conductivity and also are known to in-
fluence the activity of supported metal nanoparticles.®* Titania (TiO,) is known to be
stable in acidic and high temperature conditions and is available in high surface area
forms, further; it is sufficiently conducting to serve as a support by its use in sub-
stoichiometric or doped states, TiO; is also abundant, cheap, hence economical to use.
Therefore, the use of TiO, as gold/platinum nanoparticle catalyst support for CO oxida-
tion reaction has been of interest and a good number of researchers have reported its
effectiveness as compared to other supports.®® *" Characterising the nature and behav-
iour of the supported catalyst surface is crucial to gaining an understanding of the en-

hanced reactivity.

1.5 Surface Science and Model Catalysts

The catalysts surfaces are of particular interest not only because they are where reactant
phases converge but also because they are completely different from the rest of the sol-
id, the bulk. Bonding at the surface is unique as each surface atom has few close neigh-
bours, therefore it is expected that the chemistry at the surface is unique as well. The
effect of having unequal forces at the surface subjects the whole surface to a relatively
high surface free energy, with a distinct electronic structure compared to the bulk. Since
surface atoms cannot satisfy their bonding requirements in the same way as bulk atoms,
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they will always want to react in some way, either with each other or with foreign at-
oms.>* >* Catalysis takes advantage of the unbalanced forces on the surface to catalyse
different reactions. Figure 1.3 shows the key steps that take place at the catalyst surface

during a catalytic reaction.

Dissociative adsorption on support
Molecular adsorption on particle
Dissociative adsorption on particle
Diffusion on support

Diffusion on particle

Spillover onto particle

Spillover from particle

Reaction on particle terrace

O P® N WD

Reaction at support/ particle interface

—_
5

Desorption of product

Figure 1.3: Molecular level processes involved in product formation during a catalytic reaction
illustrating adsorption of gaseous reactants, dissociation, diffusion, surface reaction and product
desorption processes.

Notable improvements have been made over the past few years in the investigation of
catalytic properties of industrial heterogeneous catalysts. During the past two decades, a
number of groups globally have succeeded in synthesising model metal nanoparticles
catalysts supported on planar oxide substrates.'® 34 37495870 The synthesised catalysts
have been found to be suitable for kinetic and spectroscopic investigations and for study
using scanning probe techniques at realistic working temperatures and pressure condi-
tions.>® Ideally, catalytic scientists would like to relate microscopic properties such as
atomic composition, electronic structure and geometric structure to macroscopic proper-
ties, such as catalytic activity and selectivity.®® It is unfortunate that the complexity of
real catalysts makes it difficult to explore their microscopic properties. Significant stud-
ies using ultra high vacuum (UHV) methodologies provide an atomic view of a catalyst
by studying single metal crystals, which differ from real world catalysis, where reac-
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tions occur at elevated pressure and high surface area polycrystalline materials.® *® Alt-
hough the reaction conditions are ideal, some conclusions about bonding and activity
can be made. Model catalysts that resemble industrial catalysts in their complexity have
been synthesized.*® Techniques such as polarization modulation infrared reflection ab-
sorption spectroscopy (PM-IRAS) have made it possible to study the working catalyst,
particularly the in-situ abilities of scanning probe microscopies which allow observation

of the morphological modifications that occur on working catalysts.

The nature of the surface participating in heterogeneous catalysis is very important for
the catalytic properties.>® *> Numerous crystal structures exist, here only face centred
cubic (fcc) is considered as an example. This is because most of the technologically im-
portant metals such as Au, Pt and Rh exhibit this structure. The fcc structure gives rise
to low index faces, the (100), (110) and the (111) planes, Figure 1.4.

(d) © (@

Lo

(100) (110) (111)

Figure 1.4: Illustration of face centred cubic (fcc) structure and the low index faces, (a) fcc
structure and (b) (100), (c¢) (110) and (d) (111) planes. (a) Was extracted from
http://johncarlosbaez.wordpress.com/2012/04/15/ice/.

The coordination number of atoms in each of these surface planes is different. General-
ly, the surfaces with lower coordinated surface atoms have the highest surface free en-
ergy, therefore greater reactivity for adsorption and strongest binding for the adsorbing
molecules. From this perspective the (100) has four neighbours in the surface, (110) has
only two near neighbours and (111) is in a close packed structure with six neighbours.>®

Since the surface is a region of high surface free energy there is a tendency for surface
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atoms to minimize this energy and this takes place in different ways including surface
relaxation, reconstruction, sintering and adsorption. It has been reported that some cata-
Iytic reactions have less dependence on the nature of surface structure, while others are
strongly dependent on surface structure.>® The phenomenon of catalysis is usually de-
termined by observing how the rate of the reaction on reactive sites varies with chang-
ing the active site’s properties such as particle size. For reactions where the surface re-
action is the rate determining step, it is expected that the structure sensitivity phenome-
non will be observed. Considering any particular reaction of interest, it is therefore pos-
sible to change the properties of a catalyst for that reaction by any means that changes
its surface properties; that is increasing or reducing the surface free energy from a ther-
modynamic point of view. This can be done by any of the following processes; sinter-

ing, dispersion, poisoning, changing support and particle size.

The structure of oxide materials is important both as heterogeneous catalysts them-
selves, and as supports for metal particles. Titania is a good example of such a support,
and there are a wide range of studies on the single crystal surfaces of rutile titania. Sin-
gle crystal surfaces of metal oxides are widely used in surface studies in order to antici-
pate how surface structure affects reactivity.”* The surfaces of real metal nanoparticle
catalysts have a more complex structure as they have numerous types of crystallograph-
ic planes exposed. Heterogeneous catalysis studies using model systems have discov-
ered that irregularities and additives such as water vapour, are the main features of ac-
tive surfaces that control catalytic behaviour.” Steps and kinks have been identified as
the most catalytically influential surface sites on transition metal surfaces due to their
low coordination number compared to atoms in the terrace. Reactions on oxides or met-
al nanoparticles supported on oxides can be studied not only on single crystal oxide sur-
faces, but also oxides prepared by epitaxial thin film growth on metal substrates. The
structure of the substrate is picked specifically to match the particular oxide film to be
synthesized because crystal orientation and the nature of the interface are significant
parameters in obtaining a high quality film. A thin metal oxide film of several nanome-
ters thick is deposited onto the metal substrate by vapour deposition in an oxygen at-
mosphere.”® Thin films of MgO, TixOy, Al,03, SiO,, NiO and Fe,O, have been prepared
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using this methodology.”® Eventually, metal particles can be grown on the thin film ox-
ide by vapour deposition of the metal of interest, Figure 1.5. By careful control of the
metal deposition parameters, such as deposition rate and time, metal nanoparticles of

various sizes are produced.
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Figure 1.5: Schematic of a planar oxide-supported model catalyst preparation procedure with
corresponding STM images of each stage.*®

Different metal/oxide systems have been reported such as Cu/SiO,, Pd/SiO,, Ni/SiO,,
Pd/Al,0O3, Cu/Al,03, Au/Al,O3, Ni/Al,03, Au/TiO,, Pd/MgO and very recently, organ-

ometallic precursors have been used to prepare Ru/TiO, and Au/TiO,.%®

Catalytic studies on model single crystal surfaces over the decades have provided im-
portant information related to chemisorption and the link between surface structure and
reactivity, enhancing our knowledge regarding heterogeneous catalytic processes.*?
However, single crystal catalyst systems do not offer the possibility to explore the im-
pact associated with the change of a catalyst surface structure such as particle size, and
the presence of an oxide support on the reactivity, therefore the development of a model

for supported nanoparticle catalysts is required.
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1.6 Supported Nanoparticle Catalysts

Metal oxide supports are important in heterogeneous catalysis as they serve to stabilize
the metal nanoparticles and some supports are known to participate directly in the reac-
tion mechanism.® These metal oxide supports can be categorised into two groups: non-
reducible metal oxides such as Al,O3, MgO and SiO,, and reducible metal oxides such
as TiO,, Fe,03, NiO and CeO,. These metal oxide supports have been enormously used
and continue to be used to support metal nanoparticle catalysts for various
applications.®® " ™ 1t is now well understood that the support material strongly influ-
ences the activity of heterogeneous catalysts.*® ™ > ™ More attention is on reducible
metal oxides which are largely addressed to participate directly in a reaction mechanism
hence enhancing activity of the nanoparticle catalysts as compared to nan-reducible
metal oxide supports.>” ™ 7 ® Further, it has been addressed that the reducible metal
oxide supports such as Fe,O3, TiO, and NiO provide more stable and more active nano-
particle catalysts as compared to their non-reducible counterparts.*® > 7% 7 |n the CO
oxidation reaction, adsorption capability is quite important. Alexeev et al.** compared
Pt supported on TiO, and Al,O3 for CO oxidation and found the TiO, supported cata-
lysts the most active when reduced in hydrogen at 400 °C. In their study, they suggested
that perhaps Pt is partially covered by titania (reduced titania) fragments leading to re-
tarded CO adsorption. Additionally, they proposed that, metal support boundary is criti-
cal for dissociation of O,. They assessed the catalysts activity in the presence of hydro-
gen, an important reaction in purifying H, by removal of CO in fuel cells. Herranz et
al.>" on the other hand, studied the oxidation of CO on Au nanoparticles supported on
TiO, and SiO, at low temperature and found Au supported on TiO, the most active cata-
lyst. Li and co-workers®* compared CO oxidation on Pt nanoparticles supported on TiO,
and SiO, and they concluded that titania supported catalyst is the most active. Further
evidence of support contribution towards CO oxidation was given by Rousset et al.® in
their study, CO oxidation was investigated on Au nanoparticles of approximately 3 nm
supported on Al,O3, ZrO, and TiO, supports. Of all these catalysts investigated, Au
supported on TiO, was found to be the best catalyst. They concluded that titania partici-
pates in the reaction process.®? Schuth et al.”” studied CO oxidation on Au supported on
TiO,, AlyO3, ZrO; and ZnO and found Au supported on TiO, the most active catalyst.

These experimental reports indicate that the nature of catalyst support (metal oxide) in-
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fluences the activity of heterogeneous catalysts among other factors. Therefore, the ap-
propriate choices of metal nanoparticle support are crucial to ensure the right catalytic

activity of the metal.

However, metal nanoparticles supported on metal oxides surfaces such as Fe,O3 and
TiO, have been of much interest to researchers because of their technological applica-
tions including: photocatalysts, heterogeneous catalysis and gas sensors.®® 8 The
growth of various metal nanoparticles on TiO, has been widely studied.® 8% Metal
nanoparticle nucleation and growth processes that occur on an oxide surface when metal
atoms are vapour deposited,®” are shown in Figure 1.6. Metal atoms deposited onto the
oxide surface need to undergo adsorption first, if the surface temperature is high, these
atoms may desorb. Once adsorbed the atoms diffuse across the surface and become
trapped on surface defects, if present, resulting in nuclei formation and this is referred to
as heterogeneous nucleation. In the case where atoms do not find defects on the surface
to nucleate on, stable nuclei may be formed by the aggregation of at least two metal at-
oms, this is called homogeneous nucleation. A certain number of metal atoms termed
the critical cluster size must be achieved for the formation of a stable cluster and further
addition of atoms leads to nuclei growth. Freund et al. reported that a homogeneously
formed cluster which has not achieved critical size will consequently separate.®> ® Par-
ticle density on the surface in the case of homogeneous nucleation is a function of the
diffusion coefficient on the support and the rate of deposition. On the contrary, for het-
erogeneous nucleation, the saturation density does not depend on either the diffusion
coefficient or rate of deposition, in this case attraction between atoms and defects is ro-
bust and defect concentration is relatively high. After nuclei saturation has been
achieved, no further nuclei formation occurs and all incoming atoms land on the pre-

formed islands and particle growth proceeds.®* &’
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Figure 1.6: Metal deposition on a substrate and particle growth mechanisms, figure repro-
duced.”

The morphology of supported nanoparticles has been addressed as the key aspect that
controls their chemical properties.®® The growth morphology of various metals on TiO,

has been extensively investigated™ 2

and was found to depend on surface and interfa-
cial energies (Y metal, ¥ substrate a0d ¥ interfacial). Madey et al. discussed the three film growth
modes as studied using low energy ion scattering (LEIS), when Ay =Y metal + ¥ interfacial —
Y substrate < 0, film growth goes via layer-by-layer growth (Frank-van der Merwe mode),
a Ay greater than zero (Ay > 0) leads to a three dimensional film growth mode called
Volmer-Weber growth. In many situations, interfacial energy increases (Ay <0 — Ay >
0) after formation of the first or several layers and results into successive islands for-

mation, termed the Stranski-Krastanov growth mode,* Figure 17.

(a) (b) (©)

Figure 1.7: Schematic presentation of the three crystal growth modes: (a) Frank-van der Mer-
we, layer by layer growth (b) VVolmer-Weber, 3D island growth and (c) Stranski-Krastanov, lay-
er then 3D island growth.>

Since surface free energies of transition metals are always larger as compared to those
of metal oxides, a layer-by-layer particle growth mode should be an exception and that
the particle growth of 3D particles is very likely, which has been observed in many dep-

osition studies of metals on metal oxides.®’
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Although many different metal nanoparticles have been studied on TiO,, we shall focus
on Au and Pt nanoparticles for the low temperatures CO oxidation.

Theoretical calculations have shown that gold nanoparticles interact weakly with stoi-
chiometric TiO, supports as compared to non-stoichiometric titania.? ” The higher ad-
sorption energy of gold nanoparticles on a defected titanium dioxide surface has been
reported and defects on TiO; are anticipated as the main nucleation and growth sites for

gold nanoparticles®® " 8 8

as shown by STM and theoretical studies. Experimental
studies of UHV nucleation and growth of gold nanoparticles on titania are in good
agreement with theoretical studies, that nucleation of Au during initial particle growth
occurs on titania defects.”® Two dimensional islands of gold have been primarily ob-
served up to an average critical coverage, and three-dimensional islands are formed at
coverages above critical coverage, where the added gold mostly adsorbs on top of the
two-dimensional islands, referred as Stranski-Krastonov growth.*  Experiments have
revealed the truncation of Au particles on titania at the initial growth stage (low cover-
age) with a layer thickness of 1-2 atomic layers and a particle diameter of 0.6-2 nm,
which grows into a spherical shape between 2.5 — 5.0 nm particle diameter with increas-
ing loading.*® ** Similar growth behaviour has been reported for platinum nanoparticles
on titania.™> ® However, Madey et al. reported that at a later stage of both Au and Pt
nanoparticle growth (overlayer thickness > 1 ML), at equivalent temperatures, TiO; is
more covered by Pt islands than by Au.* Studies have shown that nucleation and
growth of Au and Pt particles on the titania support is influenced by temperature, and

that at 200 °C, particle nucleation and growth shows 3D growth from the beginning.*

The properties of metal nanoparticles interacting with a support have been widely dis-
cussed in literature and it is proposed that the support plays a key role in determining
the particle shape and enhance particle stability.*® 3 & °* The equilibrium shape of a
particle on the surface of a support has been found to depend on the surface and interfa-

cial energies. For a particle with isotropic surface energy, the particle adopts a truncated
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spherical shape with a contact angle given by the Young-Dupre formulation,** equation
1.1 and Figure 1.8 (a).

cos@ = Ysw ™ Vint Equation 1.1
7 met

where 0 is the contact angle, y sup and y mer are oxide and metal surface energies respec-
tively and vy iy is the interfacial energy. However, although this formulation holds true
for isotropic liquids, for supported metal particles, faceting is evident due to low index
planes and this results into surface energy anisotropy. Therefore, the contact angle is no
longer representing the relative interfacial energies, instead it represents relative faceted
plane with regards to the substrate, and the equilibrium shape of a particle is therefore
predicted by the Wuff formulation, Figure 1.8 (b).

Madey et al. have shown that in a Wuff formulation, the ratio of the length of the vector
(h) to the surface free energy of a particle is a constant and the particle on the surface of

a support is truncated, the particles “sink™ into the substrate by Ah, which is a function

of the particle surface free energy and adhesion energy, Eaq, given by:% &%

E ad = Ysub T ¥ met - Yint Equation 1.2

and

ah_Ey Equation 1.3
h V met

Adhesion energy is therefore crucial to particle shape as when it is zero, Ah—0, the par-
ticle at equilibrium assumes a free particle shape with no truncation. When adhesion
energy is at least twice the particle surface energy, complete wetting is attained with a
2D shape.
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Figure 1.8: Truncation of supported particles at the support-particle interface. (a) Represents
isotropic surface energy as in liquids, where 0 is the contact angle, y sy and y me: are oxide and
metal surface energies respectively and y iy is the interfacial energy. In (b) is the Wuff formula-
tion, particle-surface property (anisotropic surface energy), where Ah is the amount of trunca-
tion and h; is the particle height.”

However, a more interesting scenario to consider is that of highly dispersed metal sys-
tems on metal oxides supports such as those used in the automotive catalytic converters
and petrochemical industries. In such a catalyst system, the metal particle size may be as
small as 1 nm.*® It is anticipated that the shape of these small particles is determined by
the surface free energy contribution to the total energy. The surface free energy of a
crystal of fixed mass to volume ratio can be minimized by either reducing the surface
area of the crystalline or exposing only the surfaces of low surface free energy such as
(111) planes.®® % Nevertheless, the resolution between exposing only the surface with
low surface free energy planes and reducing the surface area is attained by truncating
the vertices of the octahedron to produce a cubo-octahedral particle which has (111) and
(100) surfaces exposed, which in turn creates many atoms at the corners and intersec-
tion of surface planes on the particle and these atoms are under-coordinated.*® However,
this model for the structure of catalytic metal nanoparticles is not correct; it is perhaps
reasonable when there is the weak interaction between the metal and the oxide support
such as silica. On the other hand, a SMSI is more likely to result to increased wetting of
the support by the metal which provides a greater metal-support contact area and a sig-
nificant different particle morphology.” Therefore, for the case of SMSI, the metal-
oxide interfacial free energy is less and the surface free energy of the metal particle can
not be considered in isolation from that of the support.® Figure 1.9 illustrates the metal
support interaction and the equilibrium shape of the supported metal particle.
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Metal particles

Weak interaction Strong interaction

Figure 1.9: lllustration of the metal support interaction showing weak and strong metal support
interaction and the equilibrium metal particle shape. The figure was adapted from reference.”

To summarize, from the mode of nanoparticle nucleation and growth on a support, it is
without doubt that the physical properties of a support surface and the metal-support
interaction play a key role in determining the final particle size and shape.

Selecting a support material is clearly a key consideration when investigating catalysts
systems. Titania is a popular choice due to its relative abundance and favourable chemi-
cal and mechanical properties. This study focuses on the low temperature CO oxidation

on titania supported Pt and Au nanoparticles catalysts.

1.7 Carbon Monoxide Chemisorption on Transition Metal Surfaces

The chemisorption of CO on metal surfaces is well studied in cluster chemistry and sur-
face science due to a number of reasons including being a simple adsorbate hence rela-
tively easy to model theoretically in terms of electronic structure, and it has several or-
bitals that can participate in the bonding to the metal surface.>* " Depending on the
nature of the metal surface, CO can chemisorb both non-dessociatively and dissociat-
evely.® For instance, CO tends to adsorb dissociatively on W surface and non-
dissociatevely on Au.>* Additionally, CO has the ability to adsorb on various sites on
different metal surfaces including: on-top, twofold-bridge and threefold-hollow, respec-

tively depending on the surface coverage.”* ** °" Nevertheless, CO is important in nu-
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merous catalytic processes such as automotive emission control, methanol synthesis and
in fuel cells technology where these transition metal catalysts are used.’® ** % There-
fore, the chemisorption mechanisms of CO on metal surfaces is well understood and is
addressed in terms of o-donation of electron density from CO to the metal and n-back
donation of electron from the metal to CO.>* ** %192 Thjs adsorption mechanism of CO
on metal surfaces was first described Blyholder.!®® The back donation of electrons into
2n* orbital weakens the CO bond and allows the bond to stretch as a result of decreased
bond order, because the bond strength is related to the vibrational frequency, decrease in
the vibrational frequency is observed.> ® The stretching of CO bond is critical in ca-
talysis, because this leads to increased activity of CO. Figure 1.10 presents a schematic

diagram illustrating the synergistic bonding of CO to a metal.

(a)
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b) (©)
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Figure 1.10: Hlustration of synergistic bonding of CO to a metal. (a) Shows the interaction of
50 orbital and (b) the 2n* orbital with a metal in a carbonyl compound. (c) Shows the interac-
tion of adsorbed CO with a surface. The figure was taken from reference.*

Infrared spectroscopy has been used recently to study the interaction of CO with metal
nanoparticles which have been size-selectively deposited or characterized after deposi-
tion.** %19 The adsorption of CO can be traced by using the infrared spectra of carbon

monoxide. The carbon-oxygen stretching frequency for chemisorbed CO has been antic-
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ipated from above 2100 cm™ down to 1800 cm™.2%° When the adsorption parameters are
altered such as surface coverage, the position of infrared bands shifts, and it has been
observed that the carbon-oxygen stretching frequency monotonically shifts to higher
wave number with increasing surface coverage.’® It is reported that the carbon-oxygen
stretching frequency is very sensitive to the nature of adsorption site and its local elec-
tron density.** However, the relative intensities of CO on evaporated and supported thin
films differ.’® It has been suggested that the interaction of CO with transition metal na-
noparticles such as Pt and Au (which are more relevant to this thesis) strongly depends
on the particle size and coordination number of the metal atom adsorption sites. The
bonding interaction of the adsorbate is known to be significantly stronger on the low-

coordinated adsorption sites, and there are many such sites on metal nanoparticles.* **

103, 104

1.8 Titanium Dioxide Properties and Applications

Titanium dioxide displays outstanding resistance to corrosion in aqueous environments,
further it is chemically, mechanically and thermally stable, available with a high surface
area and electrically conducting.®* 1% These interesting properties have led to titanium
dioxide being used in a wide spectrum of applications from heterogeneous catalyst sup-
ports, photocatalysts to cosmetic products.?® 8 87 |t is clear that the functional proper-
ties of TiO, are being influenced, or even significantly determined by its surface defects.
Crucial properties related to heterogeneous catalysis are: surface properties, charge

1% In its reduced form, titanium dioxide

transport, electronic structure and reactivity.
contains various defects. However, oxygen vacancies, doubly ionized vacancies, where
one oxygen atom leaves behind two electrons and titanium interstitials are the widely
known predominant defects.?® 1% It has been revealed that for a particular defect type to
be dominant depends significantly on the preparation method and the density of oxygen
defects.?® Surface defects on titanium dioxide have been found to play a crucial role in
the nucleation and growth of metal nanoparticle catalyst.”® For TiO, supported gold na-
noparticles catalyst, these defects affect particle shape, stability and electronic proper-

ties which influence their catalytic properties.’> " Calculations have shown that the
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binding of Au nanoparticles is stronger to a more defective surface compared to a defect
free surface and charge transfer is anticipated from the titania support to Au particles.”

1.9 Carbon Monoxide Oxidation on Nanoparticle Catalysts

Catalytic oxidation of CO has been extensively investigated over a range of supported
metal nanoparticles such as platinum group metals (Pt, Ir, Rh and Pd), Cu, Ni and Au
due to its wide range of practical applications such as indoor air cleaning, CO gas sen-
sors, CO, lasers, automotive exhaust emission control, in fuel cells and gas masks.** *
97.98,108 There is a general agreement in the literature that the activity of these catalysts
toward CO oxidation is strongly influenced by the particles size and support on which
they are supported.®® %8 Tynpically, particles with diameter less than 10 nm are report-
ed to be the most active ones.™® ® ®2 8 Studies have shown that platinum group metals,
which are commonly used in such applications, are most active at higher reaction tem-
perature, this is associated with strong interaction with CO which prevents oxygen ad-
sorption and dissociation.* 1 % CO oxidation on titania supported Au nanoparticles
has attracted researchers due to its ability to oxide CO at low temperatures, even below
ambient temperature.’” % ™ 9 Despite the fact that supported Au catalysts have re-
ceived much attention due to their surprising activities at considerably low reaction
temperatures, Pt catalysts are also promising for this reaction particularly when Pt is
supported on reducible metal oxides such as Fe,O3 and Ti0,.** 8 18109 Ajthough there
are many reports on CO oxidation on a number transition metal nanoparticle catalysts
supported on various metal oxide supports, this thesis concentrates on the CO oxidation
reaction on Pt and Au nanoparticle catalysts supported on titania at relatively low reac-

tion temperatures and pressure.

1.10 Gold Catalysis

For many years gold has been regarded as catalytically inert compared to platinum
group metals® "® ™! because of its high ionization potential leading to low affinity to-

wards adsorbing molecules such as oxygen and hydrogen.”* The adsorption energy of
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gases on bulk gold is very low resulting in high dissociation barriers, an important fac-
tor in catalytic processes.™ The knowledge that small particles of gold might be a po-
tential catalyst was revealed early 1970s.? The study by Bond et al.'** in 1973 dis-
closed the fact that supported gold has some catalytic activity for olefin hydrogenation
reactions. However, it was not until the work by Haruta et al.>* in 1987 which revealed
that gold nanoparticles highly dispersed on high surface area metal oxides are an effec-
tive catalyst for low temperature CO oxidation. This discovery made gold nanoparticles

receive attention in catalysis,®* " 14

in contrast to bulk gold, considered to be of low
importance in catalysis before this breakthrough. Recently, gold nanoparticles supported
on metal oxides have been found to catalyse a number of reactions including; water gas
shift, selective hydrogenation of hydrocarbons, hydrochlorination, selective epoxida-
tion® just to mention a few. There has been a common interest among researchers to-
ward gold nanoparticle catalyst since its discovery and a vast body of work has been

carried out to illuminate the unusual catalytic behaviour of gold.?® 7 107 115,116

Experimental studies by Haruta’® show that small particles of gold, typically less than 5
nm, are active toward CO oxidation even at temperatures far below 300 K, contrary to
platinum group metals which are only more active than gold at temperatures higher than
500 K. Generally, gold has been found to be more than four orders of magnitude more
active at room temperature compared to platinum group metals commonly used for the
CO oxidation reaction. A correlation of supported gold activity with particle size has
been described by Haruta,** Goodman and co-workers,”® Goodman® and Hayden and
co-workers’® they all pointed out that for CO oxidation on supported gold nanoparticles
catalyst, the TOF depends on gold particles size and the most active particles are in the
size range of 1 to 5 nm. Of all the reactions studied we will focus on the low tempera-
ture oxidation of CO on supported Au and Pt nanoparticle catalysts. The typical experi-
mental results for activity dependence on particle size of titania supported Au nanopar-
ticles of various sizes for CO oxidation are briefly reviewed below. Figure 1.11 pre-

sents the specific mass activity of titania supported Au particles at 70 °C.°’
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Figure 1.11: Specific mass activity of titania supported Au nanoparticles for the CO oxidation
reaction at 0,:CO, 1:1 ratio illustrating the effect of particle size for Au nanoparticles supported
on titania at a reaction temperature of 70 °C.*’

Herranz et al.®’

observed the increase in specific mass activity of Au nanoparticles sup-
ported on titania with decreasing particle size, Figure 1.11. The maximum specific
mass activity achieved was 4.4 x 10 mmolco conv. g*Au s™ for a 2 nm Au particle

size, which decreased to 5 x 10 mmolco conv. g Au s for a 5.3 nm particle size.

Reports are also available in the literature addressing the activity of Au nanoparticles
supported on titania towards CO oxidation at room temperature. Figure 1.12 presents

the TOF and specific mass activity of Au nanoparticles obtained at room temperature.?*
62
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tion reaction at 300 K.
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In the study of CO oxidation reaction on Au particles supported on titania, Goodman

and co-workers®* also reported the particle size dependence for CO oxidation, Figure

1.13.
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Figure 1.13: The activity of titania supported Au particles for CO oxidation reaction at 350 K
and an CO:O, ratio of 1:5, with a total pressure of 40 Torr.??

Experimental results given above illustrate that the CO oxidation reaction on the titania

supported Au particles is particle size dependence.

1.10.1 Heterogeneous Catalysed CO Oxidation on Titania Supported
Gold Nanoparticles Catalyst

Low temperature oxidation of carbon monoxide by oxygen on supported nanoparticles
of gold is well investigated. Researchers have explained that low temperature CO oxida-
tion on supported gold nanoparticles takes place on the Au active sites,*® 2% 57 76 115
termed as a “gold only mechanism”. Under-coordinated gold sites on the surface of the

nanoparticles are deemed responsible for this surprising activity of gold. It is suggested
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that these less-coordinated sites act as adsorption sites for reactants, such as CO and Oy,
and stabilize the reaction intermediates, making the reaction feasible.?* **> Metallic gold
has been found to be very important for CO and O, adsorption.”* The presence of a gold
only mechanism common on all supports explains why a range of supports can be suc-
cessfully applied. The proposed origins for atypical catalytic behaviour of supported
gold nanoparticles for the low temperature CO oxidation have been widely discussed by
Norskov et al.® *** The conclusion is that a high concentration of under-coordinated
gold sites is the main source of the unusual catalytic activity of supported gold nanopar-
ticles catalyst."® The presence of a second mechanism involving the metal-support inter-
face enhances the catalytic activity; this explains the different activities of gold based

catalysts reported on different supports.®

An alternative pathway has been proposed to explain supported gold nanoparticles reac-

tivity which is associated to support influence,'*

termed support induced mechanisms.
It is suggested that the support charges the gold particles or imparts strain in the gold
and this could influence the reactivity of supported nanoparticles for low temperature

CO oxidation.

Another metal oxide support induced effect has been put forward, related to the gold
activity for the CO oxidation reaction which is “oxygen spill-over” at the metal-support
interface.”® "® This pathway is believed to occur on reducible metal oxide supports such
as TiO,, Fe;0O3 and NiO. The support supplies activated oxygen or stabilises reactants
and intermediates. The influence of the support as an oxygen supplier is suggested to
play a key role in gold nanoparticle based catalysts.' It is explained that reducible sup-
ports have the capability to trap incoming oxygen and enhance the efficiency of some
catalysts through mass transport of reactants to the reaction site. Further, it has been ob-
served that for gold based catalysts, the support helps and stabilizes metal nanoparticle
dispersion as well as a given shape.® Higher dispersion maximizes the number of un-
der-coordinated sites and hence the number of active sites present which are responsible

for gold only mechanisms.
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Goodman and Chen on the other hand, associated the unusual activity of gold nanopar-
ticles to quantum size effects. They pointed out that the decreased size of gold nanopar-
ticles affects its valence band structure, which results in a transition from metallic to

non-metallic behaviour for nanoparticles.?

However, the reaction pathway for CO oxidation on supported Au suggested by differ-
ent authors is difficult to identify because for a particular reaction system more than one
of the above pathways may be in operation, depending on the catalyst system and the
type of support. This is why it is experimentally difficult to identify the dominant pro-
cess among suggested reaction pathways. The generalized mechanisms for CO oxida-
tion on TiO, supported gold nanoparticles catalyst as proposed by different authors is

presented in Section 1.5, Figure 1.3.

Turning our attention from unusual/surprising catalytic activity of supported Au nano-
particles to consider a widely used catalyst, here platinum is referred.

1.11 Platinum Catalysis

Platinum is one of the most useful and versatile, heterogeneous metal catalysts which
has enjoyed use over many years. Its catalytic activity was identified back in the early
1800s when Dobereiner used it to catalyse the reaction of H, and O, in his portable
lamp.**" Platinum based catalysts are used in a number of reactions including the con-
version of aliphatic straight-chain hydrocarbons to aromatic molecules (dehydrocycliza-
tion) and branched molecules (isomerization).**’ It is also applied to large scale hydro-
genation in the chemical and petroleum-refining industries and ammonia oxidation,

which is a crucial reaction step in the fertilizer production process.**’

More importantly, platinum is used for the oxidation of carbon monoxide and unburned
hydrocarbons in car emissions control.®® Platinum catalyst is possibly the most com-

monly used and active electrode in fuel cell technology. Its stability both in oxidizing
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and reducing conditions has made it the best catalyst for many applications. Despite its
enormous range of applications, platinum is a precious metal of high cost and low
abundance making its use in different technologies more difficult.* To overcome the
cost of using platinum catalysts, its use at the atomic scale has been the focus in hetero-
geneous catalysis which involves the dispersion of platinum nanoparticles on stable
high surface area metal oxide supports, such as Al,O3, TiO, and Fe,O3 hence reducing
the amount of platinum incorporated in the catalyst.*” Supporting platinum catalysts,
however, does not only lower the catalyst cost but also maximizes the active surface
area of the catalyst and stabilizes the catalyst nanoparticles. On the other hand, some
supports, such as TiO,, participate directly in the reaction mechanisms by activating the

reactants and intermediates which in turn enhances the activity, Figure 1.3.

Carbon supported platinum nanoparticles catalysts (Pt/C) have been the most used cata-
lyst in PEMFCs technology in particular. The application of this catalyst system is
hampered due to the loss of catalytic efficiency as a result of nanoparticle degradation,
corrosion of cathode support, and CO poisoning.** The loss of efficiency occurs due to
the strong interaction of Pt with CO preventing oxygen from adsorbing onto the catalyst
surface. “® 1 Supported Pt catalysts are therefore known to be catalytically poor for
CO oxidation at low temperature.'® In order to overcome these shortcomings of carbon
supported Pt, researchers have dedicated their efforts towards looking for more efficient
Pt nanoparticle supports to combat the effect of catalyst degradation, corrosion and high

temperature reaction catalysis.

Very recently, a Fe,O3 supported Pt nanoparticle catalyst has been revealed to show un-
usually high catalytic behaviour for CO oxidation at low temperature.*® The activity has
been attributed to the capability of Fe,O3 to supply active oxygen during the reaction.
Studies have also shown that the CO oxidation reaction on titania supported Pt particles
below 5 nm either display low activity or show no strong size dependence.™® Theoreti-
cal calculations suggest that Pt particle of 1 or 2 nm sizes are more active for CO oxida-
tion.'** Kageyama et al. reported that Pt particles of 2 nm size are the most active for

CO oxidation compared to 3 nm and 5 nm sizes.'® Figure 1.14 presents typical exper-
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imental results showing the TOF and specific mass activity trend of titania supported Pt

nanoparticles for CO oxidation as a function of particle size.®
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Figure 1.14: (a) TOF, (b) specific mass activity of titania supported Pt nanoparticles for the CO
oxidation reaction illustrating the effect of particle size for Pt nanoparticles supported on titania
at a reaction temperature of 300 K.%
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For the sake of this study, the focus will be on using TiO, supported platinum and gold
nanoparticles for CO oxidation reaction at moderately low reaction temperature and the
catalytic effects of both systems for CO oxidation will be investigated. It is worthwhile
comparing the catalytic activity of both Au and Pt supported on the titania support for

low temperature CO oxidation.

1.11.1 Heterogeneous Catalysed CO Oxidation on Titania Supported

Platinum Nanoparticle Catalyst

Heterogeneous catalysed CO oxidation reaction has been widely investigated both on Pt

single crystals®? %: %7 110 49,69, 97,119,120 |+ i o\

and supported Pt nanoparticle catalysts.
well established that due to the strong interaction between oxygen and the platinum sur-
face, oxygen adsorbs dissociatively to form active surface adsorbed atomic oxygen,
which reacts with adsorbed CO to form C0O,.°* ™ % For CO adsorption on metal sur-
face catalysts three different adsorption sites have been identified,>* ** ® on-top, two-
fold-bridge and threefold-hollow, Figure 1.15. However, on most of the transitional
metal nanoparticles CO binds in an on-top geometry, though it depends on the surface

coverage, as at low coverages on-top adsorption is favoured.*

O O (‘)

(a) (b) (©)

M = Metal C = Carbon O = oxygen

Figure 1.15: Schematic diagram illustrating the CO adsorption sites on a metal surface. (a) On-
top, (b) twofold-bridge and (c) threefold hollow.>

35



1-Introduction

A simple donor-acceptor model first described by Blyholder is used to study the adsorp-
tion of CO on metal surfaces.” ¥”*® CO adsorbs on the metal surface through a lone
pair of electrons in the 5o orbital, which is donated to the metal and donated back from
the metal d-band to the CO 2 7* antibonding orbital.** The CO adsorption strength onto
a metal surface is said to be enhanced by the back donation of electrons; this kind of
interaction is referred to as synergistic bonding, Figure 1.10. For metal oxide supported

platinum therefore, the CO oxidation reaction follows the mechanisms®* %' *** shown
below:

CO(g) <> CO (aas Equation 1.4
O2(g) = 20 (ads) Equation 1.5
COags) + O (ags) = CO2 (g) Equation 1.6

The CO oxidation reaction proceeds very efficiently on platinum surfaces, with a con-
version rate proportional to the carbon dioxide and oxygen partial pressures at a given
temperature. Earlier studies have shown that the reaction requires both chemisorbed ox-

49, 52, 54, 99, 121

ygen and carbon dioxide on the platinum surface, a reaction pathway

termed as Langmuir-Hinshelwood mechanism.

Other researchers have reported that this reaction depends on the pressure of reactants in
the gaseous phase, coverage and surface temperature.”® A competitive adsorption be-
tween CO and O, has been observed, while CO can adsorb on an O, covered surface, O,
is unable to adsorb on a CO covered surface. At high CO surface coverage therefore, the
reaction is limited by O, and increasing the CO pressure hinders the reaction as there are
no more adsorption sites for oxygen to adsorb. On the other hand, at low CO coverage
oxygen adsorption occurs more readily and the reaction depends on the surface cover-
age of both CO and 0,.% Despite the catalytic efficiency of supported platinum nano-
particles catalyst, its activity is affected by CO poisoning both in the gas-phase CO oxi-
dation reaction and PEMFCs operation. Generally, maximum CO conversion to CO; is
achieved at conditions that favour minimal CO surface coverage.>® For this reason, an
improvement of Pt catalyst system has been the focus of researchers in the area of het-
erogeneous catalysis. In order to experimentally produce and screen supported Au/Pt
nanoparticle catalysts as efficiently as possible, a new methodology must be employed.
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1.12 Combinatorial High Throughput Methods in Heterogeneous
Catalysis

1.12.1 A Brief History of Combinatorial Chemistry

Combinatorial high throughput chemistry is a rapidly growing area, which encompasses
the design and rapid synthesis of a multiplicity of material libraries and testing them in a
parallel manner for their specific chemical or physical properties of interest in a timely
and economically efficient manner.® ® % The fast and cost effective discovery of new
catalysts and optimization of existing ones is of utmost significance from an industrial
point of view. Combination of fast and effective industrial technologies is predicted to
play a key role in cost-effective creation of material libraries that are catalytically im-
portant for different applications.” A number of catalysts-in commercial use, either het-
erogeneous or homogeneous were developed through some form of combinatorial ap-

122 Over one and a half centu-

proach, although the term has been coined very recently.
ries ago, Thomas Edson used a combinatorial method to identify a suitable material for
a durable filament in his light bulb invention.” He synthesized and tested thousands of
various filaments until a filament was discovered which could last for more than 1,500
hours, which transformed the use of electric light. Few decades later, the father of com-
binatorial catalysis, Mittasch synthesized and screened 6,500 catalysts in distinct exper-
iments over three years evaluating different combinations of supports, catalysts, pro-
cessing and conditions and created an improved version of the Haber-Bosch ammonia
synthesis process.” > In the Haber process explored by Mittasch, the catalyst runs at a
temperature between 450 °C and 650 °C and pressure of about 100 Mpa, the oxidation
of CO to CO, on automotive catalysts, hydrocarbons to CO, and water, and reduction of
nitrogen oxides operates at a temperature between 300 °C and 650 °C.**? The methodo-

logical points reproduced from Mittasch’s logbook are:

e Research in catalysis necessitates carrying out experiments with a certain number
of elements with numerous additives.
e Testing at high pressure and temperature (in situ) as in Haber ammonia synthesis

experiments.
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e A very large number of test-series will be required.

Despite the advantages of the discovery of combinatorial techniques a century ago, Mit-
tasch’s experiments were very slow and the development of new ammonia synthesis
catalyst took several years. However, in the sense applied in drug discovery, combinato-
rial chemistry can contribute to the synthesis of catalysts either by pooled or parallel
approach.'?> Nevertheless, catalyst synthesis is one step in a chain that involves pro-
cessing, characterization and catalytic testing, therefore the term “High-Throughput Ex-
perimentation” can be appropriately used.” 2 Combinatorial high throughput approach
in catalysis describes to some degree, a logical continuation of an ongoing industrial
trend toward reduced reactor sizes, parallel testing, and computerized experimental con-
trol and data handling. The technology today promises greater efficiency through minia-

> Figure

turization, automation, integration and the effective usage of computation.*?
1.16 presents the infrastructure and methods that facilitate high throughput catalytic ma-

terial library discovery.”®

Large number of formulations

¢ Composition/phase
¢ Precursor
*  Pre-treatments

Lead Discover: Primary Screen *  Supports

+  Composition optimization
*  Synthesis optimization

*  Synthesis method supports
*  run conditions

*  real feeds

Hit Validation and Optimization:
Secondary Screen

+  Catalyst formulation

+  Particle scale-up

*  “‘commercializable” syntheses

+  Real plant feeds

+  Stability/lifetime

*  Supportlarge pilot tests/synthesis

Optimization/Scale-up
Tertiary Screen

High data precision

Figure 1.16: Stages of catalyst material library discovery and optimization showing pa-
rameters generally screened in each step. The scheme was adapted from?
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In the steps identified in Figure 1.16, the first stage, called “primary screening” is
meant to screen multiple families of materials that logically could perform the catalytic
transformation of interest. This step of research is purposely designed for the discovery
of “hits” which present new material that are promising for a specific usage.”® While
looking to optimize the quality of data and to mimic the real process conditions during
primary screening, the volume of experiments makes it difficult to obtain conventional
laboratory quality data. However, in a primary screening, one looks for qualitative
trends in the data in order to omit family of materials from a diversified library hence
identifying the hits that have promise to become leads for testing in the secondary
screening stage.”® The potential hits identified in the primary screening are further scru-
tinized in the secondary screening stage, at this stage screening technologies that are at
least precise as conventional laboratory techniques are required. Secondary screening
technologies in heterogeneous catalysis are capable of producing the optimized leads
appropriate for the tertiary screening stage: scale-up and commercial testing in pilot or

semi-works plants.?®

Combinatorial chemistry has become popular in a variety of fields in recent years. Mer-
rifield*? reported the use of combinatorial chemistry for the first time in 1963, based on
peptide synthesis by using solid resins. Combinatorial methodologies have advanced
rapidly since then because of fast advancing technology and computing. This advance-
ment in technology has led to the rapid discovery and optimization of drugs and other
materials, such as super-conducting, ferroelectric, dielectric and luminescent materials

as well as ceramics, zeolites, organic materials and polymers.?

Combinatorial techniques to synthesize solid state libraries of superconducting materials
were reported by Hanak®! in 1970. A radio-frequency sputtering method was applied to
synthesize binary or tertiary films that have a linear change in composition, as the tar-
gets were located at 180° for binary and 120° for tertiary films relative to the sample.
Hanak reported a thirty-fold increase in the rate of materials discovery using this tech-
nique. Sputtering involving physical masking has been applied in recent years to deposit
solid state libraries for the discovery and optimisation of CO oxidation catalysts®. Wil-

124
l.

son et a in 1996 applied a high throughput infrared thermography technique to
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screen combinatorial libraries of heterogeneous catalysts for hydrogen oxidation reac-

tion activity.

Weinberg et al.'® reported in 1999 a combinatorial methodology used to sequentially
produce material libraries of Pt, Rh, Pd and Cu, for CO oxidation and NO reduction ac-
tivity. Radio-frequency sputtering was used to deposit materials through masks onto a
quartz substrates with a diameter of 75 mm achieving a triangular library which con-
tained 120 catalysts made in one hour, followed by library annealing at 773 K for 2
hours to obtain alloy catalysts. Scanning mass spectrometry was used to screen each
catalyst by direct sampling of products via a capillary transfer line. The disadvantages
of such a sequential masking technique is the time consuming process required to
change the position of the masks and the subsequent annealing step to ensure precursors

mix to achieve the materials required.

1.12.2 Combinatorial Methodologies in Heterogeneous Catalysis

Nearly all High through-put catalyst screening to date has been on high area catalysts
which are rather undefined or uncharacterized. There is a need for methods with suffi-
cient sensitivity to be used on planar model catalysts where the substrate and particle
size can be better controlled and defined, as has been achieved in electrochemical
work.%® The role of combinatorial chemistry in heterogeneous catalysis is vital in the
modern chemical industry, as economic and environmental gains can be attained via
catalysts formulation and optimization. High throughput screening techniques are cru-
cial in conjunction with the combinatorial material library synthesis, as the library can
be rapidly screened. The activity for exothermic reactions can be screened using an IR
thermal camera. An infrared thermography technique for the screening of heterogeneous
catalyst libraries was first reported by Wilson et al.”** Saalfrank and Maier applied a
high throughput infrared thermography method for the discovery and development of

multi-component oxides of Co, Mn and Ni for low temperature CO oxidation reaction.*’

Hagemeyer and co-workers*® applied a combinatorial method to synthesize a catalyst
library of 256 materials for efficient low temperature CO oxidation. Parallel screening
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of the activity of a library of catalysts was achieved by an infrared thermography tech-
nique.*® The optical screening of catalytic libraries using an infrared technique is paral-

lel and fast for obtaining qualitative or semi-quantitative data.

Hahndorf et al.?® reported a sequential impregnation method based on robotic function-
ality used to prepare multicomponent catalytic materials on an alumina substrate using
precursor materials. Parallel screening of heterogeneous catalysts libraries was carried
out in a 64 multi-channel ceramic reactor connected to a fast GC/MS analysis. Senkan
and Ozturk described the application of an in-situ resonance-enhanced multi-photon
ionization (REMPI) system with microelectrode detection coupled with a novel array of
micro-reactors used for the discovery of an optimal composition in ternary Pt/Pd/In

metal catalysts for the dehydrogenation of cyclohexene into benzene.'?’

Array micro-
reactors enable parallel screening of large numbers of catalysts at similar experimental
conditions. Supported multi-metallic catalyst formulations were automatically prepared
using a conventional co-impregnation technique in which pellets of porous alumina
were introduced into an aqueous solution of catalysts precursors at varied concentra-
tions.™®’ Solutions were evaporated and pellets dried first at 90 °C for four hours fol-
lowed by further drying at 120 °C for four hours. The impregnated pellet catalyst librar-
ies consisting 66 ternary combinations of Pt, Pd and In were eventually calcined at 500

°C for 2 hours.

It is apparent that some of the high throughput combinatorial techniques for synthesis of
heterogeneous catalyst libraries reviewed here involve masking part of a substrate at a
time during material synthesis.'?®> However, the synthesised library is later subjected to
further treatment such as drying and annealing. Such an approach of combinatorial ma-
terial library synthesis is considerably time consuming. Some of the high throughput
screening methodologies addressed on the other hand are also challenging. For in-
stance, REMPI can only be applied to screen specific molecules and many molecules do
not have REMPI features. Mass spectrometry, despite its growth and wide applicability
in gaseous mixture analysis, requires sample withdrawal and application to combinato-
rial catalysis requires the development and application of new approaches. The quadru-

ple mass spectrometry (QMS) technique needs to be physically moved from one site to
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another during screening of a catalyst material library and therefore the time spent to
screen the whole sample is significant. Any combinatorial approach in heterogeneous
catalysis requires the implementation of a parallel strategy both in catalyst material li-

brary synthesis and screening for desirable properties.

High throughput combinatorial methods established for solid/gas-phase oxidation
screening of heterogeneous catalysts by Hayden’s research group at the University of
Southampton need recognition, as these were applied to produce this work. A high
throughput combinatorial approach based on physical vapour deposition (HT-PVD) has
a high capability to simultaneously synthesize various material libraries.®* The tech-
nique has been coupled with high throughput material screening techniques to test syn-
thesised materials for their specific properties. Since then, a number of papers have been
published by the group based on the application of this combinatorial approach.?! 3 2%
31 The methodology has the capability to produce combinatorial libraries with high
control of material composition ranges across the substrate and can achieve parallel
deposition of more than one element. This method has been applied and continues to be

applied in the synthesis of catalysts supports and supported metal electrocatalysts,>* >

128

129,132 hydrogen storage materials,*?® ternary metal alloy electrocatalysts,** supported

129 and corrosion resistant thin film alloys.*** Im-

metal nanoparticles electrocatalysts
portantly, high throughput methodologies have been applied in the synthesis and dis-
covery of new heterogeneous catalysts for solid/gas-phase, solid/liquid-phase

29.48.133 and in heterogeneous catalysts research.?® 2 Andrew and associates™*

reactions
have recently reported similar high throughput combinatorial method for material syn-
thesis that incorporates rotatable “shadow” mask to synthesise material libraries with a
composition gradient across the substrate, referred as rotatable shadow mask composi-

tional spread alloy films (RSM-CSAF) deposition tool.

This work has extended the application of the high throughput methodology developed
by the Southampton group to synthesize TiO, supported platinum and gold nanoparticle
heterogeneous catalyst for CO oxidation at relatively low reaction temperatures. The
HT-PVD technique has been coupled alongside with a newly developed high-
throughput method to screen well-controlled supported model heterogeneous catalyst
using a high throughput infrared thermography technique. This approach allowed us to
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investigate the particle size effect of supported platinum and gold nanoparticle catalysts
for the CO oxidation reaction. The approach is advantageous as it is a non-contact tech-
nique allowing measurements to be performed in an UHV environment, recording
changes across the whole sample at the same time and provides a direct temperature

measurement from the exothermic reaction, which is translated into catalyst activity.

1.12.3 Infrared Thermography

The infrared thermography technique is the optical techniques most used in the screen-
ing of catalytic activities of materials libraries, due to its ease of applicability.® The IR
thermal imaging of combinatorial material libraries is a highly parallel approach for the
screening of heterogeneous catalysts reactivity.” 2* The robustness of the infrared ther-
mography technique in parallel screening of material libraries has been discussed in the

literature.*?*

Maier and co-workers later refined the IR thermography technigue by taking into ac-
count the emissivity differences of catalysts on the library making the technique more
quantitative.’®*® The technique was used to detect the activity of a combinatorial library
of heterogeneous catalysts for the hydrogenation of 1-hexyne and the oxidation of iso-
octane and toluene. Maier and Holzwarth™? later applied the emissivity corrected infra-
red thermography (ecIRT) technique to screen heterogeneous catalyst library for toluene
oxidation. Maier et al.** addressed the application of the ecIR technique in the discovery
and optimization of new catalysts for hydrogen-rich gas purification by CO methana-
tion. Subsequently, IR thermography gained momentum in screening for heterogeneous
catalysts discovery, catalysis research and to the study of catalysts properties and poten-

tialities.

Maier and Saalfrank applied a high throughput IR thermography method in the discov-

ery and development of multicomponent oxides catalysts for low temperature CO oxi-

dation.*” Hagemeyer and co-workers*® applied a parallel IR method in the screening of
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heterogeneous catalyst library which led to the discovery of efficient catalysts for low
temperature CO oxidation. The application of high throughput IR thermography tech-
nique in the study of the dehydrogenation process of cyclohexene over carbon supported
Pt catalysts was recently reported by Ichikawa and co-workers™*® and Digilov et al.**’
reported the application of the IR technique in the study of oscillatory behaviour during
catalytic oxidation of CO over supported Pd.

Very recently, Loskyll and co-workers reported the ecIRT technique as a strong tool in
catalysis research.*®® In high-throughput screening, particularly primary screening, the
choice of technique is based on targeted properties of interest, needed for qualitative
catalyst selection, as well as the reliability and robustness of the technique. For instance,
when a catalyst is to be developed or discovered its catalytic activity needs to be ac-
cessed simply instead of screening for structure and other behaviours which could result
in unnecessary data.' Therefore, to minimize analysis time of high-throughput catalyst
screening, parallel methods which lead to fast and parallel data acquisition from the cat-
alyst libraries are very important. There is no doubt that the screening time of the IRT
method does not scale with sample quantity/library components. IR-thermography is a
robust technigue due to its non-invasiveness and non-contact mode of sample screening,
allowing measurement even in an inaccessible environment. Since most chemical reac-
tions consume or produce heat, catalytic activity can be quantified by measuring the

change in sample surface temperature.’

IR-video imaging is a very sensitive method for the detection of temperature changes. A
major setback of this technique is attached to signal intensity which is always related to
the amount of heat released. The signal from side or parallel reactions adds to the inten-
sity, which introduces an error into the measurement; therefore it is necessary to careful-
ly select the reaction under observation.*’ Active catalysts reveal themselves as “hot
spots” in IR images of exothermic reactions; this is the basis of IR thermography. Cata-
lysts on the solid state library are tested simultaneously and in-situ using this technique.
Infrared thermography has consequently been used recently for screening of hydrogen

128, 139

storage materials, in high throughput experimentation for the discovery of active

1, 47, 48, 124, 138, 140, 141

catalysts for solid/gas-phase, solid/liquid phase reactions and in en-

dothermic dehydrogenation reactions.’*® The use of infrared thermography screening
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technique indicates the activity of a sample regardless of the product composition and is

the fastest truly parallel analysis technique.*” *?

Because of the high throughput property of the physical vapour deposition system and
a new high throughput heterogeneous catalysis screening chip developed during the
course of this work, a high throughput IR thermography technique was applied in the
work presented herein. This approach enabled parallel screening of titania supported Pt
and Au particles of various sizes across a screening chip for CO oxidation properties at

low temperature.
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1.13 Objectives

The main aim of this project was to develop a new heterogeneous catalyst for heteroge-
neous catalysed CO oxidation at relatively low temperatures. A high throughput ap-
proach was implemented in the synthesis and screening of heterogeneous catalysts li-
braries for CO oxidation activity. The libraries of heterogeneous catalysts were synthe-
sized by using a high throughput physical vapour deposition technique recently devel-

oped by Hayden et al.*

Platinum and gold nanoparticles of various sizes supported on
titania were synthesized and screened to investigate the effect of particle size for the CO
oxidation reaction at low reaction temperatures. For the investigation of catalytic activi-
ty as a function of particle size, a new high throughput heterogeneous catalysis screen-
ing chip for solid/gas-phase reactions was developed in order to allow catalyst activity
quantification, followed by development of an UHV high throughput heterogeneous ca-
talysis screening reactor. A high throughput infrared thermography technique first re-
ported in heterogeneous catalysis by Willson et al.®* and later revised by Maier et al.**®
was adapted to enable parallel screening of heterogeneous catalyst libraries synthesized
by a PVD method for CO oxidation activity. The results obtained, demonstrate the ca-
pability of a HT-PVD method in material synthesis on a newly developed heterogene-
ous catalysis screening chip. Additionally, the applicability of a high throughput infra-
red thermography technique in parallel screening of a catalyst library for the CO oxida-

tion reaction has been demonstrated.
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1.14 Project plan

The experimental work carried out in this project was divided into the following sub-
sections:

1. The need for a high throughput heterogeneous catalysis screening chip was iden-
tified as an appropriate approach to allow catalytic activity quantification of
supported nanoparticle catalysts. The screening chip was designed to enable the
investigation of particle size effect for the CO oxidation reaction using a high-

throughput approach.
2. Development of an UHV heterogeneous catalysis screening reactor.

3. Syntheses of heterogeneous catalyst support (TiO;) and supported catalyst librar-

ies of Pt and Au particles of a range of sizes using HT-PVD technique.

4. Characterization of catalyst support and supported catalysts by XRD, AFM,
TEM and XPS.

5. Screening of Pt and Au nanoparticle catalysts deposited on a high throughput
screening chip for the CO oxidation reaction using an infrared thermography

method for activity quantification.
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2. High Throughput Heterogeneous Catalysis Screening
Chip Development

2.1 Introduction

This chapter addresses the development of a new high throughput catalysis screening
chip for the solid/gas-phase reactions. Only a general description of the main procedures
and approaches involved will be considered. The concept of using a microfabricated
screening chip was developed during this work. The requirements and specifications
were established by considering the need as described in this chapter, Section 2.5.1.
Thus, this was designed based on some previous experience with the hotplate chip de-

veloped by Duncan Smith et al.,**

using silicon nitride back-etched membranes. Tem-
perature and heat characteristics were optimized in collaboration with Chris Newman
using finite element methods. Two chip designs were made with two thickness mem-
branes and two field sizes in order to make sure that the membrane supports were suffi-
ciently robust. The final design was given to Mir Enterprises Ltd, London, who made
card drawings based on our geometries end design, manufactured the required masks
and manufactured the chips. The fabrication of a new high throughput heterogeneous
catalysis screening chip in this study was to be undertaken within Hayden’s group in
collaboration with the Electronics and Computer Science department at the University
of Southampton. However, after some difficulties early at the start of the chip fabrica-
tion process, including the technical problems and fabricating equipment, it was advised
that for the chip to be fully fabricated, it would take up to 8 months. Despite the fact that
the chip would have been fabricated within 8 months, there was no technical assurance
whether the chip would be fit for the intended use. Following this dilemma, the best op-
tion was to hire a fabrication company which fabricated the chips within a reasonable
short time and with technical assurance of the final chip, and this was anticipated to

serve time and have this project running as early as possible.
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2.2 High Throughput Screening in Catalysis

High throughput screening in combinatorial catalysis has become part of almost every
experimental process for the screening of combinatorial material libraries since its dis-
covery. s 47 124,125,135, 138, 144 gqphjsticated screening technologies are being implement-
ed in the discovery of new efficient catalysts and improving existing catalysts. The
combination of high throughput combinatorial material synthesis and high throughput
screening approaches is promising for rapid commercialization and development costs.*
% 34125 Combinatorial catalysis therefore includes micro-fabrication, instrumentation,
robotics and informatics as these play a key role in catalytic reaction control.® The de-
sign and fabrication of a new high throughput catalysis screening chip made of silicon

nitride membranes has been undertaken in this work and its development is addressed.

High throughput methods have been applied to study catalytic activity of various mate-
rials. 2! 60 138 145147 The activity evaluation of these material libraries has been accom-
plished using flow/tube reactors packed with catalytic materials, where reactant gases
are allowed to flow through, trapping the products on the other side using a quadrupole
mass spectrometer in order to establish the product distribution.® 126 127 148150 There.
fore, the catalytic activity and selectivity of such catalysts would be established. How-
ever, for well characterised model catalysts, activity evaluation is experimentally diffi-
cult.** The ideal would be to measure the product distribution (obtain activity and se-
lectivity) but this is difficult to achieve because of sensitivity. In the setup implemented
in this work using a single collision reactor, product distribution and selectivity is diffi-
cult to attain. Additionally, the conversion may be very low due to the nature of the re-
actor system; hence the sensitivity becomes a major problem. Generally, the major in-
terest in this work is to measure the relative activity across a catalyst library for CO oxi-

dation by measuring the temperature change from the heat of reaction.

2.3 Silicon Nitride MEMS Membranes and Applications

Silicon nitride (SizNy) is a promising ceramic material developed in 1960s in the search
for high toughness and high strength materials.*** Thin films of silicon nitride are of in-

terest in making various microelectromechanical devices such as pressure sensors, ink
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jets, x-ray masks, etch masks and micro-positioners.*®**>* The increasing use of silicon
nitride membranes is due to its high thermomechanical properties including durability,
high temperature mechanical strength, high thermal shock resistance and chemical cor-
rosion resistance. Additionally, SisN, is potentially a high thermal conductivity materi-
al, registering an intrinsic conductivity of 200 Wm™ K™% % |_ow stress Si3sN, is com-
monly made by a low pressure chemical vapour deposition (LP-CVD) technique from a
gaseous mixture of dichlorosilane (SiH,Cl,) or silane (SiH,;) and ammonia (NH3) at a
temperature range of 700 to 900 °C, and a pressure below one Torr.*** **® The film syn-
thesis can be controlled by providing excess SiH,Cl, or SiH4, producing a Si-rich uni-
form film. This film is more stable and stress-free than a film made by plasma enhanced
chemical vapour (PE-CVD) technique.’®> 1> 57 18 A stress-free SisN, membrane is
stable and resistant to cracking during handling and operation. However, depending on
the intended application and cost of production, a SisN, membrane can be produced us-

ing different techniques and processes. > 126 19 160

2.4 Modelling of the Temperature Change from the CO Oxidation
Reaction from Supported Pt and Au Catalysts

Theoretical determination of the expected temperature change on the silicon nitride
membrane from the exothermic reaction of CO oxidation on titania supported gold and
platinum nanoparticle catalyst has been undertaken. This was done through temperature
modelling with the help of Chris Newman at Ilika Technologies by using COMSOL
MULTIPHYSICS® simulation software provided by the University of Southampton.
The finite element thermal modelling of the temperature change on silicon nitride mem-
brane is given in equation 2.1. The model estimates the amount of heat in terms of pow-
er that is required to produce a given temperature raise in the centre of the membrane,
which is related to the membrane area, thickness and thermal conductivity. In the ther-
mal model, the temperature is integrated over the area across the membrane in the same
way an IR- thermal camera integrates the temperature across the membrane to give an
exact temperature raise on the membrane. The thermal conductivity of silicon nitride'®*
membrane used during the modelling was 10 Wm™K™; however, thermal conductivity

of thin membranes can vary significantly from their bulk value depending on the mem-
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brane temperature and thickness.™ '® Temperature loses via conduction was consid-
ered, ignoring radiation loses since the temperature difference is small. Therefore, the
temperature difference between the membrane and substrate would be the same at any

substrate temperature. Figure 2.1 shows silicon nitride membrane.

SizN, Power T,

NP

¢
»y -

Figure 2.1: Illustration of silicon nitride membrane with the thickness x on a backside etched
silicon substrate at the initial temperature (T,). The power P from CO oxidation reaction on the
membrane results to the raise in temperature (AT). The figure was adapted from reference.®®

| 135 X(£m)x AT (K )x k(wm*K )

A(mmz) Equation 2.1

P[wmm-2

where, P = power ( yWmm™) in the form of heat required to raise the temperature of the
centre of the membrane T (K), x is the membrane thickness in pm, A is the membrane

area, square field in mm? and k is the membrane thermal conductivity in Wm™K™.

Equation 2.1 can be modified into equation 2.2 below in order to present the power in

terms of J s* mm;

Equation 2.2

13.5x X(zm)x AT (K )x k(Wm™K ™ )x10°°
|_ 135 AT(K)< ki k)

-1 -2
P[Js mm A(mmz )

The thermal conductivity of silicon nitride membrane was modified to incorporate other
films of different materials added onto it during material synthesis and catalyst activity
screening. Since titania thin film was deposited onto the membrane as a catalyst sup-
port, and carbon sprayed onto the reverse side of the membrane to provide constant
emissivity. The thermal conductivity of silicon nitride membrane was modified by
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summing the thermal conductivities in proportional to their relative thicknesses as
demonstrated through equation 2.3.

kt, + kb, + Kit,)
tT

o

Equation 2.3

where, k = thermal conductivity (Wm™K™), t is the thickness (um) and tr is the total

thickness in um.

Given titania thickness of 200 nm as measured by AFM and thermal conductivity of ti-
tania film'®® of 0.87 Wm™K™ while that of carbon film is 1.8 Wm™K™!** and the thick-
ness of 200 nm, taking the thermal conductivity of silicon nitride membrane to be 10

Wm™K™?, the modified thermal conductivity of the membrane from equation 2.3 is given

by:

(10x0.6+1.8x0.2+0.87x0.2
1

) =6.53Wm*K™

Therefore, the modified silicon nitride membrane thermal conductivity is 6.63 Wm™K™.

The model gives the insight of the expected experimentally measured temperature val-
ues using an IR-thermal camera in quantifying the catalyst activity, as it is measured in
terms of temperature change from the surface reaction. Since the CO oxidation reaction
is exothermic, the higher the temperature raise on the catalyst surface the higher the cat-

alyst activity.

However, it is crucial to define the quantities of reactant gases which are dosed onto the
surface of a catalyst. Exposing the surface to a gas, the dosage is usually measured in
terms of the pressure of adsorbing reactant gas and the length of time it is present in the
reaction chamber.>* These factors determine the number of molecular collisions encoun-
tered at the surface. The number of reactant gaseous molecules striking the catalyst sur-
face per second can be calculated using the gas-phase collision theory, a molecular col-

lision rate per unit area is given by:>*

dN P
dt  /22mkT

Equation 2.4

53



2-High Throughput Heterogeneous Catalysis Screening Chip Development

dN/dt = number of molecules per unit time, P = the gas pressure (Nm), m = the molec-
ular mass (Kg), k = the Boltzmann constant (1.38 x 10 % J/K), T = temperature (K) and
n=23.1416.

Assumption 1: Every molecule that arrives at the surface reacts, assuming the reactant

pressure to be 1 x 10 mbar (0.1 Nm™) and the reaction is carried out at 300 K.

The number of molecules, (CO) striking the surface per square millimetre per second is

determined to be;

dN 0.1

—= Equation 2.5
dt  [2x3.1416x28x1.66x10%" x1.36x10 2 x300]

=2.87592 x 10°! molecules m?s™
= 2.87592 x 10" molecules mm2s*

The synthesis of gold nanoparticles of an average diameter of 1.4 nm (radius = 7 x10~

mm) and particle density of 5.5 x 10" cm™ (5.5 x10*® mm™) was previously reported.'?°

Assumption 2: Gold/platinum nanoparticles are hemispherical:

The area, A (mm?) of one hemispherical gold particle is given by the equation below:

A=2xar? Equation 2.6
A =2x3.1416 x (7 x107)?
A =3.08x 10" mm?

The area of all gold nanoparticles therefore is given by area of one particle multiplied

by particles density;
3.08 x 10" mm?x 5.5 x 10°mm™-0.1694 mm? of gold on 1mm? of titania.

The total number of molecules striking the surface per second is given by the total
gold/platinum particle area multiplied by the number of molecules of reactant gas arriv-

ing at the surface per second,
0.1694 mm? x 2.87592 x 10" = 4.8718 x 10" molecules per second on 1 mm? of titania.

The number of moles of CO molecules arriving at the surface per second is given by;
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1 mole x 4.8718 x 10* molecules / 6.022 x 10%* molecules = 8.09 x 10 moles per

second.
Since’®™, CO (g) + 1/20 (g) — CO3 (g) AH = -283000 Jmol™.

If the oxidation of 1 mole of CO gives 283000 Jmol™, oxidation of 8.09 x 10™° moles

could give;

8.09 x 10™° mol per second x (-283000 Jmol™) = -2.289 x 10 J s> mm™

The estimation of the amount of heat required to produce a given temperature rise in the
centre of the membrane was modelled using equation 2.2, which relates the membrane
area, thickness and membrane thermal conductivity. From equation 2.2, for a membrane
size of 1.5 mm x 1.5 mm, hence A = 2.25 mm? P = 2.289 x 10* J s mm? k= 7 Wm’
'K and t = 0.6 um, the temperature change T/ K on silicon nitride membrane can be

estimated:

~ P(3s'mm2)x A(mm?)x10°
135 x(um)x k(WmK )

AT[K] Equation 2.7

2.289x107*Js'mm? x 2.25mm’ x10°

9K
13.5x0.6 pmx7Wm*K™

AT

The temperature change in the centre of the membrane is estimated to be 9 K for a reac-
tion probability of unity where every molecule of CO and O, on the surface reacts.
However, this is the highest temperature raise compared to that observed from experi-
mental measurements. Perhaps due to assumptions made in the model. Nevertheless, the
model still holds true as the interest is to obtain the absolute values of reactivity which
provide activity trends across the catalyst library. Figure 2.2 shows simulated surface
temperature and cross-section temperature distribution on a square silicon nitride mem-
brane of 1.5 mm x 1.5 mm x 0.6 um obtained by using the theoretical power of 2.289 x
10 J s mm™ from equation 2.2 at 300 K. This gave the TOF of 205 s, (specific mass

activity = 1.06 x 10 molco conv. g*Au mm? s?).
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Figure 2.2: (a) Image showing the surface temperature on a 1.5 mm x 1.5 mm x 0.6 pm silicon
nitride membrane, (b) illustrates the temperature profiles across the membrane. The simulation
membrane temperature was 300 K and the theoretical power of 2.289 x 10 J s mm™.
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However, it was necessary to model the temperature change on the whole screening
chip in order to get an insight of the temperature profile that represents 144 or 100
square membranes on the screening chip. In turn this would reveal the amount of tem-
perature raise on the substrate when a certain amount of heat is produced in the centre of
the membrane as a result of exothermic reaction. The heat losses due to conduction only
at the edges of the substrate were considered, this is the likely case producing a higher
temperature in the centre of the substrate than the edges. The substrate edge temperature
was fixed at 300 K and the thermal conductivity of Si was 130 Wm™*K™. The power was
obtained by summing all individual membrane’s power for 100 square membranes on
the screening chip. Figure 2.3 shows the simulated surface temperature and cross-
section temperature distribution of a substrate under these conditions, assuming a theo-
retical power of 2.289 x 107 J s* mm™. The temperature raise in the centre of the sub-
strate under these conditions was 0.018 K. Further in Figure 2.4 is the simulated surface
temperature and cross-section temperature distribution for the whole screening chip ob-
tained using experimental power of 1.064 x 10 J s* mm™, which resulted into a maxi-
mum temperature raise of 0.0009 K in the centre of the chip. This shows that, for the
heat produced from the CO oxidation reaction on titania supported Pt and Au nanoparti-
cle catalysts, heat losses from silicon nitride membrane to the substrate is negligible.
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Figure 2.3: (a) Image showing the surface temperature on whole screening chip (35 mm x 35
mm x 0.45 mm), (b) illustrates the temperature profiles across the chip. The simulation chip
temperature was 300 K and the theoretical power of 2.289 x 102 J s mm™.
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Figure 2.4: (a) Image showing the surface temperature on whole screening chip (35 mm x 35
mm x 0.45 mm), (b) illustrates the temperature profiles across the chip. The simulation chip
temperature was 300 K and the experimental power of 1.064 x 10°J s mm™

Figure 2.5 shows the simulated surface temperature and cross-section temperature dis-
tribution on a square silicon nitride membrane of 1.2 mm x 1.2 mm x 0.6 pm at 300 K
from experimentally determined power of 3.15 x 10 J s* mm™ which gave the TOF of
4.355 s, (specific mass activity = 4.281 x 10 molco conv. g*Au mms™?).
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Figure 2.5: (a) Image showing the surface temperature on a 1.2 mm x 1.2 mm x 0.6 pm silicon
nitride membrane, (b) illustrates the temperature profiles across the membrane. The simulation
membrane temperature was 300 K and experimental determined power of 3.15 x 10 J s mm.
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Figure 2.6 is the surface temperature and cross-section temperature distribution on a

square silicon nitride membrane of 1.5 mm x 1.5 mm x 0.6 pm for 1.122 x 10* J s mm’

2 at 300 K. The TOF was 1.558 s, (specific mass activity = 6.61 x 10 molco conv. g

Aumm?s?).
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Figure 2.6: (a) Image showing the surface temperature on al.5 mm x 1.5 mm x 0.6 pum silicon
nitride membrane, (b) illustrates the temperature profiles across the membrane. The simulation
membrane temperature was 300 K and experimentally determined power of 1.22 x 10* J s*mm’
2

2.5 High Throughput Screening Chip Design and Fabrication

The use of combinatorial methods in catalysis research is growing rapidly. The availa-
bility of a reliable high throughput method for the fast screening of catalytic activity is

crucial.?®

The HT-PVD methodology was applied in the synthesis of supported Pt and
Au particle catalysts libraries as described in previous sections. A new catalyst screen-
ing methodology for solid/gas-phase reactions was developed and provides a way to
study the activity behaviour of supported nanoparticle catalysts when combined with a
high throughput infrared thermography technique. A high throughput heterogeneous
catalyst screening chip was fabricated by Mir Enterprises Ltd, London. The screening
chip is made up of multiple areas of LP-CVD silicon nitride membranes on a silicon
substrate which is back-etched to facilitate an infra-red thermal imaging of heterogene-

ous catalysts activity, Figure 2.7.
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Figure 2.7: A photograph showing the microfabricated high throughput catalysis screening chip
for a 10 x 10 array. The small squares indicate transparent silicon nitride membranes after sili-
con backside wet etching using KOH. The squares appearing grey are where the silicon nitride
membrane is broken.

2.5.1 High Throughput Screening Chip Requirements

The footprint of a fabricated silicon chip conforms to the geometry required in relation

to the holders and masking system incorporated into the HT-PVD system.*? The newly

fabricated heterogeneous catalysis screening chip has the following qualities:

o Sufficiently thin membranes to reduce heat conduction of the support so that heat
generated would result in a sufficient temperature to be observed with existing IR
thermal camera (ca. > 0.1 K).

e The heat capacity was also required to be as low as possible (the same reason as
above).

e The field size had to be sufficiently large to measure the temperature rise with the
resolution of the existing thermal imaging camera, while imaging the all of the
fields simultaneously.

e Suitably robust to avoid membrane breakage during normal usage. Very thin

membranes are susceptible to breakage during processing and even during device
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usage, therefore membrane thickness has to be optimized. Therefore a silicon ni-
tride membrane made via LP-CVD is desired.

e Membranes with capability to withstand a base temperature of up to 600 °C.

e Size compatible with high throughput synthesis system (35 mm x 35 mm).

e Support sufficiently robust for measurements.

2.5.2 High Throughput Screening Chip Masks and Lithography

The requirements of a MEMS device fabrication process sequence involve one or more
mechanical processes to micromachine the materials. The selection of a micromachin-
ing process begins with a design of the device, detailing the dimensions and tolerances
desired which are used to make a photomask. A mask is crucial as it contains the pattern
of a device to be fabricated. The mask used to produce a high throughput catalysis
screening chip was designed using Tanner EDA L-Edit software provided by the Uni-
versity of Southampton. The mask designed is shown in Figure 2.8 on a 6" silicon wa-

fer.

Figure 2.8: Silicon backside etching mask design showing screening chips layout on a 6" sili-
con wafer. Green squares and circles represent silicon nitride membranes.
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The micromachining process starts with a lithography process, an optical technique used
to transfer a pattern from a mask onto a resist coated surface of a solid material such as
a silicon wafer.’®® Lithography uses a photoresist material, a light sensitive material
commonly applied in industrial processes, for patterning onto a surface of a material.
Before resist coating a silicon substrate, a thin layer of oxide is grown on a wafer sur-
face by heating the silicon wafer between 900 and 1150 °C in a humidified oxygen flow.
The oxide formed can act as a mask in a following wet etch process.**® A photograph of

a silicon wafer after the lithographic process is shown in Figure 2.9.

r

i

Figure 2.9: Photograph showing the screening chips after the mask was transferred onto a sili-
con wafer on the backside by a lithography process at a magnification of 250 um. Squares and
circles show the positions of the silicon nitride membranes where etching will be effective.

2.5.3 High Throughput Screening Chip Arrays

The standard screening chip dimensions of the newly designed screening chip are 35.02
mm x 35.02 mm with a tolerance of + 0.01 mm for the outer chip dimensions and the

active fabrication area of 28 mm x 28 mm on the membranes side. Two membrane
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thicknesses were fabricated, 300 nm & 600 nm on a silicon substrate of 0.45 mm thick.
Two membrane sizes were designed, 1.5 mm x 1.5 mm for a 10 x 10 array and 1.2 mm
x 1.2 mm for a 12 x 12 array, Figure 2.10 (a) & (b). Dimensions are given in millime-
tres and square fields represent transparent silicon nitride membranes after back etching

of the silicon substrate.
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Figure 2.10: Designed catalysis screening chip dimensions for (a) 10 x 10 chip array, (b) 12 x
12 chip array. Squares represent LP-CVD silicon nitride membranes. All dimensions shown are
in millimetres.
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Figure 2.11 represents the geometrical considerations involved during the catalysis
screening chip mask design. An anisotropic silicon substrate etched by KOH was con-
sidered, a 10 x 10 array is demonstrated, and similar considerations apply for a 12 x 12
array. All measurements are given in millimetres. Table 2.1 presents the membrane pa-
rameters on both the membrane side and the reverse side of the silicon nitride mem-

branes.

Membrane side

|

0.318 0.318  0.737 0.318 0.318

<€ >
Pitch = 2.873

!

Reverse side

Figure 2.11: A schematic diagram illustrating the mask designing process for the microfabrica-
tion of a catalysis screening chip, with transparent silicon nitride membranes via wet anisotropic
etching of silicon substrate by KOH. The architecture and dimensions have been given both on
the membrane side and reverse side.

Membrane Array Membrane size Reverse side Array pitch
type (mm) (mm) (mm)
Square 12 x12 1.2x1.2 1.836 x 1.836 2.469
Square 10 x 10 1.5x15 2.136 x 2.136 2.873

Table 2.1: Device description in the mask designing process providing the dimensions of a high
throughput catalysis screening chip. Array pitch is the distance from the centre to centre of
neighbouring membranes on the reverse side of the chip.
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2.5.4 High Throughput Screening Chip Backside Silicon Substrate
Wet Etching

Backside wet etching of the silicon substrate with LP-CVD grown silicon nitride mem-
brane on top was undertaken using KOH etchant. Wet etching techniques are widely
used in micro-fabrication because of their low cost, high throughput and good selectivi-
ty.*®® The capability to micro-machine membranes by wet anisotropic etching of silicon
is vital in MEMS system device fabrication.'® Wet etching of silicon using KOH is fa-
voured in bulk micromachining methods because it is safer to use compared to eth-

ylenediamine-pyrocatechal and water.'®°

The etching mask was designed to incorporate the effect of anisotropic etching of sili-
con aligned with (111) planes from a (100) surface plane which forms 54.74 degrees
from the surface and produces a V-shaped groove resulting in the formation of a square

membrane of a pre-determined size, Figure 2.12.

Si,;N, —>

Silicon —>
Mask ——>

KOH

Figure 2.12: Wet anisotropic silicon backside etching by using KOH etchant to form the square
membrane. The deviation from the square pattern on the reverse side is shown.™
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Since the angle formed as a result of wet anisotropic etching of silicon and the silicon
substrate thickness are known, the size of the window on the backside of the membrane

is determined from equation 2.8.
Membrane window size = 2Ztanf + L Equation 2.8

where L, is the pre-determined membrane size in millimetres and 0 is an anisotropic

etching angle.

Figure 2.13 (a) shows a backside etched silicon wafer and Figure 2.13 (b) is a photo-
graph of the screening chips on the silicon wafer after the etching process has been

completed.

(@)
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Figure 2.13: (a) A photograph showing backside etched silicon substrate to produce silicon ni-
tride membranes. (b) Shows the chips on a silicon wafer after the etching process has been
completed. Squares indicate transparent silicon nitride membranes.

Following the completion of the etching process, the silicon wafer is diced into individ-
ual high throughput catalysis screening chips 35 x 35 mm in size, ready for catalyst ma-
terial libraries synthesis using a HT-PVD technique. Figure 2.14 (a) & (b) present the
finished micro-fabricated screening chips for both arrays. Square transparent silicon ni-

tride membranes are evident from anisotropic wet etching of silicon substrate.
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Figure 2.14: A photograph showing the microfabricated high throughput catalysis
screening chips. (a) Shows a 10 x 10 array and (b) is a 12 x 12 array. The small squares
indicate transparent silicon nitride membranes after silicon backside wet etching using
KOH. The squares appearing grey are where the silicon nitride membrane is broken.

2.6 The MEMS Membranes and IRT Temperature Calibration

Quasi-parallel methods such as spatially resolved mass spectrometry are time consum-
ing in screening, especially with increasing numbers of samples.**® On the other hand,
an IRT technique which measures heat production on the surface of a catalyst is a paral-
lel technique and its screening time is independent of the number of samples on a li-
brary. This technique has been applied effectively to the solid/gas-phase reactions as
described previously. The emissivity correction improves the reliability for the tempera-
ture resolution. However, parallel and sequential reactions for some reactions present a
significant challenge to the quantification of catalytic activity on the library using IRT,
because the heat increase can not be attributed to a higher catalytic activity, but instead
to an increase in the number of side reactions. Selective oxidation is an example of such
an issue where combustion is the undesired side reaction which leads to an intensive
heat signal.?® When sequential or side reactions are omitted, for instance in the CO oxi-
dation reaction, signal quantification has a significant beneficial effect on correcting the
signal from the CO oxidation reaction. This makes ecIRT a useful technique for activity

screening since the heat produced becomes proportional to the enthalpy of the reaction
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studied. Since the heat produced is unmeasurable directly, it is calculated from the ob-
served emission variations recorded by ecIRT which is converted into surface tempera-

ture.

To measure the heat of reaction, calibration of the IR pixel sensitivity is necessary, due
to the inhomogeneity of detector responses, a problem for all high resolution FPA-IR
cameras. This is usually carried out by measuring an approximate black body radiator at
different temperatures. As the black body has an emissivity of approximately 1 at each
point, the differences in the detector pixel sensitivities are electronically corrected by
the DSP unit using correction data calculated from calibration images taken prior to ex-
perimental measurements.’® Calibration of the silicon nitride membrane temperature
was carried out using an IR thermal camera (Jade I1l, CEDIP, Paris). The heated mem-
branes on the screening chip were carbon coated (GRAPHIT 33) on both the membrane
and reverse side and were heated in a narrow temperature window spanning the experi-
mental temperature range. The temperature of the membranes was recorded by both the
IR thermal camera and a K-type thermocouple under vacuum conditions. By this proce-
dure, emissivity correction, individual sensitivities of the detector pixel and temperature
homogeneity across the substrate were calibrated. The membrane was heated to 250 °C
and its temperature was measured by IR thermal camera alongside the thermocouple
directly mounted on the substrate. A linear plot was obtained between the temperature
measured by the IR camera and the thermocouple, Figure 2.15. During the course of
catalyst activity screening, silicon nitride membrane was coated with carbon at the re-

verse side in order to ensure similar emissivity from a catalyst library.
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Figure 2.15: Calibration plot for the blank sample, the temperature of the silicon nitride mem-
brane was recorded using an IR camera and the K-type thermocouple directly positioned on the
sample. The screening chip was coated with carbon both on the membrane and reverse side.

However, achieving a homogeneous temperature distribution across the catalyst library
is very difficult because of the temperature loses at the edges of the chip by conduction.
Homogeneous temperature across the library is crucial because of the temperature de-
pendence of chemical reactions,? and ensuring that the temperature change measured
during the experiment is from the CO oxidation reaction and not an effect of or masked
by inhomogeneous heating. Thus, a device capable of efficient library heating is re-
quired to achieve a homogeneous temperature across the library. The heating device de-
signed in this work is described in the experimental section. Figure 2.16 shows the
temperature profile for a sample holder heated to approximately 213 °C.
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Figure 2.16: IR image showing the sample holder heated to approximately 213 °C. The temper-
ature gradient between the centre and the edges of a sample holder is evident.

Figure 2.17 (a) & (b) presents a plot of the temperature gradient across the sample
holder. Only a few points on the rows and columns from the edges and centre of the
heater were taken as a function of position on the sample holder. The profile indicates
the temperature inhomogeneity across the heater with the hottest points in the centre and

the coolest fields along the edges of the sample holder.
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Figure 2.17: A plot of temperature as a function of position on the sample holder. (a) Indicates
the temperature across the rows and (b) is the temperature along the columns. The sample heater
was heated to approximately 213 °C.

Figure 2.18 shows the temperature profile for a screening chip mounted on a holder
heated to approximately 190 °C. Figure 2.19 (a) & (b) present a plot of the temperature
gradient across the screening chip coated with carbon on both the reverse side and
membrane side and mounted on the sample heater. Only a few rows and columns from
the edges and centre of the chip were selected as a function of position on the screening
chip. The profile indicates the temperature inhomogeneity across the screening chip
with the hottest fields at the centre and the coolest fields along the edges of the screen-

ing chip.
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Rows

Figure 2.18: IR-thermal image showing a high throughput screening chip mounted on the sam-
ple heater and heated to about 190 °C. The chip is made from a silicon nitride membrane which
has been coated with carbon on both reverse and membrane side. The temperature gradient be-
tween the centre membranes and the edges of a screening chip is evident.
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Figure 2.19: A plot of temperature as a function of position on the screening chip. (a) Indicates
the temperature across the rows and (b) is the temperature along the columns. The screening
chip was heated to approximately 190 °C. The temperature gradient across the chip arising from
the heating device was about 4 °C.

The temperature gradient between membranes in the centre compared to the edge was
about 4 °C. This is in agreement with other library heating devices reported elsewhere
for primary screening.?® Therefore, this technique is still reliable for the catalyst activity

screening even with a temperature gradient of approximately 4 °C.

Figure 2.20 shows how the software integrates the IR-thermal images with time on a
silicon nitride membrane of a particular area. The pixels are indicated within a square
membrane of 1.5 mm x 1.5 mm, and the temperature change on each pixel as recorded
by an IR-camera is averaged by the software over time of reactant gases exposure to
give an exact average temperature for the whole square membrane. The exact tempera-

ture of all square membranes on a screening chip is obtained in the same way.
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Figure 2.20: IR-thermal image showing the 100 pixels on a silicon nitride membrane of
1.5 mm x 1.5 mm area. All pixels are averaged over time by the IR-thermal camera

software to give an exact temperature on a whole membrane.
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3. Experimental

This chapter addresses the experimental procedures, techniques and instrumentation that
were applied throughout this project for the sample preparation and characterization.
General descriptions are given and more specific information is provided in subsequent

result chapter.

3.1 High Throughput Physical Vapour Deposition

A high-throughput method based on a high throughput physical vapour deposition (HT-
PVD) recently established® was used to synthesize thin films of TiO, and TiO, sup-
ported platinum and gold nanoparticle catalysts for the CO oxidation reaction at low
reaction temperatures. This method deposits thin films by condensation of a vaporized
material onto a substrate. Figure 3.1 shows a schematic of HT-PVD system. The system
has two separate film growth chambers A and B both for thin film material deposition
by physical vapour deposition (PVD), sputtering chamber and a surface analysis cham-
ber (DCA Instruments). All chambers are connected by a series of buffer lines separated
by the gate valves. Samples are moved to and from the growth chambers via buffer lines
under ultra-high vacuum. The PVD system has a base pressure of 1x10™° mbar, which
is achieved by a combination of pumps including: Rotary (Varian), turbo molecular
(Pfeiffer), ion (Varian), titanium sublimation (Varian), and cryogenic (CTI Cryogenics).
Samples are introduced to the system via a load lock which is easily vented and rapidly
set back to vacuum condition. The samples are moved along the buffer lines by a trolley
and sample pick up mechanisms are incorporated to enable sample changeover from the
trolley to the transfer arm, which finally transfers the sample (to and) from the growth
chambers. A manipulator is also incorporated in the growth chambers which is used to
pick-up the sample from the transfer arm and retains it throughout the material deposi-
tion time. Where necessary, the sample on the manipulator can be heated in the tem-
perature range 300 K-1100 K during or after deposition and rotated if required.
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Crvo-Pumped Growth Chamber
A

Ti sublimation pump
3 x K-cells

3 x E-guns

Plasma Atom Source
Source shutters
Sample shutter
Heated manipulator

Sputtering Chamber
Turbo Pumped

Fast Load
Lock

Masking
Station

Cryo-Pumped Growth Chamber B
Ti sublimation pump

3 x K-cells

1 x E-gun

1| Source shutters

Sample shutter

Heated manipulator

Surface Analysis Chamber
lon pumped UHV
XPS, AES, TPD, lon Gun

Figure 3.1: Schematic representation of a Physical Vapour Deposition system showing two
cryo-pumped thin film growth chambers A and B, sputtering chamber, surface analysis chamber
and the load lock.'®®

All samples presented in this work were made using growth chamber A (GCA). This
chamber has up to six off-axis sources enabling the simultaneous co-deposition of dif-
ferent materials, Figure 3.2 (a) & (b). The sources include three electron beam sources
(Temescal) and three Knudsen cells (DCA). The electron beam source uses a beam of
electrons to evaporate the source materials, while the Knudsen cell uses a heating fila-
ment surrounding a crucible to evaporate the source material. In this work, electron
beam sources, E-gun 1 was used to evaporate Ti, and Pt/Au was evaporated from E-gun
3. Growth chamber A has a cryo-pump which maintains ultra-high vacuum. The pump
traps gaseous molecules and vapours and condenses them on a surface cooled by com-
pressed helium.
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(a)
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Figure 3.2: (a) Top view of the alignment of the evaporation sources in the HT-PVD chamber
A in which all samples in this work were prepared,” (b) is the HT-PVD growth chamber used.
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Each material source operates under both a main shutter and a wedge shutter. The main
shutter controls the deposition by moving it out of the material plume permitting the
material flux to get onto the substrate. A wedge shutter, on the other hand, is located
directly above the source material and can be used to alter the material flux towards the
substrate, as it can be moved in or out of the evaporated material plume using a linear
drive actuator. In this work, a wedge shutter was not applied during sample preparation
(completely out of the material plume) because only the main shutter was required to

control the growth of various particle sizes on a substrate.

3.1.1 Deposition Calibration and Sample Deposition

3.1.1.1 Catalyst Material Support: Titanium Dioxide

A titanium dioxide layer was deposited onto a silicon square substrate covered with a 10
x 10 array contact mask in order to establish the titanium dioxide layer thickness as a
function of deposition time, at a deposition rate of 4 A/s. The thickness of titanium di-
oxide deposited increased with deposition time as established by AFM measurements,
Figure 3.3. The titanium deposition rate from E-gun 1 was maintained at 4 A/s during
the calibration process with the plasma source, P = 300 W, oxygen flow rate of 1 sccm
and an oxygen pressure of 9.7 x 10°° Torr during film synthesis. The chamber pressure
was maintained at 3.6 x 10 Torr (ion gauge) by a constant inlet of oxygen into the dep-
osition chamber. Contact masks were used to constrain the material to unmasked areas
of the substrate during material synthesis. Contact masks were used to expose 100 or
144 squares on the silicon nitride membrane on a screening chip where the titanium lay-
er was later deposited. Titanium dioxide layers of approximately 200 nm thickness were
synthesized, the thickness was determined by AFM. The substrate was kept at room

temperature during deposition.
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Figure 3.3: Calibration plot used for titanium dioxide layer synthesis showing thickness as a
function of time. Deposition rate used was 4 A/s, with an oxygen flow rate of 1 sccm and a Py
of 300 W.

3.1.1.2 Synthesis of Amorphous Titanium Dioxide Layers

Titanium dioxide layers were first deposited onto silicon and silicon nitride covered sili-
con substrate for AFM and XRD measurements respectively, using titanium (99.995 %,
Alfa Aesar metals) from E-gun 1 and oxygen (Air products, special gases, 99.999 %) at
a constant pressure of 9.7 x 10°® Torr at 1 sccm oxygen flow rate and plasma source, Py
=300 W and deposition rate of 4 A/s. The substrate was kept at room temperature dur-

ing film synthesis.

For material screening purposes, titanium dioxide films of approximately 200 nm was
deposited on a 10 x 10 and a 12 x 12 array micro-fabricated catalyst screening chip (450
pum silicon wafer thickness) on which a low pressure chemical vapour deposited (LP-
CVD) silicon nitride membrane has been deposited. The screening chip has been back

etched to produce individual membranes. The deposition of titania layers was carried
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out at the same deposition conditions described above. The substrate was rotated during
deposition in order to achieve a homogeneous film thickness across the substrate.

3.1.2 TEM Specimen

For particle size characterization and distribution, transmission electron microscopy
(TEM) was used. A thin layer of titanium dioxide, 15 nm to 25 nm thick, was deposited
onto small carbon coated copper TEM grids (Agar scientific). These grids had TiO, de-

posited under similar deposition conditions as a catalyst screening chip, Figure 3.4.

TEM imaging axis
Pt/Au-particles

Homogeneous titania film
Homogeneous carbon layer

Copper mesh

Figure 3.4: Schematic of a transmission electron microscopy specimen. The figure was adapted
from reference.”

3.1.3 Pt/Au Particles Calibration and Deposition

3.1.3.1 Pt/Au Particles Calibration

To deposit Pt or Au particles onto a screening chip for the purpose of catalyst activity
screening, it was necessary to calibrate the materials sources as a function of the main
shutter positions for a controlled material synthesis across the substrate. This was done
by depositing a thick film of platinum/gold on a glass (SiO,) substrate using a 10 x10
array contact mask from platinum/gold evaporation source (E-gun 3) while moving the
shutter relative to the substrate, to establish the shutter positions for a controlled materi-
al deposition. After the shutter positions were established, a thick film of platinum/gold
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was deposited onto a silicon square with a 10 x 10 array contact square mask on top,
from short to longer deposition times (24 min to 120 min). The main shutter position
was used to create five different thicknesses across the array each with two rows having
the same thickness in order to establish the particle thicknesses as a function of deposi-
tion time at a given deposition rate. The main shutter which is positioned directly below
the substrate is used to mask part of the substrate from all material sources and can be
moved relative to a substrate as preferred, hence providing a mechanism to control the
deposition time of materials across the substrate. Particle thickness was determined by
AFM, which established film thickness as a function of deposition time, Figure 3.5 and
Figure 3.6, and was then related to platinum/gold monolayers characteristically needed
to make Pt/Au particles of 0.4 to 3 monolayers thick. Based on a calibration plot and by
computing the estimated thickness of 0.4 to 3 monolayers of platinum/gold, particle

deposition times were accurately established for each particle size desired.

60

50

Thickness/ nm
w N
o o

N
o

[EnY
o

O L L L L L L
0 20 40 60 80 100 120 140

Time/ min

Figure 3.5: Thickness as a function of deposition time plot used for platinum particles calibra-
tion. The deposition rate used was 0.4 A per second.
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Figure 3.6: A plot of thickness as a function of deposition time used for calibrating the gold
particle size. The deposition rate was 0.4 A per second.

3.1.3.2 Platinum and Gold Particles Deposition

Platinum/gold particles from a platinum/gold source (E-gun 3, Figure 3.2) were depos-
ited onto a screening chip on which a titanium dioxide support material has been previ-
ously grown using a PVD method. Short deposition times (30 seconds to 6 minutes)
were used to achieve small particle sizes across a screening chip, Figure 3.7. The
chamber pressure of 4.6 x 10® Torr was maintained during deposition and the deposi-

tion rate was 0.15 A/s as established from particle size calibration.

86



3-Experimental

Large particles
A

Rows (1 —10)

E R EEEEEREERER

E R E R EEEREEE
B R E B EEERENENEN
E R B EEEEREEER

Small particles

Pt particle gradient

Figure 3.7: lllustration of a 10 x 10 array screening chip showing particle growth direction.

For surface characterization of platinum/gold particles on the titania layer, plati-
num/gold particles were deposited onto Formvar® carbon coated copper grids (Agar sci-
entific) on which a thin film of titanium dioxide, 15 nm to 25 nm thick has been grown,
using the PVVD method which was used for TEM analysis. Particle characterization was
carried out using TEM before deposition onto the screening chip, to ensure that particles
were being synthesized. Particle depositions onto a screening chip were carried out by
moving the main shutter to sequentially reveal the screening chip in order to achieve a
range of particle sizes across the substrate. The shutter was moved to ten or twelve posi-
tions, depending on the screening chip array, so that each row has a different particle
size. The relocation of the main shutter relative to the screening chip is shown in Figure

3.8.

Particles on TEM samples were made in between the screening chip samples, under
similar deposition conditions to ensure accuracy in the determination of particle size
distribution on a screening chip. This was necessary as direct analysis of particle sizes
on the screening chip was not possible via TEM. The TEM grids were mounted in a
holder arranged in a 4 x 4 fashion during deposition, corresponding to row 1, 4, 7 and
10 on the screening chip. This kind of TEM sample deposition enables the mapping of
various particle sizes on the screening chip. The screening chips and TEM grids were
held at 200 °C during deposition, this temperature was reported to produce stable parti-

cles elsewhere.* 16
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Figure 3.8: Schematic diagram to illustrate the relocation of the main shutter across the screen-
ing chip during particle deposition time. The reference dot is on the bottom right.*®®

3.2 Advantages of the Physical Vapour Deposition System

A HT-PVD system used in this work for sample preparations has been addressed in the
former sections of this chapter and its suitability towards the synthesis of thin film mate-

rial libraries has been discussed. The strengths of using this technique include:

e The control of material synthesis by wedge shutters, main shutter and deposition

rate.32' 167, 168

e Creation of a material library on a small area substrate, ca 28 mm x 28 mm.% 1

¢ Reproducibility of deposition conditions to reproduce the material in subsequent

synthesis.®% 143

e The system can be combined with micro-fabricated arrays/chips of different types

for the high throughput synthesis and screening of different materials.'®" *°

e The system enables the synthesis of both nanoparticles and thin films samples.
The application of the main shutter permits the synthesis of metal nanoparticles

on the same substrate in a controlled fashion.>* 1%
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¢ No annealing of samples is needed for material mixing; this permits the synthesis

of either amorphous or crystalline solid material libraries.*®’

e Material annealing during or after deposition is possible; this provides thermody-

namic phases.*®

e A plasma source is incorporated to enable the synthesis of oxides, mixed oxides,

nitrides and hydrides,34' 92, 143

e The sample can be rotated during deposition to achieve a homogeneous thin film

across the substrate.®*

This makes the HT-PVD method more suitable for making samples compared to other
techniques where further sample treatment like calcination is often required.

3.3 Surface Analytical Tools

3.3.1 Atomic Force Microscope (AFM)

Atomic Force microscopy (AFM) is a very high resolution type of scanning probe mi-
croscopy typically used for surface topography imaging.'®® The AFM consists of a can-
tilever with a sharp tip (probe) on its end that is used to scan the sample surface. As the
tip approaches the sample surface, forces between the tip and the sample result in a de-
flection of the cantilever. It has a deflection sensor which reflects a laser beam from the
back of the cantilever onto a position sensitive photodetector (PSPD), Figure 3.9. This

technigue can be used on non-conducting (insulating) and conducting surfaces.
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PZT scanner Feedback loop

Mirror

Cantilever

Fixed sample

Figure 3.9: Schematic diagram of the AFM showing different parts.*®® A position sensitive pho-
todetector (PSPD) is an optical position sensor that measures the position of a laser beam from
the back of the cantilever.

A contact mode was used where the tip is brought onto the sample surface and feels the
repulsive forces which deflect the cantilever. The bending of the cantilever shifts the tip
from the sample surface causing the laser on PSPD to shift. The cantilever deflection is
converted by the software to construct the topographic image of the sample surface. The
AFM in this work was used to determine the thickness of titania, Pt and Au films made
by the HT-PVD method. The AFM (Vecco Autoprobe M5) instrument was used with a
silicon cantilever, resonance frequency of 180 kHz, spring constant of 5Nm™ with an
approximate tip (CSC17 probe, MikroMasch) curvature of 10 nm.

3.3.2 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is a technique used to study the structure of a crystalline mate-
rial, which diffracts a beam of X-rays. The X-ray diffraction results from the construc-

tive interference of a monochromatic X-ray beam with a crystalline material. The scat-
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tering of the X-rays is due to the electrons in an atom. Since the crystal structure has
atoms positioned in a regular fashion, constructive interference occurs when Bragg’s
equation is fulfilled,'®® Figure 3.10. X-rays from constructive interference are detected
together with intensities and the diffraction angle at which they were reflected. A dif-
fractogram unique to the material is produced which leads to the identification of that
particular material. In this work, X-ray diffraction was used to characterize a thin film
of titania.
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Figure 3.10: Schematic diagram showing X-rays as diffracted by the crystal planes.'®®

A Bruker D8 powder diffractometer with C2 area detector using a Cu K,; X-ray source
was used. The X-ray source was fixed at 11° and the general area detector fixed at 25°
allowing the reflections between 15° and 40° (20) to be recorded. XRD data presented in
this thesis was collected using this set up. The measurements were taken with the help

of Louise Hannah.

3.3.3 Transmission Electron Microscope (TEM)

Transmission Electron Microscope (TEM) is a tool with the capability of imaging to the
nano-scale, Figure 3.11. The TEM uses a tungsten filament to generate a beam of elec-

trons by thermionic emission. An electric potential is used to accelerate the beam of
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electrons which is focussed into a coherent beam with the help of the first and second
condenser lenses. The beam of electrons is transmitted through an ultra-thin specimen
and interacts with the specimen as it travels through and eventually strikes a fluorescent
screen or can be detected by a sensor and charge-coupled device (CCD) camera. An im-
age is created from the interaction of the transmitted electrons through the specimen; the
image is magnified and focussed onto an imaging device. As a beam of electrons travels
through a specimen some of the electrons are scattered and these disappear from the
beam. Those electrons which reach the fluorescent screen create a shadow image of the
specimen. The apertures are then used to study the specimen, such as selecting a pre-

ferred contrast and resolution.

Electron source

First condenser lens

Second condenser lens

O\ /SR Condenser aperture

Sample specimen

Objective lens

C—— Objective aperture
J Selected area aperture

First intermediate lens

Second intermediate lens

Projector lens

| | Viewingscreen

Figure 3.11: Schematic diagram of a transmission electron microscope displaying the main the
components.*®®
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TEM was used to study the particle morphology and size distribution of the nanoparti-
cles made by a PVD technique. The TEM images were acquired using a Jeol 3010 in-
strument at an accelerating voltage of 300 kV. A Gatan CCD camera was used to record
the images for further processing. Images for Pt nanoparticles were taken with a support
of Dr. Jon Davies and Au images were taken with the help of Sandy Kerr. The images
were further processed to obtain the particle size and distribution on the titania substrate

using Paradise software developed by Ilika Technologies.

3.3.4 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron spectroscopy (XPS) is a surface sensitive technique that measures
the surface elemental composition.”® The X-rays are generated by bombarding an an-
ode with high energy electrons. The electrons are obtained from a thermal source, usual-
ly in the form of an electrically heated tungsten filament in some focusing X-ray mono-
chromator. The electron energy determines the efficiency of X-ray emission from the
anode. Whereas, the XPS anode material determines the energy of X-ray transition gen-
erated. The most commonly used anode materials are magnesium and aluminium which
are usually supplied in a single X-ray gun with a twin anode configuration providing
MgKa or AlKa photons. When an X-ray photon of energy hv, hits the surface of the

sample material, a photoelectron is ejected from the atom, Figure 3.12.
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Figure 3.12: Schematic diagram of the XPS process, illustrating photoionization of an atom by
the ejection of a 1s electron.™

The relationship between the different parameters involved in the XPS experiment is
given by the equation below:'™

E;,=hv-E, —¢ Equation 3.1

Where Ek is the kinetic energy of ejected electron, hv is the photon energy; Eg is the

binding energy of electron and ¢ is the work function.

The kinetic energy of emitted photoelectrons is analysed by the electron spectrometer
and the data is presented as a graph of intensity as a function of electron energy. XPS
operation requires an ultra-high vacuum environment in order to avoid sample surface
contamination and interference of emitted electrons by gas molecules. The XPS can be
used to analyse the surface chemistry (a few nanometres depths) of a sample both quali-
tatively which elements are present and quantify the relative amounts. XPS measure-
ments were undertaken in a UHV system incorporating a twin anode X-ray source (Mg
Ka and Al Ka), and a VG Clam Single Channel XPS system analyser. The Mg Ka X-
ray source (1253.6 eV) was used. Measurements were made with the support of Jaffar

Saleh. XPS spectra were analysed using CasaXPS software.
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3.4 Sample Characterization

3.4.1 Titania Thin Films

Titanium dioxide thin films have been prepared previously using a diverse range of

preparation techniques including: R.F and magnetron sputtering,'® "

plasma enhanced
chemical vapour deposition’’® 1 and PVD.3* '® As-deposited titanium dioxide thin
film by evaporation techniques onto substrates at room temperature yields predominant-
ly amorphous/polycrystalized materials with a small amount of anatase and rutile.®* "
172,174 Kunihito et al. reported that a titanium oxide thin film prepared at room tempera-
ture did not display a significant peak from XRD measurement, an indication that it is
amorphous.™ Further, it was shown that when the as-deposited thin film was heated to
500 °C for one hour, a diffraction peak due to anatase was observed, which indicates the
crystallization of the as-deposited thin film of TiO,. Transformation to the rutile phase
was noticed at about 850 °C when diffraction peaks due to rutile were detected and 39

% of rutile was formed at about 900 °C.}"

In this work, titania thin films were prepared with a substrate at room temperature using
the HT-PVD system. Before deposition of a titania thin film on a catalyst screening
chip, TiO, layers were first deposited on silicon and silicon nitride coated silicon sub-
strates for calibration purpose as described in Section 3.1.1.1. The titania support was a
continuous thin film of roughness or effective area of ca. 1 to 3 times the geometric ar-
ea. These amorphous thin films are identical to those used elsewhere in high throughput
studies of titania supported gold and platinum nanoparticles electrocatalysts.3* &% 78 17>
XRD results showed that as-deposited titania layer was amorphous, Figure 3.13, which
is in agreement with findings reported in literature.%® 1> 1™ As addressed in literature, to
achieve crystalline structures, the annealing of as-deposited titania in an oxygen back-

ground for several hours at a temperature of about 400 °C and above is needed. % 172 174
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Figure 3.13: XRD measurement on amorphous titanium dioxide film, oxygen pressure = 9.6 X
10 ®° Torr. The Cu K, X-ray source was used.

3.4.2 Platinum and Gold nanoparticles on Titania Layers

The calibration and deposition procedures for Pt and Au nanoparticles on titania are de-
scribed in Section 3.1.3. Pt and Au particles on titania were made using the HT-PVD
method and characterization was carried out using TEM (Jeol 3010) instrument and
XPS.

3.4.2.1 Platinum Nanoparticles on Titania Layers

Images of platinum particles obtained for TEM samples for various Pt particle sizes on
TiO, for four different deposition times are presented in Figure 3.14. The dark fields
are associated with platinum nanoparticles while the lighter fields are attributed to the
titania support. It is evident from the TEM images that at longer deposition times, lager
Pt particles were deposited corresponding to a mean particle size of 6.7 nm as estimated
from TEM image analysis. The particles are eventually seen to aggregate on the surface
at the longest deposition times/highest Pt exposures, Figure 3.14 (d). At a reduced dep-

osition time, the particles are well distributed across the support and are small in size,
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Figure 3.14 (c). At shorter deposition times, Pt particles are very small and well distrib-
uted on the support because limited material is deposited. TEM images in Figures 3.14

(@) & (b) show clearly how Pt particles are distributed on the support.

TEM image analysis software integrated in the Paradise software package (llika Tech-
nologies) facilitated the size determination of Pt nanoparticles for each TEM image,
corresponding to each deposition time and matched to their corresponding row on the
catalyst screening chip. The mean particle sizes acquired from TEM images analysis are
presented in red as a function of position (row) on the screening chip, Figure 3.15. Re-
gression analysis was performed on the data acquired from the TEM image analysis to
obtain an equation used to estimate the mean particle sizes for all of the positions on the
catalyst screening chip shown in blue in Figure 3.15. Table 3.1 presents the estimated
and experimental mean particle sizes for the four different deposition times. The esti-
mated mean particle size of Pt particles on the titania support ranges between 1.3 nm to
7.8 nm.
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Figure 3.14: TEM images of TiO, supported Pt nanoparticles for the four different deposition
times, (a) 30 sec, (b) 2 min, (c) 3.5 min and (d) 5 min corresponding to mean particle sizes of
(@) 1.6 nm, (b) 2.6 nm, (c) 4.9 nm and (d) 6.7 nm. Particles were deposited at the rate of 0.15

Als and the substrate deposition temperature was 200 °C.

98



3-Experimental

Row Estimated mean par- | Mean particle sizes from
ticle size (nm) TEM images (nm)
1.3+0.3 16+0.6
19+0.5
25+£0.7
3.1+0.8 26+0.9
3.7x1.0
4211
48+13 49+13
54x14
6.0+1.6
6.6+1.7 6.7 £ 20
72%+19
12 7820
Table 3.1: Estimated mean particle sizes and mean particle size from TEM images analysis for
the four deposition times for Pt particles as a function of position on the screening chip. TEM
images analysis data were subjected to regression analysis in order to estimate Pt particle sizes
across the chip. Since the errors (standard deviation) in the Pt mean particle sizes from the TEM
images analysis are linear, the errors increases as the particle size become larger and broader;

the regression analysis was used on the standard deviation in order to estimate the errors for the
intermediate particles in the estimated particle sizes.
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Figure 3.15: Particles size analysis obtained for Pt nanoparticles on titania support. Red dots on
the plot show the mean particles size from TEM images analysis as a function of position on the
screening chip. The blue dots show the estimated particle sizes across the chip. Regression anal-
ysis was done on the TEM data to obtain the estimated Pt particles sizes across the screening
chip (10 x 10 or 12 x 12 arrays). The inserted figure indicates the position of TEM images on
the screening chip.

Figure 3.16 below shows Pt nanoparticle size distribution attained from two TEM im-
ages with a mean particle diameter of 1.6 nm. 280 Pt particles were analysed for the par-
ticle size distribution. Pt particle distribution on the titania support is in good agreement

with that reported in literature.®®
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Figure 3.16: Particle size distribution of platinum nanoparticles supported on a titanium dioxide
support (mean particle size = 1.6 nm). The number of particles sampled was 280.

A quantitative analysis of Pt nanoparticle sizes as a function of deposition time is pre-
sented in Figure 3.17. It is shown that at short deposition times (tqep = 30 S), mean parti-
cle diameters are approximately 1.6 nm and particle sizes are confined in a contracted
range of sizes. When the deposition time is increased, particle size increases resulting
into a wider range of particle size distributions and lower particle density (tgep =300 ).
The highest particle density recorded for one square centimetre was estimated to be 4.6

x 10 cm™ for Pt particles of a mean particle size of 1.6 nm.
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Figure 3.17: Supported Pt nanoparticle size distributions as a function of number of particles
obtained from TEM measurements for four different deposition times. The deposition times
have been indicated in the figure legend. With increasing deposition time, hence particle
size, the number of particles sampled in each case were; 280 particles (at t = 30 s), 250
particles (at t =120 s), 200 particles (at t = 210 s) and 120 particles (at t = 300 s), respec-
tively.

From the mean particle size of Pt obtained from TEM image analysis for four different
deposition times, the area of each particle was estimated. This was combined with the
particle density in order to estimate the total surface area or total mass of the Pt particles
deposited on the screening chip, assuming hemispherical particle morphology. The total
Pt surface area/mass is crucial for the determination of catalytic activity of the Pt/TiO,
nanoparticle catalyst for the CO oxidation reaction under investigation. Figure 3.18
shows the estimated total surface area of Pt nanoparticles as a function of mean particle

size.

102



3-Experimental

8]

N
N
T

2
T

—
N
T

—
L]

G
o

—@—
@

Total surface area/ cm?

<
N
T

0 '_._' 1 1 1 1 1

0 2 4 6 8 10 12
Particle Diameter/ nm

Figure 3.18: Pt surface area as a function of mean particle sizes. Regression analysis was done
on the TEM data to obtain the equation used to estimate the total surface area for all Pt particle
sizes across the screening chip. Since the area of Pt (hemispherical) particle is a function of par-
ticle diameter, the standard deviation in the particle diameter from TEM image analysis were
used to estimate the errors in the area by undertaking the regression analysis.

3.4.2.2 Gold Nanoparticles on Titania Layers

Images obtained from the TEM samples of different Au particle sizes supported on tita-
nia layers for four different deposition times are presented in Figure 3.19. The dark
fields are associated with gold nanoparticles and lighter fields are attributed to the tita-
nia support. The TEM images show that at longer deposition times, lager Au particles
were deposited on the titania, corresponding to a mean particle size of 5.8 nm as antici-
pated from TEM image analysis. The particles can be observed to aggregate, forming
larger particles on the surface at the longest deposition times, Figure 3.19 (d). At a re-
duced deposition time, the particles are seen to be distributed randomly across the sup-
port and are small in size, Figure 3.19 (c). At shorter deposition times, Au particles are
well distributed on the support because a limited amount of material is deposited. TEM
images in Figure 3.19 (a) & (b) shows clearly how Au particles are distributed on the

titania support.
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The TEM image analysis software integrated in the Paradise software package (llika
Technologies) facilitated the size determination of Au nanoparticles for each TEM im-
age, corresponding to each deposition time and matched to their corresponding row on
the screening chip. The mean particle sizes obtained from TEM images analysis are pre-
sented in red as a function of position (row) on the screening chip, Figure 3.20. Regres-
sion analysis was performed to the data acquired from TEM images analysis to obtain
an equation which was used to estimate the mean particle sizes for all of the positions
on the screening chip shown in blue. Table 3.2 presents estimated mean particles sizes
and mean particle sizes from TEM images analysis for the four different deposition

times. The estimated mean particle sizes of Au particles on the titania support ranges

between 1.5 nm to 6.8 nm.

Figure 3.19: TEM images of titania supported Au nanoparticles for the four different deposition
times, (a) 30 sec, (b) 2 min, (c) 3.5 min and (d) 5 min corresponding to a mean particle size of
(@) 1.5 nm, (b) 2.8 nm, (c) 4.5 nm and (d) 5.8 nm. Particles were deposited at a Au deposition
rate of 0.15 A/s and a substrate deposition temperature of 200 °C.
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Figure 3.20: Particle size analysis obtained for gold nanoparticles on a titania support. Red dots
on the plot show the mean particles size from TEM image analysis as a function of position on
the catalyst screening chip. The blue dots show the estimated particle sizes across the chip. Re-
gression analysis was done on the TEM data to obtain the equation which was used to estimate
Au particle sizes across the catalyst screening chip. The inserted figure indicates the position of
the TEM images on the screening chip.
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Table 3.2: Estimated mean particle sizes and mean particle size from TEM image analysis for
the four various deposition times for Au particles as a function of position on the catalyst
screening chip. TEM images analysis data were subjected to regression analysis in order to es-
timate Au particle sizes across the chip. Since the errors (standard deviation) in the Au mean
particle sizes from the TEM images analysis are linear, the errors increases as the particle size
become larger and broader; the regression analysis was used on the standard deviation in order
to estimate the errors for the intermediate particles in the estimated particle sizes.

Figure 3.21 below shows the Au nanoparticle size distribution attained from two TEM

images with the mean particle diameter of 1.5 nm. 196 Au particles were analysed for

the particle size distribution investigation. The particle distribution data are in good

agreement to that reported elsewhere.

68, 92
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Figure 3.21: Particle size distribution of gold nanoparticles supported on a titanium dioxide
support (mean particle size = 1.5 nm). The number of particles sampled was 196.

A quantitative analysis of Au nanoparticle sizes as a function of deposition time was
carried out and is presented in Figure 3.22. It is shown that at short deposition times
(tsep = 30 s), mean particle diameters are about 1.5 nm and particle sizes are in a narrow
range of sizes. As the deposition time is increased, particle size increases resulting into a
wider range of particle size distributions and a lower particle density (tgep = 300 ). The
greatest particle density at one centimetre square was calculated to be 3.89 x 10 cm™

with a mean particle size of 1.5 nm.
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Figure 3.22: Titania supported gold nanoparticle size distributions as a function of number of
particles as obtained from TEM images analysis for four different deposition times. The deposi-
tion times are indicated in the figure legend. With increasing deposition time, hence particle
size, the number of particles sampled in each case were; 196 particles (at t = 30 s), 160
particles (at t =120 s), 132 particles (at t = 210 s) and 127 particles (at t = 300 s), respec-
tively.

From the mean particle sizes of Au obtained from TEM image analysis for four differ-
ent deposition times, the area of each particle size was estimated. This was combined
with particle density in order to estimate the total surface area or total mass of Au parti-
cles deposited on the screening chip, hemispherical particles were assumed. The total
Au surface area/mass is important for the determination of specific catalytic of Au na-
noparticle catalyst for the CO oxidation reaction. Figure 3.23 shows the estimated total

surface area of gold nanoparticles as a function of mean particle size.
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Figure 3.23: Gold surface area as a function of mean particle sizes. Regression analysis was
carried out on the TEM analysis for surface area based data to obtain the equation which was
used to estimate the total surface area for all gold particles of various sizes across the screening
chip. Since the area of Au (hemispherical) particle is a function of particle diameter, the stand-
ard deviation in the particle diameter from TEM image analysis were used to estimate the errors
in the area after carrying out regression analysis.

3.5 High Through-put Heterogeneous Catalyst Screening

A high-throughput heterogeneous catalyst screening for the CO oxidation reaction was
carried out using a new screening methodology developed during this work. The tech-
nigue using a high through-put screening chip made up of silicon nitride membranes to
screen supported metal nanoparticle catalysts was extended from a micro-fabricated
electrochemical screening array commonly used to screen high surface area supported

electrocatalyst.'*

3.5.1 Ultra-High Vacuum IR Thermography Reactor System

Catalyst screening was carried out in a separate UHV high through-put heterogeneous
catalyst screening chamber, designed to suit the screening needs of the solid/gas-phase
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reactions, Figure 3.24 (a) and Figure 3.24 (b). The reaction chamber is designed to

provide a contamination free environment for catalyst screening purposes.
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Figure 3.24: (a) Schematic diagram of an UHV high through-put heterogeneous catalyst
screening chamber showing the IR-camera arrangement and other important components. (b)
The photography of a screening chamber indicating various parts and the gas lines connections.

Figure 3.25 presents the first design of the heater (sample holder) used to heat the
screening chip on which the catalyst libraries were deposited. The sample holder is
made of two copper bars (50 mm x 50 mm x 10 mm) in which ceramic tubes used as
wire insulator have been positioned to avoid heating wire contact and tungsten heating
wire rapped through which then exits the chamber via electrical feed-through towards
external power supply for sample heating. A K-type thermocouple made of Kapton
coated thermocouple wire has been mounted on a copper bar sample holder. The ther-
mocouple exits the chamber via the feed-through and is then externally connected to the
multimeter for temperature reading during catalyst screening process. The thermocouple
is intended to record the temperature at which the sample is being heated while activat-
ing the catalyst. The sample holder is connected to the manipulator to allow for easy
rotation of the sample to a required position during imaging process.
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Figure 3.25: The photography of the first sample holder design illustrating the heater configura-
tion and its various components. The way the sample is mounted on the heater is also shown.

However, this design could not work well because of the higher thermal conductivity of
copper which resulted to the higher temperature loss across the heated substrate, which
in turn led to the higher temperature gradient across the catalyst library. On the other
hand, since the silicon nitrides membranes on the screening chip are transparent, it was
not possible to image the surface of the membrane using the IR thermal camera, instead
the camera could directly image the surface of the heater. To achieve the best tempera-
ture gradient across the heated substrate (catalyst library), a new heater design with ce-
ramic material was necessary. Despite the fact that the membranes transparency prob-
lem re-occurred in the new heater design, the resolved by the use of carbon spray in the
reverse side of the screening chip. The new heater design used during the library screen-
ing process that produced the result presented in this thesis is described below.
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The chamber is fitted with a sample holder made of two flat square ceramic heating
blocks, 11 mm x 85 mm x 100 mm (Macor ceramic, RS Components) between which a
Nichrome (Ni80/Cr20) heating wire of 0.5 mm diameter (Goodfellow) is wrapped and
exits the chamber via an electrical feed-through to an external power supply for sample
heating, Figure 3.26.

Thermocouple Heater connections Ceramic plate Copper foil

Mounted screening chip Manipulator Stainless steel foil

Figure 3.26: The photography of the sample holder illustrating the heater configuration and its
various components. The way the sample is mounted on the heater is also shown.

Figure 3.27 presents a cross section of the components arrangement on the sample
heater as mounted during the catalyst screening for CO oxidation activity.
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Figure 3.27: A cross section of the components on a sample heater showing the way the sample
is kept in place during activity screening. An IR- thermal imaging camera is shown from the top
focusing through a transparent window.

The heater is enclosed in a 0.5 mm stainless steel foil, 23 mm x 110 mm x 120 mm (RS
Components) to reduce heat loss from the edges of the heater. A K-type thermocouple
made of Kapton coated thermocouple wire has been incorporated. The thermocouple
exits the chamber via the feed-through and is externally connected to the multimeter
which gives a direct temperature reading. The thermocouple records the temperature at
which a sample is being heated during the catalyst screening process. The sample holder
is connected to the manipulator to allow for easy rotation of the sample to a required
position during the imaging process. The catalyst library is heated on a 0.5 mm x 36 mm
x 36 mm piece of copper foil (RS Components) placed on top of the heater to provide a
homogeneous temperature rise. The sample is kept in place by a stainless steel frame,
0.5 x 50 mm x 50 mm (RS Components). The chamber is equipped with a CaF; IR-
transparent window to allow the non-contact imaging of the catalyst screening chip in
the chamber using an IR thermal imaging camera. The reactant gases have been con-
nected to the reaction chamber via gas lines with valves placed before the chamber for
gas inlet control. An ion gauge and high pressure gauge have been fitted on the reaction

chamber for pressure monitoring.
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3.5.2 Infrared Thermography Technique

A high through-put infrared thermography technique was constructed for direct meas-
urement of the energy released, and consequent temperature rise from a surface exo-
thermic reaction. The principal and experimental configuration used is similar to the
thermography techniques developed for the high throughput screening of hydrogen stor-
age materials.'*® The IR camera was mounted on top of the chamber facing an IR-
transparent window as illustrated in a general scheme of the set up in Figure 3.24. In
this work, a Jade Ill1 (CEDIP, Paris), InSb based camera (stirling cooled) with a spectral
range of 3.6 to 5.1 um , a resolution of 320 x 240 pixels, temperature range of -40 °C to
1200 °C and thermal sensitivity of 20 mK and a 50 mm focal length was used. CIRRUS
and ALTAIR software were incorporated for camera control, image acquisition and

processing.

3.6 Gases used in Catalysts Activity Screening

For catalysts activity screening of Pt and Au supported nanoparticle catalysts, carbon
monoxide oxidation by oxygen was selected as the model exothermic reaction. During
CO oxidation, carbon monoxide gas (99.999 %, Air Products) and oxygen (99.999%,
BOC Gases) were used.

3.7 Activity Measurement Acquisition Procedures and Data Analysis

Platinum and gold nanoparticle catalyst supported on amorphous titania was pre-heated
on a sample holder in an UHV high throughput heterogeneous catalyst screening cham-
ber in a flow of oxygen gas. The catalyst was left for two hours (2hrs) for the tempera-
ture to equilibrate to a required reaction temperature before measurements could be tak-
en. Before starting the measurement, an IR video of the material library was taken
which was subtracted as the background (T,) so the display of temperature change due

to catalytic reaction of catalyst in the library could be quantified.

The test experiments were first carried out to assess the validity of activity results ob-

tained from CO oxidation reaction on titania supported Pt and Au nanoparticle catalysts.
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The catalyst library was heated to a desired experimental temperature as in normal ex-
periments undertaken in this work. Experiments were conducted by adding the same or
different pressure of a pre-adsorbed reactant gas into the screening chamber, measure-
ments were taken and data analysed. The negative temperature changes were obtained
when the same reactant gas was allowed into the reaction chamber, which indicates that
there was no heat released, therefore no reaction took place, instead the catalyst was
cooled in contrast to when a different reactant gas is added making a mixture of two re-

actant gas in the feedstock, Figure 3.28.
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Figure 3.28: The absolute temperature change on Au/Pt/TiO, catalyst as a function of particle
size at an 0,:0, ratio of 1:1, with a total pressure of 1 x 10" mbar. (a) Presents infrared image
and (b) presents the average mean temperature change as a function of particle sizes. The row
and column numbers are shown on the x and y axes on the IR-images. The reaction temperature
was 80 °C at an exposure time of 5 minutes.

In this case, if CO was added as the second reactant gas in the feedstock, it would have
resulted into a raise in temperature on the catalyst surface, which signifies heat produc-
tion from the CO oxidation reaction. Therefore, if O, or CO is added alone in the reac-
tion chamber, no raise in temperature is observed, hence in order to observe the raise in

temperature both reactant gases have to be present in the reaction feedstock. This exper-
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imental result proves that the temperature change obtained is from CO oxidation reac-
tion involving both O, and CO reactant gases on the surface of Au/Pt catalysts.

The catalyst was then subjected to both reactant gas, O, and CO at the desired pressure
ratios and the IR video was recorded. The pressure of reactant gases were altered at each
stage when the measurement was sought and measurements were taken after five
minutes of exposure. At each measurement, a background measurement was recorded
and subsequently used as a baseline for that particular measurement during data analy-
sis. The change in temperature due to catalytic activity was determined with reference to

a background measurement when a catalyst was exposed to O, or CO gas alone.

Data analysis was carried out using both the Matlab (provided by the University of
Southampton) and Paradise (llika Technologies) software. The change in temperature
from a catalytic surface exothermic reaction was determined from the difference be-
tween the background temperature (T,) and the temperature at which the catalyst was

exposed to both the reactant gas (T,), as shown in equation 3.2.
AT =T, =T, Equation 3.2

In order to obtain the normalized temperature change (i.e. row and column compen-
sated) from the catalytic activity across Pt and Au nanoparticle catalysts with various
particle sizes, the measured temperature change (AT) for each square membrane on the
screening chip was normalized by multiplying with a normalization factor (s) x. The

normalization factors were calculated from the equation below:
AT, x X =AT, Equation 3.3

where AT is the temperature change across the row where particle sizes are constant
and AT is the highest temperature change across the same row. The normalization fac-
tors were computed for each individual row on the screening chip. The same normaliza-
tion factor (s), were then applied to optimize the temperature change along the columns
where particle sizes are changing. The optimization was undertaken in order to compen-
sate for the background temperature inhomogeneity across the screening chip and the
temperature loses at the edges of the chip.
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Therefore, normalization of the temperature change was carried out by multiplying the

temperature change with the normalization factor (i.e. XAT, ).

Figure 3.29 shows the typical experimental results for the row uncompensated and row

compensated infrared images as well as the temperature change for the uncompensated

and compensated and how the normalization was undertaken. Only one row is shown

for illustration.
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Figure 3.29: Temperature change on the catalyst as a function of membrane position on the
row. (a) Presents uncompensated infrared image, (b) row compensated and (c) uncompensated
and compensated temperature change on the row. The row and column numbers are shown on
the x and y axes on the IR-images. The reaction temperature was 80 °C at an exposure time of 5

minutes.
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Figure 3.30 shows the normalization of temperature change along the column where
particles sizes are changing using the same normalization factors used across the row on

the screening chip. Only one column is shown to illustrate the data normalization proce-
dures.
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Figure 3.30: Temperature change on the catalyst as a function of membrane position on the
rcolumn. (a) Presents column compensated infrared image and (b) column uncompensated and
compensated temperature change. The row and column numbers are shown on the x and y axes
on the IR-images. The reaction temperature was 80 °C at an exposure time of 5 minutes.

Figure 3.31 presents the TOF frequency for the uncompensated and compensated tem-
perature change as a function of particle size calculated from equation 3.5. One column

was used to demonstrate the normalization approach.
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Figure 3.31: The TOF of nanoparticle catalyst supported on titania for the CO oxidation reac-
tion as a function of particle size (diameter/ nm) from uncompensated and compensated temper-
ature change along the column. The reaction temperature was 80 °C.

By performing this compensation on the temperature change data, the temperature
change entirely from the catalysts reactivity were obtained, hence the modulation across
the various Pt and Au particle sizes across the screening chip.

The TOF and specific mass activity for the CO oxidation reaction were calculated
through equation 2.7 by computing the number of moles of CO converted per mm™ per
second obtained from the temperature change from CO oxidation reaction as shown in

equation 3.4 below:

_ n(mm?s™)x 283x10%(3)x Area(mm?)x10°

AT= Equation 3.4
13.5x x(zm)x k(WmK ) quation

where n is the number of moles of CO converted per mm? per second. TOF is calculated

from the equation below:

r]mOICO [mm_zs_l]

- Equation 3.5
S mm

TOF[s]=

mol Au / Pt
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where s is the number of moles Au/Pt in the catalyst per mm.,

The number of moles of CO converted is computed using the equation below:

P[Js mm- ]

ncoconv.[mm‘2 ‘1] 263x10°]

Equation 3.6
Where is the power in Js'mm™ 283 x 10%J is the enthalpy change for the oxidation of
one mole of carbon monoxide at 298 K, assuming that the enthalpy change of a reaction

is independent of temperature within a small range of temperatures.?

The specific mass activity was computed through the equation below:

—2a~—1
i - 2 n [mm S ]
Spec.actlwty[molcoconv.g Lauspemm?s 1]: moICO
gAu/Pt

Equation 3.7

where g is the weight in gram of Au/Pt in the catalyst per mm™ which is calculated from

the equation below, assuming hemispherical particle:

MasSe,, ., [g]= Density ., [gom 2 |xVolumey,  ,, [em® Equation 3.8

Since the area of Au/Pt is given by the particle density times the area of one particle,
assuming hemispherical particle and the number of atom density in the surface for an
Au (111)® and Pt (111)""" face of 1.4 x 10" cm?and 1.5 x 10™ cm™, respectively.

The moles of Au/Pt in the catalyst are given by:

,2]: Area,, ,, x AD(mm*Z)

Moles ,, [mm
NA

Equation 3.9

where AD is the is the atom density per mm and Na is the Avogadro’s constant, 6.023

x 10% atoms.

The example on how the catalyst activities are calculated through various equations is

shown in appendix 3.
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4 Results

4.1 Introduction

This chapter presents the results obtained from the XPS analysis undertaken on real
sample and a high throughput activity screening of titania supported Pt and Au nanopar-
ticle catalysts of various particle sizes for CO oxidation at relatively low reaction tem-
peratures. The discussion of results and comparison of activities for both Pt and Au na-
noparticle catalysts are addressed. The results presented in this chapter are set within the

context of the literature.

4.2 Platinum and Gold Nanoparticle Catalyst

4.2.1 XPS Measurements

Titania and titania supported Pt and Au nanoparticles were further analysed using the
XPS. Figure 4.1 (a) shows the Pt XPS spectra of Pt 4f core level for the 1.3 nm, 4.5 nm
and 6.6 nm mean particle diameter and bulk Pt, Figure 4.1 (b) presents the binding en-
ergy as a function of particle size. A shift in the Pt 4f;;, peak for the 1.3 nm particles of
0.7 eV to higher binding energy (72.1 eV) is observed. This shift increases to 0.9 eV at
a peak position of 72.3 eV for 4.5 nm particles followed by a dramatic drop to 0.5 eV at
a peak position of 71.9 eV for the 6.6 nm particle size relative to bulk Pt 4f;, at 71.4 eV.
The shift to higher binding energy for the smallest particles of Pt is consistent to that

reported in the literature and was attributed to final state effect.'’

To get an insight of Pt
nanoparticles catalyst after reaction, XPS study was carried out after the catalyst was
submitted to the reaction conditions. The results did not show any significant change in
binding energy shift as shown in Figure 4.1 (b). Figure (c) and Figure 4.1 (d) present
the integrated XPS intensity (Pt 4f/Ti 2p) as a function of Pt particle size (nm) and ef-
fective thickness (nm), respectively. The increase in the intensity is observed with in-
creasing particle size, which indicates that Pt particles grow in size as more Pt is depos-

ited.
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Figure 4.1: (a) XPS spectra of the Pt (4f) core level for titania supported Pt particles with a
mean diameter of 1.3 nm, 4.5 nm and 6.6 nm and bulk Pt (b) Presents the binding energy as a
function of Pt particle size for the Pt 4f;, before and after catalytic reaction, (c) and (d) present
the integrated XPS intensity (Pt 4f/Ti 2p) as a function of particle size (nm) and effective thick-
ness (nm) for the Pt (4f), respectively, before and after reaction. Spectra identification is shown
in the figure legend.
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Figure 4.2 (a) shows Au XPS spectra of 4f core level for 1.5 nm, 4.1 nm and 5.8 nm
mean particle diameter sizes and bulk Au. A shift in the peak position is observed for
1.5 nm particles of approximately 0.42 eV to higher binding energy (84.42 eV) relative
to bulk Au for the 4f;/, core level at 84 eV, Figure 4.2 (b). This shift decreases with in-
creasing particle size to 0.1 eV for the 4.1 nm particles at 84.1 eV and it is 0.2 eV below
bulk Au at 83.8 for 5.8 nm particles, consistent with previous findings. Previous XPS
results on titania supported Au nanoparticles observed an upward shift to higher binding
energy with decreasing particle size for Au 4f;;,, this was attributed with final state ef-
fect." * The XPS study after Au nanoparticles catalyst was subjected to reaction con-
ditions did not show significant change in binding energy shift, Figure 4.2 (b). This
suggests that the particles retained their state throughout the experimental condition
used in this work. Figure 4.2 (c) and Figure 4.2 (d) present the integrated XPS intensi-
ty (Au 41/T 2p) as a function of Au particle size (nm) and effective thickness (nm), re-
spectively. The observed increase in the intensity with increasing particle size indicates

that much Au was being deposited.
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Figure 4.2: (a) XPS spectra of the Au (4f) core level for titania supported Au particles of 1.5
nm 4.1 nm and 5.8 nm mean diameter and bulk Au. (b) Presents the binding energy as a func-
tion of Au particle size for the Au 4f;,, before and after catalytic reaction (c) and (d) present the
integrated XPS intensity (Au 4f/Ti 2p) as a function of particle size (nm) and effective thickness
(nm) for the Au 4f, respectively, before and after reaction. Spectra identification is shown in the
figure legend.

Investigation of the Pt and Au core level energies shows that there is a small but detect-
able shift in the binding energy. These binding energy shifts however, depend on the
species to which an atom is bonded.* "° The binding energies shifts for the core level
electrons can arise from either initial-state or final-state effects.”® Initial-state effects
(chemical shift) are associated with chemical bonding, which significantly influences
the electronic configuration of an atom, this can result in a significant shift in binding
energy, which in certain cases can be up to 10 eV.*"° Therefore, atoms in a high oxida-
tion state produce XPS peaks at high binding energy as compared to the same atom
found in low oxidation state.”® Depending on the nature of interaction between the at-
om and its surroundings, the chemical shift could be either to higher or lower binding
energy. Generally, as the oxidation state of an atom increases, the binding energy in-
creases and vice versa. This can be rationalized in terms of the magnitude of the first
and second ionization energy, equally, the higher the effective positive charge on the
atom, the higher the binding energy of the photoelectron. The final-state effects on the
other hand are the result of the removal of an electron from an atom which corresponds
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to an ionic state, creation of a hole in place of the ejected photoelectron.®® The effect
toward the binding energy shift as a result of final-state is always a slight binding ener-
gy shift compared to that of initial-state effect. Since the core level binding energy shift
for Pt and Au nanoparticles observed in this study is smaller, less than 1 eV, these shifts

are associated with the final state-effect.*> 3+ 178

Figure 4.3 presents the XPS spectra for the Ti 2p core level from TiO, upon which both
Pt and Au particles were supported. The Ti 2p3/, peak in the titania film appears between
459.9 eV and 461 eV, which is at a higher binding energy than that of Ti metal 454 eV,
this is equivalent to the binding energy of Ti in TiO, (457.5 to 464.9 eV) which indi-
cates that Ti is bonded to oxygen in the +4 oxidation state.'’* Figure 3.3 (a) presents the
Ti 2p XPS spectra where Au particles were grown. A small change in Ti 2p intensity as
a function of particle size is observed, perhaps Au particles exhibit 3D growth from the
beginning, which results to smaller proportion of the substrate being covered. The XPS
investigation of the effect of temperature on the growth mode of metal clusters has
shown that both Au and Pt particles exhibit 3D growth from the beginning at a
deposition temperature of about 475 K.* Figure 3.3 (b) presents the binding energy of
Ti 2psp, as a function of particle size (hm). The Ti 2ps, peak appears at 458.4 eV and
exhibits a small shift (0.1eV) to higher binding energy with no further shift with
increasing particle size. Figure 3.3 (c) presents the Ti 2p spectra from TiO, upon which
Pt particles were deposited. A constant Ti 2p intensity is observed as a function of
particle size, followed by a reduction in the Ti 2p intensity at a Pt particle size of 6.6
nm. The decline in intensity at larger particle sizes of Pt can be explained in terms of
larger particles being able to approach each other and form aggregates, hence covering a
large area of the substrate as reported elsewhere.?® However, there is still evidence that
Pt particles exhibit a 3D growth mode from the beginning of deposition because of the
unchanging intensity. Since both Au and Pt particles in this study were deposited at 200
°C, 3D particle growth from the beginning of particle growth would be expected.
Figure 3.3 (d) presents the binding energy of Ti 2ps, as a function of particle size. The
Ti 2p32 peak appears at 461 eV and slightly shifts by 0.1 eV to a higher binding energy,

no further peak shift with increasing particle size is observed. The peak shift to higher
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binding energy exhibited by Ti 2ps;, where both Au and Pt particles are supported may
indicate that their is an interaction between PUAu and the substrate.®* "
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Figure 4.3: (a) XPS spectra of the Ti 2p core level for titania where Au particles of various siz-
es are supported. (b) Shows the binding energy of Ti 2ps, core level as a function of Au particle
size. (c) Presents the binding energy of Ti 2ps, core level as a function Pt particle size. (c) Pre-
sents the XPS spectra of the Ti 2p core level of titania where Pt particles are supported and (d)
presents the binding energy of Ti 2ps, core level as a function of Pt particle size. XPS spectra
identification and particles sizes presented are shown in the figure legend.

Figure 3.4 presents XPS spectra of O1s core level for titania where both Pt and Au par-

ticles of various sizes are supported.
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Figure 4.4: (a) XPS spectra of the O1s for titania where Au particles were supported. (b) Pre-
sents the binding energy as a function of Au particle size. (c) Present the XPS spectra of Ols
core level where Pt particles were supported and (d) is the binding energy as function of Pt par-
ticle size. XPS spectra identification is also shown in the figure legend.

The O1s peak where Au particles were supported, Figure 3.4 (a) appears at about 530
eV with a slight peak shift to higher binding energy at constant intensity, the peak is at a
position similar to the binding energy of O1s in TiO2.!* The O1s peak where Pt parti-
cles are supported, Figure 3.4 (c) shifted to higher binding energy at about 532.5 eV
compared to that of its Au counterpart with observed decline in peak intensity as Pt par-

ticle sizes grow larger, which indicates that larger particles of Pt covered a larger area of
the substrate.
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4.3 Heterogeneous Catalysed CO Oxidation on Pt/TiO, Nanoparticle
Catalyst

Figure 4.5 presents the absolute temperature change for CO oxidation activity on Pt na-
noparticles at 80 °C and an approximately O,:CO ratio of 1:1, with a total pressure of
1.1 x 10 mbar. The absolute temperature change at a total pressure of 1.1 mbar is pre-
sented in appendix 1A;. Figure 4.6 presents the activity in TOF (s™*) and specific mass
activities (molco conv. g™*Pt mm? s™) as a function of particle size at an approximately
0,:CO ratio of 1:1, with a total pressure of 1.1 x 10™ mbar and 1.1 mbar, respectively.
Table 4.1 presents the Pt particle sizes with their corresponding specific mass activity
and TOF at a total pressure of 1.1 x 10" mbar. The particle sizes with their correspond-
ing specific mass activity and TOF at 1.1 mbar is presented in appendix 1A,. Table 4.2
presents the reactant gas pressure; total reactant gas pressure and the surface average

mean temperature change across a catalyst surface.
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Figure 4.5: The absolute temperature change on Pt/TiO, catalyst as a function of particle size at
approximately 0,:CO of 1:1, total pressure of 1.1 x 10™ mbar. (a) Presents uncompensated in-
frared image, (b) row compensated and (c) row and column compensated image. (d) Presents
the average mean temperature change as a function of particle sizes for the row and column
compensated infrared images. The row and column numbers are shown on the x and y axes on
the IR-images. The reaction temperature was 80 °C at an exposure time of 5 minutes.
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Figure 4.6: (a) TOF, (b) specific mass activity of Pt nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at approximately an
0,:CO ratio of 1:1, with a total pressure of 1.1 x 10" mbar and 1.1 mbar, the reaction tempera-
ture was 80 °C. The total pressure is also indicated in the figure legend.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’
1

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s?

TOF (s

1.3+0.3

0.314+0.05

1.239E-5+2.94E-6

4.378E-11+1.04E-11

1.04E-6 +8.3E-14

10.262+0.9

2.556E-10+2.24E-11

4.210E-5+1.00E-5

0.171+0.041

1.9+0.5

0.303+0.03

1.196E-5+2.06E-6

4.227E-11+7.31E-12

1.52E-6 +1.2E-13

30.206+3.0

7.524E-10+7.47E-11

2.781E-5+4.81E-6

0.056+0.009

2.5+0.7

0.301+0.03

1.187E-5+2.07E-6

4.196E-11+7.32E-12

2.00E-6 +1.6E-13

50.150+4.6

1.249E-9+1.15E-10

2.098E-5+3.66E-6

0.034+0.005

3.1+0.8

0.328+0.06

1.292E-5+3.43E-6

4.566E-11+1.21E-12

2.46E-6 +1.9E-13

70.094+7.0

1.746E-9+1.74E-10

1.841E-5+5.07E-6

0.024+0.006

3.7+1.0

0.333+0.03

1.313E-5+2.17E-6

4.638E-11+7.66E-12

2.96E-6 +2.3E-13

90.038+8.0

2.243E-9+1.99E-10

1.567E-5+2.59E-6

0.021+0.003

42+1.1

0.352+0.03

1.384E-5+2.25E-6

4.891E-11+7.97E-12

3.44E-6 +2.7E-13

109.982+10

2.740E-9+2.49E-10

1.422E-5+2.31E-6

0.018+0.002

4.8+1.3

0.357+0.04

1.406E-5+2.66E-6

4.968E-11+9.43E-12

3.92E-6 +3.1E-13

129.926+12

3.236E-9+1.99E-10

1.268E-5+2.41E-6

0.015+0.002

5.5+14

0.373+0.04

1.468E-5+2.72E-6

5.188E-11+9.61E-12

4.40E-6 +3.5E-13

149.870+14

3.733E-9+3.49E-10

1.179E-5+2.18E-6

0.014+0.002

6.0£1.6

0.368+0.04

1.452E-5+2.67E-6

5.129E-11+9.45E-12

4.80E-6 +3.8E-13

166.490+16

4.140E-9+3.99E-10

1.069E-5+1.97E-6

0.012+0.002

6.6+1.7

0.403+0.04

1.585E-5+2.81E-6

5.602E-11+9.94E-12

5.28E-6 +4.2E-13

186.434+17

4.644E-9+4.23E-10

1.061E-5+1.88E-6

0.012+0.002

7.2+1.9

0.402+0.04

1.581E-5+2.80E-6

5.590E-11+9.91E-12

5.76E-6 +4.6E-13

206.378+19

5.141E-9+4.73E-10

9.705E-6+1.72E-6

0.011+0.002

7.8+2.0

0.418+0.05

1.644E-5+3.27E-6

5.810E-11+1.16E-12

6.24E-6 +4.9E-13

226.322+21

5.637E-9+5.23E-10

9.312E-6+1.85E-6

0.010+0.002

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

Table 4.1: Pt/TiO, particle size and their corresponding specific mass activity and TOF at a reaction temperature of 80 °C and approximately O,:CO ratio of
1:1, at a total pressure of 1.1 x 10" mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters pre-
sented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon nitride
membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated errors
in other parameters were estimated from the deference between the average value and the maximum possible value calculated using respective errors in each
formula used to compute each parameter.
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Pressure | O,-pressure | CO-pressure | Total pressure | Average mean
range (mbar) (mbar) (mbar) surface tempera-
ture change (K)
1 5.3x10° 5.7x 10 1.1x10" 0.35+0.03
2 5x 10" 6x 10" 1.1 0.73 £0.02

Table 4.2: Oxygen and Carbon monoxide gas pressure ratios, total reactant gas pressure and the
average mean surface temperature change across the catalyst surface from the catalytic activity
of Pt/TiO,. The reaction temperature was 80 °C at an exposure time of 5 minutes.

The CO oxidation by O, on Pt supported nanoparticle catalyst of sizes ranging between
1.3 nm and 7.8 nm particle sizes was investigated at 80 °C. The TOF and specific mass
activity increased with decreasing particle size, Figure 4.6 (a) and Figure 4.6 (b). The
TOF increased from 0.01 s, (specific mass activity = 9.312 x 10°® molco conv. Pt
mm™ s™) for 7.8 nm to 0.171 s, (specific mass activity = 4.21 x 10”° molco conv. g™*Pt
mm™ s for a Pt particle size of 1.3 nm, Table 4.1. The activity increased with increas-
ing reactant gas pressure for both TOF and specific mass activity to 0.396 s™, (specific
mass activity = 9.743 x 10" molco conv. g™*Pt mm™ s™) for the smallest Pt particle.

Figure 4.7 presents the temperature change for the CO oxidation reaction on Pt at 170
°C and O,:CO ratio of 1:1 at a total pressure of 7.2 x 10 mbar. The temperature change
at a total pressure of 8.4 x 10 mbar and 1.04 x 10™ mbar is presented in appendix 1B;
and 1B,, respectively. Figure 4.8 presents the TOFs and specific mass activities as a
function of particle size at an O,:CO ratio of 1:1, total pressure of 7.2 x 10 mbar, 8.4 x
10 mbar and 1.04 x 10™ mbar, respectively. Table 4.3 presents Pt particle sizes with
their corresponding specific mass activity and TOF at a total pressure of 7.2 x 10 mbar.
The particle sizes with their corresponding specific mass activity and TOF at a total
pressure of 8.4 x 10 mbar and 1.1 x 10" mbar is presented in appendix 1B; and 1B,
respectively. Table 4.4 presents reactant gases pressure, total pressure and surface aver-

age mean temperature change across a catalyst surface.
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Figure 4.7: The temperature change on Pt/TiO, catalyst as a function of particle size at approx-
imately O,:CO ratio of 1:1, total pressure of 7.2 x 10 mbar. (a) Presents uncompensated infra-
red image, (b) row compensated and (c) row and column compensated images. (d) Presents the
average mean temperature change as a function of particle sizes for the row and column com-
pensated infrared images with column and row numbers indicated on the x and y axes. The reac-

tion temperature was 170 °C at an exposure time of 5 minutes.
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Figure 4.8: (a) TOF, (b) specific mass activity of Pt nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio of
1:1, with a total pressure of 7.2 x 10 mbar, 8.4 x 10 mbar and 1.04 x 10" mbar. The reaction
temperature was 170 °C. The total pressure is also indicated in the figure legend.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’
1

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g”
Pt mm?s™)

TOF (s

1.3+0.3

0.475+0.06

1.873E-5+3.81E-6

6.618E-11+1.34E-11

1.04E-6+8.3E-14

10.262+0.9

2.556E-10+2.24E-11

6.364E-5+1.30E-5

0.259+0.052

1.9+0.5

0.491+0.10

1.932E-5+5.58E-6

6.826E-11+1.97E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

4.491E-5+1.30E-5

0.091+0.026

2.5+0.7

0.461+0.12

1.815E-5+6.32E-6

6.416E-11+2.23E-11

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

3.208E-5+1.12E-5

0.051+0.017

3.1+0.8

0.410+0.07

1.615E-5+4.07E-6

5.708E-11+1.43E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

2.302E-5+6.04E-6

0.033+0.008

3.7+1.0

0.381+0.09

1.500E-5+4.84E-6

5.302E-11+1.71E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

1.791E-5+5.78E-6

0.024+0.007

42+1.1

0.378+0.07

1.489E-5+3.98E-6

5.263E-11+1.40E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

1.530E-5+4.09E-6

0.019+0.005

4.8+1.3

0.374+0.17

1.473E-5+8.18E-6

5.207E-11+2.89E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

1.329E-5+7.38E-6

0.016+0.008

5.5+1.4

0.379+0.18

1.492E-5+8.63E-6

5.274E-11+3.04E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+£3.49E-10

1.199E-5+6.93E-6

0.014+0.008

6.0+1.6

0.408+0.17

1.609E-5+8.25E-6

5.689E-11+2.91E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

1.185E-5+6.08E-6

0.014+0.007

6.6+1.7

0.401+0.15

1.578E-5+7.43E-6

5.577E-11+2.62E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

1.056E-5+4.98E-6

0.012+0.005

7.2+1.9

0.409+0.18

1.613E-5+8.69E-6

5.699E-11+3.07E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

9.894E-6+5.33E-6

0.011+0.006

7.842.0

0.456+0.10

1.798E-5+5.45E-6

6.354E-11+1.92E-11

6.24E-6+4.9E-13

226.322+21

5.637E-9+5.23E-10

1.018E-5+3.09E-6

0.011+0.003

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

Table 4.3: Pt/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C and an
0,:CO ratio of 1:1, at a total pressure of 7.2 x 10 mbar. Parameters used to compute the activity values are also included. The equations used to compute the
parameters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and
silicon nitride membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The
estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using respec-
tive errors in each formula used to compute each parameter.
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Pressure | Oj-pressure | CO-pressure | Total pressure | Average surface
range (mbar) (mbar) (mbar) temperature
change (K)
1 3.6x10* 3.6 x10* 7.2x10* 0.42 + 0.04
2 4.2 x 10* 4.2 x 10° 8.4x10% 2.99 +0.08
3 5.2x 10* 5.2x 10 1.04 x 10 3.41+0.11

Table 4.4: Oxygen and Carbon monoxide gas pressure ratios, total pressure and total average
mean surface temperature change across the catalyst surface from catalytic activity of Pt/TiO,
catalyst. The reaction temperature was 170 °C at an exposure time of 5 minutes.

The oxidation of CO on Pt supported nanoparticle catalyst ranging between 1.3 nm and
7.8 nm particle sizes was studied at 170 °C. The TOF and specific mass activity in-
creased with reduced particle size, Figure 4.8 (a) and Figure 4.8 (b). The activity in-
creased with increasing reactant gas pressure at the same reaction temperature. The ob-
served TOF for a Pt particle of 1.3 nm was 0.259 s, (specific mass activity = 6.364 x
10™° molco conv. g Pt mm™ s™) at an O,:CO ratio of 1:1, total pressure of 7.2 x 10
mbar, Table 4.3. The activity increased to 1.25 s, (specific mass activity = 3.073 x 10
molco conv. g Pt mm? s™), at a total pressure of 8.4 x 10 mbar. Further increase in
reactant gas pressure up to a total pressure of 1.04 x 10™* mbar led to further increase in
activity both in TOF and specific mass activity to 1.991 s™, (specific mass activity of

4.893 x 10* molco conv. g*Pt mm s2).

Figure 4.9 presents the temperature change from experiment where the catalyst surface
was pre-exposed to oxygen at a reaction temperature of 170 °C and subsequently allow-
ing CO gas into a reaction chamber at an O,:CO ratio of approximately 2:1, with a total
pressure of 1.5 x 10™ mbar. The temperature change at an O,:CO ratio of approximately
1:1, at a total pressure of 1.9 x 10™ mbar and an 02:CO ratio of 1:1, at a total pressure of
2.2 x 10" mbar is presented in appendix 1C; and 1C,, respectively. Figure 4.10 pre-
sents the TOF and specific mass activity at an O,:CO ratio of approximately 2:1, with a
total pressure of 1.5 x 10™* mbar, an O,:CO ratio of approximately 1:1, with a total pres-
sure of 1.9 x 10™ mbar and an 0,:CO ratio of 1:1, with a total pressure of 2.2 x 10
mbar. Table 4.5 presents the Pt particle sizes with their corresponding specific mass
activity and TOF at a total pressure of 1.5 x 10" mbar. The particle sizes with their cor-
responding specific mass activity and TOF at a total pressure of 1.9 x 10" mbar and 2.2
x 10" mbar is presented in appendix 1C; and 1C,, respectively. Table 4.6 presents reac-
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tant gases pressure, total pressure and surface average mean temperature change across

a catalyst surface.
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Figure 4.9: The temperature change on Pt/TiO, catalyst as a function of particle size at an ap-
proximately 0,:CO ratio of 2:1, total pressure of 1.5 x 10" mbar. (a) Presents uncompensated
infrared image, (b) row compensated and (c) row and column compensated images. (d) Presents
the average mean temperature change as a function of particle sizes for the complete compen-
sated infrared images. The row and column numbers are shown on the x and y axes on the IR-
images. The reaction temperature was 170 °C at an exposure time of 5 minutes.
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Figure 4.10: (a) TOF, (b) specific mass activity of Pt nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio of
approximately 2:1, with a total pressure of 1.5 x 10" mbar, an 0,:CO ratio of approximately
1:1, at a total pressure of 1.9 x 10 mbar and an 0,:CO ratio of 1:1, with a total pressure of 2.2
x 10 mbar. The reaction temperature was 170 °C. The total pressure is also indicated in the
figure legend.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’
1

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s?

TOF (s

1.3+0.3

1.232+0.04

4.852E-5+5.09E-6

1.715E-10+1.80E-11

1.04E-6+8.3E-14

10.262+0.9

2.556E-10+2.24E-11

1.649E-4+1.73E-5

0.671+0.070

1.9+0.5

1.305+0.03

5.137E-5+4.89E-6

1.815E-10+1.73E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

1.194E-4+1.14E-5

0.241+0.022

2.5+0.7

1.275+0.04

5.022E-5+5.20E-6

1.774E-10+1.84E-11

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

8.873E-5+9.18E-6

0.142+0.014

3.1+0.8

1.276+0.03

5.025E-5+4.79E-6

1.776E-10+1.69E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

7.159E-5+7.46E-6

0.102+0.009

3.7+1.0

1.252+0.03

4.929E-5+4.74E-6

1.741E-10+1.67E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

5.884E-5+5.66E-6

0.078+0.007

4.2+1.1

1.271+0.04

5.004E-5+5.21E-6

1.768E-10+1.84E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

5.140E-5+5.35E-6

0.065+0.006

4.8+1.3

1.396+0.04

5.497E-5+5.55E-6

1.942E-10+1.96E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

4.955E-5+5.00E-6

0.060+0.006

5.5+1.4

1.300+0.10

5.120E-5+7.80E-6

1.809E-10+2.76E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+3.49E-10

4.112E-5+6.26E-6

0.048+0.007

6.0+1.6

1.354+0.05

5.330E-5+5.87E-6

1.883E-10+2.07E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

3.924E-5+4.32E-6

0.045+0.004

6.6+1.7

1.367+0.04

5.381E-5+5.48E-6

1.902E-10+1.94E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

3.602E-5+3.67E-6

0.041+0.004

7.2+1.9

1.385+0.06

5.456E-5+6.34E-6

1.928E-10+2.24E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

3.347E-5+3.89E-6

0.038+0.004

7.842.0

1.489+0.3

5.867E-5+£1.67E-5

2.073E-10+5.91E-11

6.24E-6+4.9E-13

226.322+21

5.637E-9+5.23E-10

3.322E-5+9.47E-6

0.037+0.010

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

Table 4.5: Pt/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 170 °C. At an 0,:CO
ratio of approximately 2:1, with a total pressure of 1.5 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to
compute the parameters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2)
Wm'K™ and silicon nitride membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each
low. The estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using
errors in each formula used to compute each parameter.
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Pressure O,-pressure CO-pressure | CO-pressure | Average mean
range (mbar) (mbar) (mbar) surface tempera-
ture change (K)
(a) 1.1x 10" 4x10° 1.5x 10" 1.32 +0.07
(b) 1.1x 10" 8x 107 1.9x 10" 2.08 +0.14
(d) 1.1x 10" 1.1x 10" 2.2x 107 3.26 +0.13

Table 4.6: Oxygen and Carbon monoxide gas pressure ratios, total reactant gas pressure and the
average mean surface temperature change across the catalyst surface. The catalyst surface was
pre-exposed to O, at a reaction temperature of 170 °C.

A linear increase in activity was observed on a pre-exposed oxygen surface by subse-
quently admitting the CO gas to reach a 1:1 ratio of O,:CO mixture, at a total pressure
of 2.2 x 10™ mbar, Figure 4.10 (a) and Figure 4.10 (b). The observed TOF was 0.671 s’
! (specific mass activity = 1.649 x 10™* molco conv.g™Pt mm™ s?) at a total pressure of
1.5 x 10" mbar for the smallest Pt particle size. The activity increased to 1.092 s, (spe-
cific mass activity = 2.68 x 10 molco conv.g™Pt mm™? s?) at a total pressure of 1.9 x 10°
! mbar. Increasing reactant gases pressure to a total pressure of 2.2 x 10 mbar in-
creased the activity to 1.889 s, (specific mass activity = 4.64 x 10™ molco conv.g™ Pt

mm?2s™).

Figure 4.11 presents the temperature change from experiment where the catalyst sur-
face was pre-exposed to CO, at 170 °C and subsequently admitting oxygen gas into the
reaction chamber at an O,:CO ratio of approximately 1:2, with a total pressure of 1.5 x
10" mbar. The temperature change at an O,:CO ratio of approximately 1:1, with a total
pressure of 1.9 x 10" mbar and an 0,:CO ratio of 1:1, at a total pressure of 2.2 x 10
mbar is presented in appendix 1D; and 1D, respectively. Figure 4.12 presents the TOF
and specific mass activity at an O,:CO ratio of approximately 1:2, with a total pressure
of 1.5 x 10" mbar, an 0,:CO ratio of approximately 1:1, with a total pressure of 1.9 x
10" mbar and an O,:CO ratio of 1:1, with a total pressure of 2.2 x 10™ mbar. Table 4.7
presents the Pt particle sizes with their corresponding specific mass activity and TOF at
a total pressure of 1.5 x 10" mbar. The particle sizes with their corresponding specific
mass activity and TOF at a total pressure of 1.9 x 10™ mbar and 2.2 x 10™ mbar is pre-
sented in appendix 1Dz and 1D, respectively. Table 4.8 presents reactant gas pressure,
total pressure and surface average mean temperature change across a catalyst surface.
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Figure 4.11: The temperature change on Pt/TiO, catalyst as a function of particle size at ap-
proximately O,:CO ratio of 1:2 and 1:1, with a total pressure of 1.5 x 10™ mbar. (a) Presents
uncompensated infrared image, (b) row compensated and (c) row and column compensated im-
ages. (d) Presents the average mean temperature change as a function of particle sizes for the
row and column compensated infrared images. The row and column numbers are shown on the
x and y axes on the IR-images. The reaction temperature was 170 °C at an exposure time of 5
minutes.
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Figure 4.12: (a) TOF , (b) specific mass activity of Pt nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio of
approximately 1:2, with a total pressure of 1.5 x 10™ mbar, an 0,:CO ratio of approximately
1:1, at a total pressure of 1.7 x 10 mbar and an 0,:CO ratio of 1:1, with a total pressure of 2.2
x 10 mbar. The reaction temperature was 170 °C. The total pressure is also indicated in the
figure legend.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’
1

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s?

TOF (s

1.3+0.3

1.738+0.06

6.842E-5+7.35E-6

2.417E-10+2.60E-11

1.04E-6+8.3E-14

10.262+0.9

2.556E-10+2.24E-11

2.325E-4+2.50E-5

0.946+0.101

1.9+0.5

1.730+0.03

6.814E-5+6.03 E-6

2.407E-10+2.13E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

1.584E-4+1.40E-5

0.320+0.028

2.5+0.7

1.704+0.02

6.711E-5+5.54 E-6

2.371E-10+1.96E-11

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

1.186E-4+9.79E-6

0.190+0.016

3.1+0.8

1.641+0.02

6.463E-5+5.37 E-6

2.283E-10+1.90E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

9.209E-5+8.46E-6

0.131+0.011

3.7+1.0

1.625+0.02

6.398E-5+5.34 E-6

2.261E-10+1.89E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

7.639E-5+6.37E-6

0.101+0.008

4.2+1.1

1.674+0.02

6.592E-5+5.47 E-6

2.329E-10+1.93E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

6.772E-51+5.61E-6

0.085+0.007

4.8+1.3

1.686+0.04

6.639E-5+6.35 E-6

2.345E-10+2.24E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

5.984E-5+5.72E-6

0.072+0.006

5.5+1.4

1.731+0.16

6.819E-5+1.15 E-6

2.409E-10+4.06E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+3.49E-10

5.476E-5+9.23E-6

0.065+0.011

6.0+1.6

1.696+0.05

6.678E-5+6.80 E-6

2.359E-10+2.24E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

4.916E-5+5.01E-6

0.057+0.005

6.6+1.7

1.749+0.07

66.889E +7.76 E-6

2.434E-10+2.74E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

4.611E-5+5.19E-6

0.052+0.006

7.2+1.9

1.799+0.10

7.084E-5+9.19 E-6

2.503E-10+3.25E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

4.346E-5+5.64E-6

0.049+0.006

7.842.0

2.118+0.25

8.341E-5+£1.43 E-5

2.947E-10+5.04E-11

6.24E-6+4.9E-13

226.322+21

5.637E-9+5.23E-10

4.724E-5+8.08E-6

0.052+0.008

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

Table 4.7: Pt/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 170 °C and an 0,:CO
ratio of 1:2, at a total pressure of 1.5 x 10" mbar. Parameters used to compute the activity values are also included. The equations used to compute the parame-
ters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm? silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon
nitride membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated
errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each for-
mula used to compute each parameter.
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Pressure O,-pressure | CO-pressure | CO-pressure | Average mean sur-
range (mbar) (mbar) (mbar) face temperature
change (K)
1 1.1x10" 4 x 107 1.5x 10" 1.74 +£0.12
2 1.1x 10" 6 x 10 1.7x10" 2.07 £0.05
3 1.1x10" 1.1x10" 2.2x 10" 3.35+0.10

Table 4.8: Oxygen and Carbon monoxide gas pressure ratios, total reactant gas pressure and the
average mean surface temperature change across the catalyst surface. The catalyst surface of the
catalyst was pre-exposed to O, at a reaction temperature of 170 °C.

For a pre-adsorbed CO surface, Figure 4.12 (a) and Figure 4.12 (b), the activity trend
is similar to that of a pre-adsorbed oxygen surface. The activity increased with increas-
ing oxygen pressure reaching a 1:1 ratio of O,:CO, at a total pressure of 2.2 x 10™ mbar.
The TOF was 0.946 s, (specific mass activity = 2.325 x 10™ molco conv.g™Pt mm? s
1), at a total pressure of 1.5 x 10" mbar for a Pt particle size of 1.3 nm. The activity in-
creased to 1.169 s, (specific mass activity = 2.874 x 10 molco conv.g™Pt mm?s?), at
a total pressure of 1.7 x 10™ mbar. The TOF and specific mass activity increased to
1.903 s, (specific mass activity = 4.676 x 10 molco conv.g™Pt mm™? s?) at a total

pressure of 2.2 x 10! mbar.

Further screening of Pt/TiO, nanoparticle catalyst was carried out at an elevated reac-
tion temperature (240 °C) in order to investigate the effect of reaction temperature and
reactant gas pressure for CO oxidation. The absolute temperature change obtained at
approximately O,:CO ratio of 1:1, with a total pressure of 6 x 10™ mbar is presented in
Figure 4.13. The absolute temperature change at an O,:CO ratio of approximately 1:1,
with a total pressure of 1.1 mbar and an O,:CO ratio of approximately 1:1, at a total
pressure of 2.4 mbar is presented in appendix 1F; and 1F,, respectively. Figure 4.14
presents the TOF and specific mass activity at an O,:CO ratio of approximately 1:1,
with a total pressure of 6 x 10" mbar, an 0,:CO ratio of approximately 1:1, with a total
pressure of 1.1 mbar and an O,:CO ratio of 1:1, with a total pressure of 2.4 mbar. Table
4.9 presents Pt particle sizes with their corresponding specific mass activity and TOF at
a total pressure of 6 x 10 mbar. The particle sizes with their corresponding specific
mass activity and TOF at a total pressure of 1.1 mbar and 2.4 mbar is presented in ap-
pendix 1F; and 1F,, respectively. Table 4.10 presents the reactant gas pressure; total
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reactant gas pressure and the surface average mean temperature change across the cata-

lyst surface.
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Figure 4.13: The temperature change on Pt/TiO, catalyst as a function of particle size at ap-
proximately 0,:CO of 1:1, with a total pressure of 6 x 10™ mbar. (a) Presents uncompensated
infrared images, (b) row compensated and (c) row and column compensated. (d) Presents the
average mean temperature change as a function of particle sizes for the row and column com-
pensated infrared images The row and column numbers are shown on the x and y axes on the
IR-images. The reaction temperature was 240 °C at an exposure time of 5 minutes.
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Figure 4.14: (a) TOF, (b) specific mass activity of Pt nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio of
1:1, at a total pressure of 6 x 10™ mbar, an O,:CO ratio of approximately 1:1, at a total pressure
of 1.1 mbar and an O,:CO ratio of approximately 1:1, with a total pressure of 2.4 mbar. The re-
action temperature was 240 °C. The total pressure is also indicated in the figure legend.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’
1

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s?

TOF (s

1.3+0.3

6.085+0.20

2.396E-4+ 2.53E-5

8.467E-10+8.93E-11

1.04E-6 +8.3E-14

10.262+0.9

2.556E-10+2.24E-11

8.141E-4+8.58E-5

3.312+0.349

1.9+0.5

5.691+0.18

2.241E-4+2.33E-5

7.919E-10+8.24E-11

1.52E-6 +1.2E-13

30.206£3.0

7.524E-10+7.47E-11

5.210E-4 +5.42E-5

1.052+0.109

2.5+0.7

5.635+0.14

2.219E-4+2.15E-5

7.841E-10+7.59E-11

2.00E-6 +1.6E-13

50.150+4.6

1.249E-9+1.15E-10

3.921E-4+3.79E-5

0.628+0.061

3.1+0.8

5.657+0.09

2.227E-4+1.94E-5

7.871E-10+6.87E-11

2.46E-6 £1.9E-13

70.094+7.0

1.746E-9+1.74E-10

3.174E-4 +3.05E-5

0.451+0.039

3.7+1.0

5.548+0.09

2.184E-4+1.91E-5

7.720E-10+6.76E-11

2.96E-6 +2.3E-13

90.038+8.0

2.243E-9+1.99E-10

2.608E-4+ 2.28E-5

0.344+0.030

4.2+1.1

5.526+0.07

2.176E-4+1.82E-5

7.689E-10+6.44E-11

3.44E-6 +2.7E-13

109.982+10

2.740E-9+2.49E-10

2.235E-4 +1.87E-5

0.281+0.023

4.8+1.3

5.613+0.08

2.210E-4+1.89E-5

7.810E-10+6.68E-11

3.92E-6 +3.1E-13

129.926+12

3.236E-9+1.99E-10

1.992E-4 +1.70E-5

0.241+0.021

5.5+1.4

5.387+0.06

2.121E-4+1.74E-5

7.495E-10+6.16E-11

4.40E-6 +3.5E-13

149.870+14

3.733E-9+3.49E-10

1.703E-4+ 1.40E-5

0.201+0.017

6.0+1.6

5.330+0.09

2.099E-4+1.85E-5

7.415E-10+6.55E-11

4.80E-6 +3.8E-13

166.490+16

4.140E-9+3.99E-10

1.545E-4 +1.37E-5

0.179+0.016

6.6+1.7

5.578+0.10

2.197E-4+1.96E-5

7.762E-10+6.94E-11

5.28E-6 +4.2E-13

186.434+17

4.644E-9+4.23E-10

1.470E-4 +1.31E-5

0.167+0.015

7.2+1.9

5.753+0.13

2.266E-4+2.14E-5

8.005E-10+7.55E-11

5.76E-6 +4.6E-13

206.378+19

5.141E-9+4.73E-10

1.390E-4+1.31E-5

0.156+0.015

7.842.0

6.638+0.60

2.614E-4+4.36E-5

9.236E-10+1.54E-10

6.24E-6 +4.9E-13

226.322+21

5.637E-9+5.23E-10

1.480E-4+2.47E-5

0.164+0.027

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

Table 4.9: Pt/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 240 °C and ap-
proximately O,:CO ratio of 1:1, at a total pressure of 6 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to
compute the parameters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2)
Wm'K™ and silicon nitride membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each
low. The estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using
errors in each formula used to compute each parameter.
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4-Results

Pressure | O,-pressure | CO-pressure | Total pressure | Average mean
range (mbar) (mbar) (mbar) surface tempera-
ture change (K)
1 3x10" 3x10" 6x10" 5.70 +0.35
2 53x10" 57x10" 1.1 7.65+0.35
3 1.3 1.1 2.4 7.54 +0.18

Table 4.10: Oxygen and Carbon monoxide gas pressure ratios, total reactant gas pressure and
the average surface mean temperature change across the catalyst surface. The reaction tempera-
ture was 240 °C at an exposure time of 5 minutes.

The gas-phase oxidation of CO on Pt at an elevated reaction temperature (240 °C) and
higher reactant gas pressure revealed the dependence of CO oxidation on reaction tem-
perature and reactant gas pressure. The TOF and specific mass activity increased with
increasing reactant gas pressure, Figure 4.14 (a) and Figure 4.14 (b). The observed
TOF was 3.312 s, (specific mass activity = 8.141 x 10 molco conv. g*Pt mm™? s?), at
an 0,:CO ratio of 1:1, with a total pressure of 6 x 10™ mbar for a Pt particle size of 1.3
nm. The activity increased to 4.355 s, (specific mass activity = 1.070 x 10°° molco
conv. g'Pt mm? s™) at a total pressure of 1.1 mbar. Further increase in reactant gas
pressure to a total pressure of 2.4 mbar resulted into a slight decline in activity, the TOF
decreased to 4.174 s, (specific mass activity = 1.026 x 10”° molco conv. g*Pt mm™ s™)
for the smallest particle size. Nevertheless, CO oxidation on Pt at higher reaction tem-
perature resulted into higher activity compared to that recorded at relatively low pres-

sure and low reaction temperatures.

4.4 Au/TiO, Nanoparticle Catalyst for the CO Oxidation Reaction

Figure 4.15 presents the temperature change for the CO oxidation activity on titania
supported gold nanoparticles catalyst at 80 °C and an O,:CO ratio of 1:1, with a total
pressure of 1 x 10™ mbar. Further in Figure 4.16 is the temperature change at an 0,:CO
ratio of 1:2, at a total pressure of 3 x 10 mbar. The temperature change at an O,:CO
ratio of 1:1, at a total pressure of 8.4 x 10 mbar and an O,:CO ratio of 1:2, with a total
pressure of 9 x 10™ mbar is presented in appendix 2A; and 2As. The TOF and specific
mass activity at an O,:CO ratio of 1:1, with a total pressure of 8.4 x10? mbar and 1 x 10°
! mbar and at an O,:CO ratio of 1:2, with a total pressure of 3 x 10" mbar and 9 x 10*
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4-Results

mbar is presented in Figure 4.17. Table 4.11 and Table 4.12 present Au particle sizes
with their corresponding specific mass activity and TOF at a total pressure of 1 x 107
mbar and 3 x 10™ mbar, respectively. The particle sizes with their corresponding specif-
ic mass activity and TOF at a total pressure of 8.4 x 102 mbar and 9 x 10" mbar is pre-
sented in appendix 2A, and 2A,. Table 4.13 presents the pressure of the reactant gas;
total reactant pressure and the average mean surface temperature change across the cata-
lyst surface.
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Figure 4.15: The temperature change on Au/TiO, catalyst as a function of particle size at an
0,:CO ratio of 1:1, at a total pressure of 1 x 10™ mbar. (a) Presents uncompensated infrared im-
age, (b) row compensated and (c) row and column compensated images. (d) Presents the aver-
age mean temperature change as a function of particle sizes for the row and column compen-
sated infrared images. The row and column numbers are show on the x and y axes on the IR-
images. The reaction temperature was 80 °C at an exposure time of 5 minutes.
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Increasing particle size

Increasing particle size
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Figure 4.16: The temperature change on Au/TiO, catalyst as a function of particle size at an
0,:CO ratio of 1:2, at a total pressure of 3 x 10™ mbar. (a) Presents uncompensated infrared im-
age, (b) row compensated and (c) row and column compensated images. (d) Presents the aver-
age mean temperature change as a function of particle sizes for the row and column compen-
sated infrared images. The row and column numbers are show on the x and y axes on the IR-
images. The reaction temperature was 80 °C at an exposure time of 5 minutes.
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Figure 4.17: (a) TOF, (b) specific mass activity of Au nanoparticle catalysts supported on tita-
nia for the gas-phase CO oxidation reaction as a function of particle size (diameter/ nm) at an
0,:CO ratio of 1:1, at a total pressure of 8.4 x 102 mbar and 1 x 10" mbar and an O,:CO ratio
of 1:2, with a total pressure of 3 x 10™ mbar and 9 x 10™ mbar. The reaction temperature was 80

°C.
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P.diam AT/IK  |[Power (Js'mm™) | moleo conv.(mm™s™ | Total particle Total par- | mola, in the surface | Spec. mass activi- TOF (s
eter D) mass (9) ticle area (mm?) ty (molco conv.g’
(nm) (mm?) Pt mm?s?)
1.5£0.5 |1.026+0.07 | 2.586E-5+ 3.63E-6 |9.137E-11+1.28E-11 | 4.50E-7+4.0E-14 |10.950+0.8 | 2.55E-10+1.86E-11 |2.03E-4+2.85E-5 |0.359+0.050
1.9£0.6 | 0.988+0.06 | 2.492E-5+3.27E-6 |8.806E-11+1.16E-11 |5.70E-745.1E-14 |19.206+1.5 |4.47E-10+3.49E-11 |1.55E-4+2.03E-5 |0.197+0.026
2.5£0.8 | 0.999+0.04 | 2.517E-5+ 2.77E-6 | 8.897E-11+9.80E-12 | 7.20E-7+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |1.24E-4+1.36E-5 |0.130+0.014
2.9+1.0 | 0.993+0.04 | 2.503E-5+ 2.76E-6 | 8.844E-11+9.75E-12 | 8.70E-7+7.8E-14 |39.846%3.2 |9.26E-10+7.44E-11 |1.02E-4+1.12E-5 |0.095+0.011
3.4+1.110.975+0.03 | 2.459E-5+2.45E-6 |8.689E-11+8.65E-12 | 1.02E-6+9.1E-14 |50.166%4.1 |1.17E-9+9.53E-11  |8.52E-5+ 8.48E-6 |0.075+0.007
3.9+1.3|0.980+0.04 | 2.469E-5+2.74E-6 |8.727E-11+9.70E-12 | 1.17E-6+1.0E-13 |60.486%4.9 | 1.41E-9+1.14E-10 |7.46E-5+8.29E-6 |0.062+0.009
4.4+1.5 10.967+0.04 | 2.438E-5+2.71E-6 |8.617E-11+9.56E-12 | 1.32E-6+1.2E-13 |70.806+5.8 | 1.65E-9+1.35E-10  |6.53E-5+7.25E-6 |0.052+0.006
4.8+1.6 |0.928+0.04 | 2.338E-5+2.66E-6 |8.262E-11+9.40E-12 | 1.44E-6+1.3E-13 |79.062+6.4 | 1.84E-9+1.49E-10 |5.74E-5+ 6.53E-6 |0.045+0.005
5.3+1.9 | 0.8540.03 | 2.154E-5+2.24E-6 |7.611E-11+7.93E-12 | 1.59E-6+1.4E-13 |89.382+7.3 | 2.08E-9+1.70E-10  |4.79E-5+4.98E-6 |0.037+0.004
5.8+2.0 | 0.730+0.09 | 1.842E-5+3.64E-6 |6.508E-11+1.29E-11 | 1.74E-6+1.5E-13 |99.70248.1 |2.32E-9+1.88E-10 |3.74E-5+7.40E-6 |0.028+0.005
Equation 2.2 Equation 3.6 Equation 3.8 Equation |Equation 3.9 Equation 3.7 Equation 3.5
2.6

Table 4.11: Au/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 80 °C, at an
0,:CO ratio of 1:1, with a total pressure of 1 x 10" mbar. Parameters used to compute the activity values are also included. The equations used to compute the
parameters presented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 = 0.2) Wm™K™ and
silicon nitride membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The esti-
mated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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4-Results

P.diam AT/IK  |[Power (Js'mm™) | moleo conv.(mm™s™ | Total particle Total par- | mola, in the surface | Spec. mass activi- TOF (s
eter D) mass (9) ticle area (mm?) ty (molco conv.g’
(nm) (mm?) Pt mm?s?)
1.5£0.5 | 2.294+0.10 | 5.783E-5+6.58E-6 |2.043E-10+2.32E-11 | 4.50E-7+4.0E-14 |10.950+0.8 | 2.55E-10+1.86E-11 |4.54E-4+5.16E-5 |0.803+0.091
1.9£0.6 | 2.167+0.05 | 5.461E-5+5.03E-6 |1.930E-10+1.78E-11 |5.70E-745.1E-14 |19.206+1.5 |4.47E-10+3.49E-11 |3.39E-4+3.12E-5 |0.432+0.039
2.520.8 | 2.101+0.03 | 5.295E-5+4.38E-6 |1.871E-10+1.55E-11 | 7.20E-7+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |2.60E-4+2.15E-5 |0.273+0.022
2.9+1.0 | 2.140+0.03 | 5.395E-5+4.43E-6 |1.906E-10+1.57E-11 |8.70E-7+7.8E-14 |39.846%3.2 |9.26E-10+7.44E-11 |2.19E-4+1.80E-5 |0.206+0.017
3.4+1.1|2.170+0.02 | 5.469E-5+4.23E-6 |1.932E-10+1.49E-11 | 1.02E-6+9.1E-14 |50.166+4.1 |1.17E-9+9.53E-11  |1.89E-4+ 1.47E-5 |0.166+0.013
3.9+1.3 |2.123+0.01 | 5.351E-5+3.87E-6 |1.891E-10+1.37E-11 |1.17E-6+1.0E-13 |60.486%4.9 |1.41E-9+1.14E-10 |1.62E-4+1.17E-5 |0.134+0.009
4.4+1.5 |2.141+0.02 | 5.396E-5+4.18E-6 |1.907E-10+1.48E-11 | 1.32E-6+1.2E-13 |70.806+5.8 | 1.65E-9+1.35E-10  |1.44E-4+1.12E-5 |0.116+0.008
4.8+1.6 | 2.085+0.03 |5.254E-5+4.36E-6 |1.857E-10+1.54E-11 | 1.44E-6+1.3E-13 |79.062+6.4 | 1.84E-9+1.49E-10 |1.29E-4+ 1.07E-5 |0.101+0.008
5.3+1.9 12.019+0.04 | 5.088E-5+4.51E-6 |1.798E-10+1.59E-11 | 1.59E-6+1.4E-13 |89.382+7.3 | 2.08E-9+1.70E-10  |1.13E-4+1.00E-5 |0.087+0.007
5.8+2.0 | 1.8780.07 | 4.732E-5+5.09E-6 |1.672E-10+1.80E-11 |1.74E-6+1.5E-13 |99.702+8.1 | 2.32E-9+1.88E-10  [9.61E-5+1.03E-5 |0.072+0.007
Equation 2.2 Equation 3.6 Equation 3.8 Equation |Equation 3.9 Equation 3.7 Equation 3.5
2.6

Table 4.12: Au/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 80 °C, at an
0,:CO ratio of 1:2, with a total pressure of 3 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to compute the
parameters presented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 = 0.2) Wm™K™ and
silicon nitride membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The esti-
mated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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4-Results

Pressure O,-pressure | CO-pressure | Total pressure | Average surface
range (mbar) (mbar) (mbar) temperature
change (K)
1 4.2 x10° 4.2 x 10 8.4x 10* 0.46 + 0.03
2 5x 10% 5x 10 1x 10" 0.94 +0.08
3 1x10™ 2x 107 3x10* 2.11+0.11
4 3x10™ 6x 10 9x10™ 1.99 +0.18

Table 4.13: Oxygen and Carbon monoxide pressure ratios, total reactant gas pressure and aver-
age mean temperature change across the catalyst surface. The reaction temperature was 80 °C at
an exposure time of 5 minutes.

The oxidation of CO on titania supported Au nanoparticles ranging between 1.5 nm to
5.8 nm was studied at various CO and O, pressures at 80 °C, Figure 4.15 and Figure
4.16. The TOF and specific mass activity show that CO oxidation on Au particles is de-
pendent on particle size. The TOF and specific mass activity of Au particles increases
dramatically with decreasing particle size, whereby the smallest particles size displays
the highest activity, Figure 4.17. The TOF of Au particles for CO oxidation reaction
increased from 0.016 s, (specific mass activity = 2.110 x 10" molco conv. g*Au mm™
s1) for a Au particle size of 5.8 nm to 0.186 s, (specific mass activity = 1.050 x 10™*
molco conv. g*Au mm? s™?) for a Au particle size of 1.5 nm, at an O,:CO ratio of 1:1,
with a total pressure of 8.4 x 10% mbar. A similar activity trend of reactivity increasing
with decreasing Au particle size can be observed shown in Table 4.11 and Table 4.12,
respectively. However, increasing reactant gas pressure at the same reaction temperature
increased the activity of Au nanoparticle catalyst. The activity increased from 0.186 s,
(specific mass activity = 1.050 x 10 molco conv. g*Au mm™? s™) for a Au particle size
of 1.5 nm, at a total pressure of 8.4 x 10 mbar to 0.359 s™, (specific mass activity
=2.03 x 10 molco conv. g*Au mm™?s™), at a total pressure of 1 x 10 mbar. Increasing
the reactant gas pressure to a total pressure of 3 x 10™ mbar increased the activity to
0.803 s, (specific mass activity = 4.54 x 10™ molco conv. g Au mm™ s™). Further in-
crease of reactant gas pressure to a total pressure of 9 x10™ mbar did not increase the

activity, suggesting the catalyst surface was saturated with reactants.
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4-Results

Screening of Au/TiO; nanoparticle catalyst for CO oxidation was undertaken at an ele-
vated reaction temperature (170 °C) in order to investigate the effect of reaction temper-
ature on CO oxidation reaction at different reactant gas pressure. The results for the re-
action conducted at this temperature at an O,:CO ratio of 1:1, with a total pressure of 6
x 10 mbar and an O,:CO ratio of 1:2, at a total pressure of 1.5 mbar are presented in
Figure 4.18 and Figure 4.19, respectively. The temperature change at an O,:CO ratio of
1:2, with a total pressure of 9 x 10 mbar and 9 x 10™ mbar is presented in appendix
2B; and 2B3. The TOF and specific mass activity of Au particles at an O,:CO ratio of
1:1, total pressure of 6 x 102 mbar and an O,:CO ratio of 1:2, with a total pressure of 9
x 10% mbar, 9 x 10" mbar and 1.5 mbar is presented in Figure 4.20. Table 4.14 and
Table 4.15 present Au particle sizes with their corresponding specific mass activity and
TOF at a total pressure of 6 x 10 mbar and 1.5 mbar, respectively. The particle sizes
with their corresponding specific mass activity and TOF at a total pressure of 9 x 107
mbar and 9 x 10" mbar is presented in appendix 2B, and 2B,. Table 4.16 presents the
pressure of reactant gas, total reactant gas pressure and the average mean surface tem-

perature change across the catalyst surface from the CO oxidation reaction.
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Figure 4.18: The temperature change on Au/TiO, catalyst as a function of particle size at an
0,:CO ratio of 1:1, at a total pressure of 6 x 10 mbar. (a) Presents uncompensated infrared im-
age, (b) row compensated and (c) completely compensated. (d) Presents the average mean tem-
perature change as a function of particle sizes for the complete compensated infrared images.
The row and column numbers are show on the x and y axes on the IR-images. The reaction
temperature was 170 °C at an exposure time of 5 minutes.
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Figure 4.19: The temperature change on Au/TiO, catalyst as a function of particle size at an
0,:CO ratio of 1:2, with a total pressure of 1.5 mbar. (a) Presents uncompensated infrared im-
age, (b) row compensated and (c) completely compensated. (d) Presents the average mean tem-
perature change as a function of particle sizes for the complete compensated infrared images.
The row and column numbers are show on the x and y axes on the IR-images. The reaction
temperature was 170 °C at an exposure time of 5 minutes.
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Figure 4.20: (a) TOF, (b) specific mass activity of Au nanoparticle catalysts supported on tita-
nia for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio
of 1:1, with a total pressure of 6 x 10 mbar and an O,:CO ratio of 1:2, with a total pressure of 9
x 10% mbar, 9 x 10™ mbar and 1.5 mbar. The reaction temperature was 170 °C.
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P.diam AT/IK  |[Power (Js'mm™) | moleo conv.(mm?s™) | Total particle Total parti- | mola, in the surface | Spec. mass ac- TOF (s
eter mass (g) cle area (mm?) tivity (molco
(nm) (mm?) conv.g Pt mm?
sh

1.5£0.5 |1.284+0.14 | 3.236E-5+5.95E-6 |1.144E-10+2.10E-11 |4.50E-7+4.0E-14 |10.950+0.8 |2.55E-10+1.86E-11 |2.54E-4+4.67E-5 |0.449+0.083
1.9+0.6 |1.002+0.06 | 2.526E-5+3.31E-6 |8.927E-11+1.17E-11 |5.70E-745.1E-14 {19.206+1.5 |4.47E-10+3.49E-11 |1.57E-4+2.05E-5 |0.200+0.026
2.5+0.8 | 0.969+0.19 | 2.443E-5+6.75E-6 |8.633E-11+2.38E-11 |7.20E-7+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |1.20E-4+3.31E-5 |0.126+0.034
2.9+1.0 (0.918+0.19 | 2.314E-5+6.67E-6 |8.176E-11+2.36E-11 |8.70E-7+7.8E-14 |39.846+3.2 |9.26E-10+7.44E-11 |9.40E-5+2.71E-5 |0.088+0.025
3.4+1.110.938+0.18 | 2.365E-5+6.42E-6 |8.358E-11+2.27E-11 |1.02E-6+9.1E-14 |50.1664.1 |1.17E-9+9.53E-11 |8.19E-5x 2.23E-5|0.072+0.019
3.9+1.3|0.962+0.40 | 2.424E-5+1.24E-6 |8.566E-11+4.38E-11 |1.17E-6+1.0E-13 |60.486+4.9 |1.41E-9+1.14E-10 |7.32E-5+3.75E-5 |0.061+0.031
4.4+1.510.908+0.30 | 2.290E-5+9.60E-6 |8.092E-11+3.39E-11 |1.32E-6+1.2E-13 |70.806+5.8 |1.65E-9+1.35E-10 |6.13E-5+2.57E-5 |0.049+0.021
4.8+1.6 0.816 0.20 |2.057E-5+6.76E-6 |7.271E-11+2.39E-11 |1.44E-6+1.3E-13 |79.062+6.4 |1.84E-9+1.49E-10 |5.05E-5+ 1.66E-5|0.040+0.013
5.3+1.9 10.785+0.30 | 1.978E-5+9.41E-6 |6.990E-11+3.32E-11 |1.59E-6+1.4E-13 |89.382+7.3 |2.08E-9+1.70E-10 |4.40E-5+2.09E-5 |0.034+0.016
5.8+2.0 |0.523+0.15 | 1.319E-5+4.91E-6 |4.661E-11+1.74E-11 |1.74E-6x15E-13 |99.702+8.1 |2.32E-9+1.88E-10 |2.68E-5+9.98E-6 |0.020+0.007

Equation 2.2 Equation 3.6 Equation 3.8 Equation Equation 3.9 Equation 3.7 Equation

2.6 3.5

Table 4.14: Au/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C at an
0,:CO ratio of 1:1, with a total pressure of 6 x 10 mbar. Parameters used to compute the activity values are also included. The equations used to compute the
parameters presented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 = 0.2) Wm™K™ and
silicon nitride membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The esti-
mated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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P.diam AT/K  |Power (Js'mm™) | molco conv.(mm?s™) | Total particle Total parti- | mola, in the surface | Spec. mass ac- TOF (s
eter mass (g) cle area (mm?) tivity (molco
(nm) (mm?) conv.g Pt mm?
sh

1.5£0.5 |4.197+0.18 | 1.058E-4+1.20E-5 |3.738E-10+4.23E-11 |4.50E-7+4.0E-14 |10.950+0.8 |2.55E-10+1.86E-11 |8.31E-4+9.41E-5 |1.468+0.166
1.940.6 |4.122+0.11 | 1.039E-4+9.98E-6 |3.670E-10+3.53E-11 |5.70E-7+5.1E-14 [19.206+1.5 |4.47E-10+3.49E-11 |6.44E-4+6.19E-5 |0.822+0.079
2.50.8 [3.962+0.09 |9.984E-5+9.19E-6 |3.528E-10+3.24E-11 |7.20E-7+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |4.90E-4+4.50E-5 |0.514+0.047
2.9+1.0 (3.919+0.04 |9.876E-5+7.74E-6 |3.490E-10+2.74E-11 |8.70E-7+7.8E-14 |39.846+3.2 |9.26E-10+7.44E-11 |4.01E-4+3.14E-5 |0.377+0.029
3.4+1.1|3.861+0.03|9.731E-5+7.37E-6 |3.439E-10+2.60E-11 |1.02E-6+9.1E-14 |50.166+4.1 |1.17E-9+9.53E-11 |3.37E-4+ 2.55E-5[0.295+0.022
3.9+1.3 |3.854+0.02 |9.712E-5+7.10E-6 |3.432E-10+2.51E-11 |1.17E-6+1.0E-13 |60.486+4.9 |1.41E-9+1.14E-10 |2.93E-4+2.15E-5 |0.244+0.017
4.4+1.5 13,778+0.03 |9.521E-5+7.24E-6 |3.364E-10+2.56E-11 |1.32E-6+1.2E-13 |70.806+5.8 |1.65E-9+1.35E-10 |2.55E-4+1.94E-5 |0.204+0.016
4.8+1.6 |3.641+0.05 |9.176E-5+7.54E-6 |3.243E-10+2.66E-11 |1.44E-6+1.3E-13 |79.062+6.4 |1.84E-9+1.49E-10 |2.25E-4+ 1.85E-5|0.176+0.014
5.3+1.9 |3,563+0.06 | 8.979E-5+7.68E-6 |3.173E-10+2.71E-11 |1.59E-6+1.4E-13 |89.382+7.3 |2.08E-9+1.70E-10 |2.00E-4+1.71E-5 |0.153+0.013
5.8+2.0 |3.244+0.16 | 8.176E-5+9.82E-6 |2.889E-10+3.47E-11 |1.74E-6+1.5E-13 |99.702+8.1 |2.32E-9+1.88E-10 |1.66E-4+1.99E-5 |0.125+0.015

Equation 2.2 Equation 3.6 Equation 3.8 Equation Equation 3.9 Equation 3.7 Equation

2.6 3.5

Table 4.15: Au/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C, and
0,:CO ratio of 1:2, at a total pressure of 1.5 mbar. Parameters used to compute the activity values are also included. The equations used to compute the pa-
rameters presented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and sili-
con nitride membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The estimated
errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each for-
mula used to compute each parameter.
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Pressure O,- CO-pressure | Total pressure | Average mean
range pressure (mbar) (mbar) surface tempera-
(mbar) ture change (K)
1 3x10~° 3x10° 6x10 0.91+0.19
2 3x 107 6 x 10 9 x 107 1.20 + 0.09
3 3x10" 6x 10" 9x10" 422 +£0.15
4 5x 10" 1 1.5 3.81+0.27

Table 4.16: Oxygen and Carbon monoxide gas pressure ratios, total reactant gas pressure and
the average mean temperature change across the catalyst surface. The reaction temperature was
170 °C at an exposure time of 5 minutes.

The oxidation of CO on a titania supported Au particle catalyst at an elevated reaction
temperature (170 °C) revealed that Au activity towards CO oxidation increases with in-
creasing reaction temperature as shown in Figure 4.20. At 170 °C, a dramatic increase
in Au activity was observed by increasing reactant gas pressure. The observed TOF was
0.449 s (specific mass activity = 2.54 x 10 molco conv. g*Au mm s™) for a Au par-
ticle size of 1.5 nm, at an O,: CO ratio of 1:1, at a total pressure of 6 x 10  mbar, Table
4.14. The activity increased to 0.457 s, (specific mass activity = 2.59 x 10™ molco
conv. gAu mm? s?) at an 0,:CO ratio of 1:2, with a total pressure of 9 x 10 > mbar.
Increasing the reactant gas pressure to an O,:CO ratio of 1:2, total pressure of 9 x 10™
mbar, increased the activity to 1.558 s, (specific mass activity = 8.81 x10™ molco
conv. g"Au mm s™) as demonstrated through the activity results presented in Figure
4.20. Further increase in reactant gases pressure to O,:CO ratio of 1:2, total pressure of

1.5 mbar observed no further increase in activity, Table 4.15.

Generally, from the activity results of titania supported Au nanoparticle catalyst for the
CO oxidation reaction at low reaction temperature presented, it is observed that Au par-
ticle size plays a greater role in activity. Additionally, the increase in reaction tempera-
ture and reactants gases pressure increases CO conversion on Au particles with the

smallest particles displaying the highest activity.
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5 Discussion

5.1 Platinum Nanoparticles Catalyst

The oxidation of CO on Pt supported nanoparticle catalyst ranging between 1.3 nm and
7.8 nm sizes were investigated at relatively low reaction temperatures. The TOF and
specific mass activity results clearly show that the CO oxidation reaction on Pt/TiO; is
particle size dependent as shown in Section 4.3. The TOF and specific mass activity
increases as the Pt particle size decreases. The smallest Pt particle size displayed the
highest activity for the CO oxidation compared to the largest particle size. For example,
at 80 °C and a CO:0; ratio of 1:1 (Figure 4.6), the TOF increased from 0.01 s, (specif-
ic mass activity = 9.312 x 10°® molco conv. g*Pt mm™ s™) for a Pt particle size of 7.8
nm, to 0.171 s, ('specific mass activity = 4.210 x 10° molco conv. g*Pt mm™ s?) for a
Pt particle size of 1.3 nm, an increase in activity by a factor of 17. This observation is
inconsistent with the previous reports that either the activity for CO oxidation on Pt par-
ticles smaller than 5 nm supported on titania decreases with decreasing Pt particle size®*
18 o there was no strong dependence on particle size.**® However, the explanation
for why this is so was not addressed in these studies.*® Rashkeev et al.**® in their theo-
retical study, suggested that the nanoscale features resulted in the observed behaviour.
They concluded that, bonding of CO or O, on Pt does not weakens the Pt-Pt bonds, this
retards the activity as Pt would not benefit from perimeter sites compared to Au nano-
particles.’® In the same study, they ruled out the effect on activity due to physical
charge transfer. However, quite recently, Li and co-workers®* have demonstrated that
the activity of titania supported Pt particles in the range between 1.1 nm and 10 nm for
the CO oxidation reaction at various reaction temperatures increases with decreasing
particle sizes, consistent with the dependence in activity obtained in this work. In their
study, the activity of Pt/SiO, catalyst was studied alongside Pt/TiO, and found to be less
active and oxidized CO at a temperature approximately 200 °C higher compared to
Pt/TiO,, confirming the participation of titania in the reaction. This observation suggests
that the activity of Pt for CO oxidation depends on the nature of a support among other
factors. Similar observation on the influence of support type on the activity of Pt nano-
particles for the CO oxidation reaction was reported by Liu et al.'® in their study of CO

oxidation on Pt supported on a range of supports. Their findings show that the type of
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support changes the reactivity of supported Pt towards CO oxidation. In the study car-
ried out by Alexeev et al.*° for CO oxidation on Pt supported on TiO, and Al,Os, they
found the most active catalysts for CO oxidation were the TiO, supported catalysts
when reduced in H; at 400 °C. Figure 5.1 compares the reactivity results obtained in
this work and that reported in the literature by Li et al.** and Bamwenda et al.®* for the
CO oxidation reaction on titania supported Pt nanoparticles, although the pressure con-

1.8 show

ditions used were not reported in these papers. Note that the results of Li et a
an increase of a factor of ca. seven times on decreasing particle size from 10 nm to 1
nm. Since the incipient wet methods of the high area catalyst preparation used in the
latter study is likely to produce broader particle distributions than produced here in the
model systems, the factor of 7 (compared to a factor of 17 observed for similar particle

size ranges in this study) are also understandable.
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Figure 5.1: The TOF of Pt nanoparticle catalyst supported on titania for the CO oxida-
tion reaction as a function of particle size (diameter/ nm). (a) Activity results from
Bamwenda et al.®? at a reaction temperature of 300 K. (b) Activity results reported by
Li et al** at a reaction temperature of 40 °C and (c) activity results obtained in this work
at a reaction temperature of 80 °C.
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Kageyama et al.'® in their study of the CO oxidation reaction on titania supported Pt
nanoparticles between 2 nm to 5 nm in the temperature range between 60 °C to 140 °C
observed the highest CO conversion for the Pt nanoparticles of 2 nm size at 60 °C. The-
oretical study conducted by Dobrin** on the CO oxidation reaction on Pt particles con-
taining 55-atom cluster (1.1 nm) and 147-atoms cluster (1.6 nm) suggested that Pt parti-
cles of around 2 nm size would be the most efficient in CO oxidation compared to par-
ticles of 1.1 nm size or less. This observation suggests that there exists an optimum Pt
cluster size to achieve the maximum activity towards CO oxidation. The study suggests
that larger clusters such as 147-atom cluster contain high coordinated CO adsorption
sites on the Pt (111) and Pt (100) faces which are supplemented by the presence of adja-
cent low-coordinated oxygen adsorption sites on the edges of the cluster. This observa-
tion is supported by experimental findings for CO oxidation reaction on Pt clusters, that
activity for CO oxidation on Pt increases with increasing Pt cluster size.* 1% 18 Ajt-
hough these studies report the findings on smaller Pt particles than that investigated in
this study, they serve to illustrate the strong particle size dependence for CO oxidation

of Pt particles.
The activity of Pt nanoparticles for CO oxidation increased with the increase in reactant

gas pressure at a particular reaction temperature. Figure 5.2 illustrates the increase in

TOF as a function of total pressure at a reaction temperature of 170 °C.
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Figure 5.2: The TOF of Pt nanoparticle catalyst supported on titania for the CO oxidation reac-
tion as a function of total pressure (mbar) at an O,:CO ratio of 1:1, with a total pressure of 7.2 x
10 mbar, 8.4 x 10 mbar and 1.04 x 10" mbar for the Pt particle sizes of 1.3 n and 1.9 nm. The
reaction temperature was 170 °C. The plot identification is also indicated in the figure legend.

From the figure above, a linear relationship is observed between the TOF and total pres-
sure. This confirms the dependence of Pt nanoparticles reactivity toward CO oxidation
on reactant gas pressure at a particular reaction temperature. This observation is in good
agreement with the previous reports addressing the dependences of the partial pressures
of O, and CO on the reaction rate for CO oxidation.®! Similar observation was reported
by Berlowitz et al.®® in their activity study of CO oxidation on Pt (100) single crystal as
a function of temperature and CO:O, partial pressure over the temperature range of 425
K to 725 K and pressure range 0.1 Torr to 600 Torr. However, it is important to note

here that Berlowitz et al.®

in their study of CO oxidation they used higher reactant gas
pressure as compared to that used in this work as shown in Figure 5.2 that illustrates the

increase in reaction rate as a function of total pressure.

The experiments with pre-exposed O,-and CO-rich regimes and subsequently admitting
a complimentary reactant gas, revealed a linear relationship reaching a 1:1 ratio of
0,:CO mixture, total pressure of 2.2 x 10" mbar, at 170 °C. Figure 5.3 presents the

TOF as a function of reactant gas total pressure for a pre-exposed O, and CO Pt surface,
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respectively, for a Pt particle size of 1.3 nm. Within experimental errors the rates and
dependences are the same, indicating that a common steady state of reaction has been

reached in both experimental conditions.
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Figure 5.3: The TOF of Pt nanoparticle catalyst supported on titania for the CO oxida-
tion reaction as a function of total pressure at an O,:CO ratio of approximately 2:1 and
1:2, with a total pressure of 1.5 x 10™ mbar, an O,:CO ratio of approximately 1:1, at a
total pressure of 1.9 x 10" mbar and 1.7 x 10" mbar, and an 0,:CO ratio of 1:1, with a
total pressure of 2.2 x 10™ mbar for a Pt particle size of 1.3 nm. The reaction tempera-
ture was 170 °C. The plot identification is also indicated in the figure legend.

For a surface pre-adsorbed with O, the TOF increased with increasing CO pressure up
to an O,:CO ratio of 1:1, total pressure of 2.2 x 10" mbar, Figure 5.3. A similar trend in
activity was observed for a pre-adsorbed CO surface, reaching an O,:CO ratio of 1:1,
total pressure of 2.2 x 10" mbar, consistent with reported findings in the literature.®*
Johanek et al.®" reported such findings in their study to assess the dependence of the
reaction rate of CO oxidation on either an O, or CO pre-adsorbed surface, a study of the
CO oxidation reaction on Pd nanoparticle catalyst. Similar observations were reported
by Berlowitz et al.” in their study of CO oxidation on Pt (100) single crystal catalyst.
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The activity of Pt at elevated reaction temperatures (240 °C) and relatively higher reac-
tant gas pressure revealed the dependence of CO oxidation on temperature and reactant
gas pressure. The highest reaction temperature resulted into the highest activity com-
pared to that recorded at relatively low temperatures and pressures. A typical activity
trend illustrating the activity increase with increasing reaction temperature for CO oxi-

dation on titania supported Pt nanoparticles is shown in Figure 5.4.
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Figure 5.4: (a) TOF , (b) specific mass activity of Pt nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio of
1:1, with a total pressure of 1.1 x 10" mbar, 1.04 x 10" mbar and 6 x 10™ mbar illustrating the
activity increase with increasing reaction temperature. The reaction temperatures and total pres-
sure are also indicated in the figure legend.

The maximum TOF of 4.355 s, (specific mass activity = 1.070 x 10 molco conv. g Pt
mm™ s) was achieved at an 0,:CO ratio of 1:1, total pressure of 1.1 mbar, Figure 4.14.
Further increase of the reactant gas pressure to an O,:CO ratio of 1:1, total pressure of
2.4 mbar led to a slight decrease in activity to 4.174 s™, (specific mass activity = 1.026 x
10 molco conv. g*Pt mm™? s™) as demonstrated in Figure 4.14. The decline in activity
can be associated with the CO poisoning of the Pt catalyst surface inhibiting O, adsorp-
tion and dissociation on the catalyst surface, a crucial process for the reaction to take
place, hence retarding Pt catalyst activity. Earlier research by Goodman et al.> reported
a similar observation for CO oxidation on a Pt catalyst. In their findings, an extremely
active surface of Pt was observed at high reactant gas pressure and high reaction tem-
perature. It was addressed that, at low reaction temperatures, the CO inhibited regime is
involved, where the reaction is inhibited by adsorbed CO which hinders the adsorption

and dissociation of Oy, resulting in the low catalytic activity of the Pt catalyst.*® > 1
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Figure 5.5 presents the activity dependence of CO oxidation on Pt nanoparticles cata-
lyst for Pt particle sizes of 1.3 nm, 3.1 nm and 5.5 nm at 80 °C, 170 °C and 240 °C.
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Figure 5.5: The TOF of Pt nanoparticle catalyst supported on titania for the CO oxidation reac-
tion as a function of reaction temperature (°C), at an O,:CO ratio of 1:1, with a total pressure of
1.1 x 10™ mbar, 1.04 x 10" mbar and 6 x 10" mbar illustrating the activity increase with in-
creasing reaction temperature for Pt particle sizes of 1.3 nm, 1.9 nm and 2.5 nm. Plot identifica-
tion is also indicated in the figure legend.

Figure 5.6 presents the Arrhenius-type plot of logarithmic reaction rate as a function of

the reciprocal temperature (K™) for CO oxidation on titania supported Pt nanoparticles

catalyst.

173



5-Discussion

® 13nm
IS5 @19mm
1 F ® 25nm

@
05 7.2 nm
0 1 1 1 ‘ 1 ]

05 & 0.0005 0.001 0.0015 @0.0025 0.003

In TOF
o

UT (K)

Figure 5.6: Logarithm of reaction rate (TOF) of CO oxidation over titania supported Pt nano-
particles catalyst as a function of the reciprocal temperature (K™) at an 0,:CO ratio of 1:1, with
a total pressure of 1.1 x 10 mbar, 1.04 x 10™ mbar and 6 x 10™ mbar illustrating the activity
increase with increasing reaction temperature for Pt particle sizes of 1.3 nm, 1.9 nm, 2.5 nm and
7.2 nm. Plot identification is indicated in the figure legend.

From Arrhenius-type plot above, the activation energy for the CO oxidation reaction on
titania supported Pt nanoparticles catalysts was computed. The activation energy was 28
+ 2 kJ mol™, and the error was calculated from the difference between the maximum
activation energy obtained with TOFs plus errors in TOFs and the minimum activation
energy with no errors in TOFs. From Figure 5.6, it can be observed that the slope of Ar-
rhenius-type plot is steep, which means the activation energy is higher. The practical
implication of such behaviour is that the reaction rate for CO oxidation on titania sup-
ported Pt nanoparticle catalyst appears to be very sensitive to the reaction temperature.?
Increasing reaction temperature for such a reaction would significantly increase the rate
of a reaction, which has indeed, has been observed in this study. Bamwenda et al.®? re-
ported activation energy ranging between 49 kJ mol™ to 60 kJmol™ for titania supported
Pt nanoparticles catalyst at 300 K, the pressure conditions were not reported in this pa-
per. Liu et al.*® reported the activation energy of 33 kJ mol™ at a temperature range be-
tween 20 °C to 105 °C and atmospheric pressure for CO oxidation on Pt nanoparticles

supported on FeO,. Goodman et al.*® observed the activation energy ranging between

174



5-Discussion

22 kJ mol™ -33 kJ mol™ in their study of CO oxidation on Pt (100) single crystal over

temperature range of 425-725 K and pressure range between 0.1-600 Torr.

5.2 Gold Nanoparticles Catalyst

The oxidation of CO on titania supported Au nanoparticles was investigated on Au par-
ticles ranging in size between 1.5 nm to 5.8 nm at various CO and O, pressures and
relatively low reaction temperatures. Generally, based on the activity data obtained and
presented in Section 4.4, Au particle size governs the activity for the CO oxidation reac-
tion. The general activity trend shows increased activity with decreasing particle size,
consistent with most published results in the literature.>” ™ 7% 11> 182 For example, at 80
°C and a CO:0; ratio of 1:1, with a total pressure of 8.4 x 10 mbar (Figure 4.17), the
TOF increased from 0.016 s, (specific mass activity = 2.11 x 10™ molco conv. g*Au
mm™ s for an Au particle size of 5.8 nm, to 0.186 s, (specific mass activity = 1.05 x
10™* molco conv. g*Au mm? s for Au particle size of 1.5 nm, an increase in activity
by a factor of 19. However, previous reports on titania supported Au nanoparticles ac-
tivity for the CO oxidation reaction by Bamwenda et al.®? and Goodman et al.? show a
maximum activity for particles of approximately 3 nm in size. In their study, they ad-
dressed the effect of quantum size effect (electron confinement) for particle size less
than 3 nm, however quantum size effect start to dominate in clusters with equivalent
sizes less than 1 nm.™ Since the reactivity of active metal particle depends on its sur-
face properties, the catalytic properties vary accordingly as particle size changes be-
cause of monotonic change in particle morphology, such as the density of steps and
kinks. However, for small clusters, these parameters fail and valence electrons are high-
ly confined, hence quantum effect dominates.'® For the Au particle sizes investigated in
this study at various reaction temperatures and pressure, no decline in activity with de-
creasing particle size was observed. This is due to the fact that for the metal particles
falling within the range of particle sizes studied, the number of under-coordinated ad-
sorption sites for CO and O, are enormous which play a greater role in the CO oxidation
reaction, therefore the decline in activity should be an exception. Figure 5.7 presents
the particle size dependence of CO oxidation on titania supported Au nanoparticles cata-

62
l.

lyst reported by Bamwenda et al.” (although they did not report the pressure condition

used) and that obtained in this work.
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Figure 5.7: The TOF of Au nanoparticle catalyst supported on titania for the CO oxidation reac-
tion as a function of particle size (diameter/ nm). Red plot presents activity results from Bam-
wenda et al.%? with extrapolation shown by a blue dashed line, at a reaction temperature of 300
K and black plot presents activity results obtained in this work at an CO:O, ratio of 1:1, with a
total pressure of 1 x 10™ mbar and reaction temperature of 80 °C.

When the activity trend obtained in this work is compared with that reported by Bam-
wenda et al.®?, extrapolation of their data shows no maximum, meaning that the trend

would be the same.

Haruta et al.®? reported a Au/TiO, maximum TOF of 0.26 s at 300 K for a Au particle
size of 2.9 nm. Goodman et al.? on the other hand reported a Au/TiO, maximum TOF
of approximately 2 s™ for a Au particle size of 3 nm at 350 K, with a total pressure of 40
Torr. Herranz et al.>” reported a Au/TiO, specific mass activity increase with decreasing
Au particle size, no observed optimum activity of Au with decreasing particle size, con-
sistent with activity trend obtained in this work. Overbury et al.'®® have recently inves-
tigated the Au particle size dependences for CO oxidation at 289 K, and report no evi-
dence of optimum activity for smaller Au particle sizes, consistent with results obtained
in this work. In these studies, the low-coordinated adsorption sites highly present in par-
ticles within this particle range in addition to the influence of support were addressed to

play a key role in the increased activity. Figure 5.8 presents the activity for CO oxida-
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tion on titania supported Au nanoparticles as a function of particle size reported in the

literature and that obtained in this work.
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Figure 5.8: The activity of Au nanoparticle catalyst supported on titania for the CO oxidation
reaction as a function of particle size (diameter/ nm). (a) Specific mass activity results from
Herranz et al.*" at a reaction temperature of 70 °C. (c) Specific mass activity results obtained in
this work at a reaction temperature of 80 °C.
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The activity results achieved in this work are therefore consistent with most data pub-

lished on titania supported Au nanoparticle catalyst for the CO oxidation reaction.

The oxidation of CO on a Au/TiO, catalyst at 170 °C, revealed that Au activity increas-
es with increasing reaction temperature and reactant gas pressure. For example, at 80 °C
the activity increased from 0.783 s, (specific mass activity = 4.43 x 10 molco conv. g
'Au mm? s?) for a Au particle size of 1.5 nm (Figure 4.17) at an O,:CO ratio of 1:2,
total pressure 9 x 10 mbar to 1.558 s, (specific mass activity = 8.81 x 10™ molco
conv. g"Au mm?s™) at an O,:CO ratio of 1:2, total pressure of 9 x 10" mbar at 170 °C
(Figure 4.20), the increase in activity by a factor of 2, in good agreement with pub-
lished findings by Herranz et al..>” In their study, the activity of Au/SiO, catalyst was
studied alongside with Au/TiO, catalyst at various reaction temperatures, it was found
that Au/SiO, is less active compared to Au/TiO, with increasing reaction temperature.
The highest activity displayed by titania supported Au nanoparticles with increasing
temperature was explained in terms of support effect.>” The typical results illustrating
the increase in the Au activity with increasing reaction temperature obtained in this
work can be seen in Figure 5.9.
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Figure 5.9: (a) TOF, (b) specific mass activity of Au nanoparticle catalyst supported on titania
for the CO oxidation reaction as a function of particle size (diameter/ nm) at an O,:CO ratio of
1:1, with a total pressure of 9 x 10™ mbar illustrating the activity increase with increasing reac-
tion temperature. The reaction temperatures and total pressures are also indicated in the figure
legend.

Herranz et al.®” reported an increase in specific mass activity of titania supported Au
nanoparticles of 2.2 x 10 mol. CO conv. g*Au s™ at 70 °C to 1 x 10™* molco conv. g°
'Au s at 190 °C for a Au particle size of 2 nm. Lin et al.*®* reported an increase in
specific mass activity of titania supported Au with increasing reaction temperature of 7
x 10 molco conv. g*Au s at 40 °C to 2.4 x 10® molco conv. g*Au s™ at 160 °C.
Figure 5.10 presents the TOF of titania supported Au nanoparticles as a function of

temperature for the Au particle size of 1.9 nm, 24 nm and 2.9 nm.
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Figure 5.10: The TOF of Pt nanoparticle catalyst supported on titania for the CO oxida-
tion reaction as a function of reaction temperature (°C), at an O,:CO ratio of 1:1, with a
total pressure of 8.4 x 10 mbar and 6 x 10 mbar illustrating the activity increase with
increasing reaction temperature for Au particle sizes of 1.5 nm, 1.9 nm and 2.4 nm. Plot
identification is also indicated in the figure legend.

Figure 5.11 presents the Arrhenius-type plot of logarithmic reaction rate as a function
of the reciprocal temperature (K™) for CO oxidation on titania supported Au nanoparti-

cles catalyst.
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Figure 5.11: Logarithm of reaction rate (TOF) of CO oxidation over titania supported Au nano-
particles catalyst as a function of the reciprocal temperature (K™) at an 0,:CO ratio of 1:1,
with a total pressure of 8.4 x 10 mbar and 6 x 10 mbar illustrating the activity in-
crease with increasing reaction temperature for Au particle sizes of 1.5 nm, 1.9 nm, 2.4
nm and 5.3 nm. Plot identification is indicated in the figure legend.

From Arrhenius-type plot above, the activation energy for the CO oxidation reaction on
titania supported Au nanoparticles catalysts was computed. The activation energy was
13 + 3 kJ mol™, and the error was calculated from the difference between the maximum
activation energy obtained with TOFs plus errors in TOFs and the minimum activation
energy with no errors in TOFs. From Figure 5.11, it can be observed that the slope of
the Arrhenius-type plot is not steep, hence less activation energy. This means in practi-
cal terms, the reaction rate for CO oxidation on titania supported Au nanoparticle varies
only slightly with increasing reaction temperature,® which has indeed, been observed in

this study. The CO oxidation follows Langmuir-Hinshelwood as suggested below:

CO(9)— COaq) (gold) fast
02 (g) — 20 (titania) fast
O (titania) — O (gold) fast

O@ (gold) + CO(aq) (gold) — COxq) (gold) rate determining step

COz(ad) (gold) — CO; (g) fast
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In L-H model, and keeping CO pressure constant, increasing oxygen pressures causes
the catalyst to be saturated with many oxygen molecules, and vice versa. No detailed
kinetic measurements were made in this work in order to establish the pressure depend-
ence of this reaction in either the CO or O, adsorption regimes. Increasing the pressure
of both O, and CO systematically resulted in a saturation of the rate of reaction, con-
sistent with the suggestion that the reaction take place through a L-H reaction mecha-

nisms as discussed above.

|-62

Bamwenda et al.®” reported activation energy ranging between 18 kJ mol™ to 57 kimol’

! for titania supported Au nanoparticles catalyst at 300 K, no pressure condition was re-

.7 reported the activation energy of 21 kJ mol™ for

ported in this paper. Schubert et a
CO oxidation on titania supported Au nanoparticles catalyst at an O,:CO ratio of 1:1,
with a total pressure of 2 kPa and reaction temperature of 80 °C. Kozlov et al.*® report-
ed the activation energy of 13 kJ mol™ for CO oxidation on titania supported Au nano-

particles at 313 K, no pressure condition was reported in this paper.

Further increase of reactant gas pressure at the same reaction temperature of 80 °C or
170 °C did not increase the activity of Au/TiO,, instead the constant activity was main-
tained and even slightly declined. Figure 5.12 illustrates the increase in TOF as a func-

tion of total pressure at a reaction temperature of 80 °C.
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Figure 5.12: The TOF of Au nanoparticle catalyst supported on titania for the CO oxidation
reaction as a function of total pressure (mbar) at an O,:CO ratio of 1:1, with a total pressure of
8.4 x 10 mbar, 1 x 10" mbar and O,:CO ratio of 1:2, with a total pressure of 3 x 10™ mbar and
9 x 10™ mbar for the Au particle sizes of 1.9 nm and 2.4 nm. The reaction temperature was 80
°C. The plot identification is also indicated in the figure legend.

Nevertheless, at a particular reaction temperature, increasing the reactant gas pressure

increased the activity for the CO oxidation reaction.

5.3 Comparison of Titania Supported Pt and Au Catalysts

Having presented and discussed the activity results obtained from activity of both
Pt/TiO, and Au/TiO, catalysts for the CO oxidation reaction at relatively low reaction
temperatures, it is worthwhile comparing these results for two catalyst systems studied

in this work.

This work has addressed the heterogeneously catalysed CO oxidation by O, on support-
ed Pt and Au nanoparticle catalysts at relatively low reaction temperatures and pressure.
This reaction is envisaged to play a key role in CO removal from the environment as
well as in PEMFCs, where CO oxidation has to take place at low temperatures. Pt is

commonly considered as the most active heterogeneous catalyst for the conversion of
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CO as addressed previously, however, it is an expensive precious metal which means it
is unfavourable for application in commercial systems. Additionally, the fact that Pt cat-
alyst gets poisoned by CO during catalytic processes at low reaction temperature, de-
mand for improvement of Pt based catalysts systems. Catalysis by Au on the other hand
has been recently exploited, and its activity for low temperature CO oxidation is enor-
mously reported. Therefore, application of Au nanoparticles catalyst in such a reaction
is highly promising, hence its use in commercial systems would be feasible pending to
further research. The results presented in this thesis reveal the use of a HT-PVD tech-
nique for synthesis of a wide range of supported Pt and Au nanoparticles catalysts and
the robustness of a newly developed high throughput heterogeneous catalyst screening
methodology to study the catalytic properties of titania supported Pt and Au nanoparti-
cles of various sizes for CO oxidation at low reaction temperatures. The initial time dur-
ing this research was spent in developing a high throughput heterogeneous catalyst
screening chip. A high throughput IR-thermography was selected as the best technique
for direct measurement of heat produced on the catalyst library as a result of CO oxida-
tion. The catalytic results obtained for both Pt/TiO, and Au/TiO; catalysts can be used
to assess the suitability of their application where low temperature oxidation is desired
and therefore assess the commercialization feasibility of the systems where these cata-

lysts systems receive scientific interest.

Comparison of the activity results obtained in this work on both Pt/TiO; and Au/TiO;
nanoparticle catalysts were presented and discussed, and set into the context of previous
work. Based on the activity results obtained in this work, it is without doubt that the
TOF and specific mass activity of Au/TiO, recorded at 80 °C is higher by a factor of 2
compared to that of Pt/TiO,. The highest activities of Au/TiO; recorded in this study
were 0.803 s, (specific mass activity = 4.54 x 10 molco conv. g*Au mm™ s™) at 80
°C and 1.558 5™, (specific mass activity = 8.81 x 10 molco conv. g*Au mm?s™*)at 170
°C for an Au particle size of 1.5 nm, respectively. The highest activities of Pt/TiO; cata-
lyst recorded were 0.396 s, (specific mass activity of 9.743 x 10° molco conv. g™ Pt
mm~? s?) at 80 °C, 1.991 s, (specific mass activity = 4.893 x 10 molco conv. g™ *Pt
mm?s?)at 170 °C and 4.355 s, (specific mass activity of 1.070 x 10” molco conv. g°
Pt mm? sty at 240 °C, for a Pt particle size of 1.3 nm. It is crucial to insist here based

on the activity results presented in this work that, despite the fact that CO oxidation on

184



5-Discussion

both Au and Pt catalysts is particle size dependent, Au shows the strongest particle size

dependence towards CO oxidation as illustrated in Figure 5.13.

0.6
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Figure 5.13: The TOF of Au and Pt nanoparticle catalysts supported on titania for the CO oxi-
dation reaction as a function of particle size (diameter/ nm) illustrating the particle size depend-
ence for both catalysts. The reaction conditions are shown in the figure legend.

However, for Pt/TiO, and Au/TiO, catalysts, the effect of reaction temperature on CO
oxidation activity revealed that both catalysts exhibited increased activity as the reaction
temperature was increased, in agreement with previous reports.>” #* Investigation of the
effect of reactant gas pressure on the other hand, has shown that at a particular reaction
temperature, increasing the reactant gas pressure increases the activity for Au/TiO, cata-
lyst to a point where further increase in pressure does not change the activity. In case of
Pt/TiO, catalyst, increasing reactant gas pressure at a particular reaction temperature
equally resulted in an increase in the activity with a consequent decline in activity at
high pressures and temperature. The decline in activity is perhaps due to CO poisoning
of Pt catalyst. Importantly still, this study has shown that the CO oxidation reaction is
particle size dependent on both titania supported Au and Pt nanoparticle catalysts, in
agreement to most of published findings in the literature. However, activity results in
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this work reveal that titania supported Au nanoparticles catalyst displays strongest parti-

cle size dependence for the CO oxidation reaction.
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6 Conclusions and Further Work

A high throughput approach®® for study of catalytic properties of supported nanoparti-
cles for CO oxidation at relatively low reaction temperatures has been successfully de-
veloped and demonstrated. The approach was coupled with a new high throughput het-
erogeneous catalyst screening chip developed in this work to screen heterogeneous ca-
talysis reactions on model catalysts. The setup required the application of an IR-
thermography technique to simultaneously study the activity of nanoparticle catalyst for
low temperature CO oxidation. We have unambiguously demonstrated that the activi-
ties of both supported Pt and Au for CO oxidation can be measured. The thermography
has been achieved by measuring the temperature of the membranes by using carbon,
producing a constant emissivity. The titania is thin and effectively transparent and we
assume the effect of the relatively low density of particles is not significant with respect
to emissivity. It remains unclear whether the method would work on continuous thin

films of metal catalysts where the emissivity may vary with composition.

A wide range of Pt and Au particles has been synthesised on amorphous titania support
across the catalyst screening chip. Characterization by TEM shows that during particle
nucleation, a mean particle size of 1.3 nm was observed for Pt. When the coverage is
increased, the nuclei increased to achieve a maximum particle density of 4.6 x 10™2 cm®
2. However, for Au initial particle nucleation, a mean particle size of 1.5 nm was ob-
served. Increasing coverage increased the number of nuclei achieving a maximum parti-
cle density of 3.89 x 10 cm™. For both Pt and Au particles, particle sizes increased at
higher coverage resulting in a dramatic decrease in particle density. The smallest Pt par-
ticles exhibit a binding energy shift in the (4f) core level of 0.9 eV to higher binding en-
ergy from bulk platinum, and the shift is 0.5 eV as the particles grow to a mean size of
6.6 nm. In the case of Au, the smallest Au particles exhibit a binding energy shift in the
(41) core level of 0.42 eV to higher binding energy from bulk gold, and the shift is 0.2
eV below bulk Au as the particles grow to a mean size of 5.8 nm. XPS studies on both
Pt and Au nanoparticle catalysts before and after catalytic reaction show no significant
change in their binding energy as compared to that of fresh catalysts, confirming that
the catalysts were still intact after being subjected to the reaction conditions used in this
work. Significant change in particle size due to sintering/agglomeration for a structure

sensitive reaction such as CO oxidation on Au and Pt supported nanoparticles would
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significantly reduce their catalytic activity. From the activation energy data, Pt/TiO;
shows high sensitivity on reaction temperature as compared to Au/TiOx.

Combined with a new catalyst screening chip, the approach® provides a suitable way to
study particle size effect for the low temperature CO oxidation. Further, increased reac-
tion temperature was observed to increase the activity for both Pt and Au catalysts. It is
observed that at a particular reaction temperature, increasing the reactant gas pressure
increases the activity for both Pt and Au, although, at higher pressure and temperature,
further increase in pressure results into a slight decline in activity for titania supported
Pt catalyst. Generally, results from this work demonstrate that, Au/TiO, catalyst dis-
plays superior activity at low reaction temperature compared to its Pt/TiO, counterpart.
Both Au and Pt nanoparticles catalysts supported on titania show particle size dependent
toward CO oxidation with a monotonic increase in activity with decreasing particle size.
However, from the XPS measurements on both titania supported Pt and Au nanoparti-
cles catalysts before and after reaction, we find no correlation between electronic prop-

erties of supported nanoparticles and their activities toward CO oxidation.

The observations presented here for titania supported Pt and Au catalysts agree well
with reports in the literature for low temperature CO oxidation. However, the initial ex-
periments presented in this thesis are highly promising in the search of a better and
more efficient catalyst for low temperature CO oxidation. Nevertheless, for further
work, the newly developed heterogeneous catalyst screening technique developed dur-
ing the course of this work can be optimized, particular by incorporating into it a con-
trolled localised heating element for each membrane window to improve the tempera-
ture gradient across the chip. Further work is also needed to deepen our understanding
of these catalyst systems despite the fact that the results provide the breakthrough into
the discovery of a suitable catalyst and a high throughput screening method for the low
temperature CO oxidation reaction. Although the reaction trends with particle sizes have
been established in this study for both catalyst systems, there still a need to understand
the mechanisms that lead to such behaviour for supported nanoparticles. Since the sup-
port and nature of the support on which these particles are supported are addressed to
have a significant effect on their reactivity, more research is needed to scrutinise this
parameter of the catalyst system and establish a common understanding. Pt and Au na-

noparticles supported on supports such as carbon, silica and alumina would be studied
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alongside Pt and Au on TiOy, Fe;O3 and NiO in order to establish fully their influences
on the reactivity’s of these catalysts. In the interest of the robustness of the new screen-
ing methodology used in this work, thin films catalyst systems would be important to be
investigated. However, for further study, improvement of the screening reactor is re-
quired in order to study products distribution from different particle sizes that show
higher activity for CO oxidation. Additionally, the study would involve the investiga-
tion of the impact of water vapour on the reactivity of supported Au nanoparticles which

has been reported to have a dramatic effect in activity.'®® ¥
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Appendix 1
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1A;: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO of 1:1, total pressure 1.1 mbar. (a) Presents uncompensated infrared image, (b) row
compensated and (c) row and column compensated image. (d) Presents the average mean tem-
perature change as a function of particle sizes for the row and column compensated infrared im-
ages. The row and column numbers are shown on the x and y axes on the IR-images. The reac-
tion temperature was 80 °C at an exposure time of 5 minutes.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (g)

Total parti-
cle area
(mm?)

mole; in the surface
(mm™)

Spec. mass activi-
ty (molco conv.g’
Pt mm?s™)

TOF (s1)

1.3+0.3

0.728+0.03

2.867E-5+3.269E-6

1.013E-10+1.55E-11

1.04E-6 +8.3E-14

10.262+0.9

2.556E-10+2.24E-11

9.743E-5+1.11E-5

0.396+0.045

1.9+0.5

0.716+0.05

2.818E-5+4.094E-6

9.760E-11+1.44E-11

1.52E-6 +1.2E-13

30.206£3.0

7.524E-10+7.47E-11

6.553E-5+9.51E-6

0.320+0.019

2.5+0.7

0.714+0.05

2.811E-5+4.078E-6

9.336E-11+1.44E-11

2.00E-6 +1.6E-13

50.150+4.6

1.249E-9+1.15E-10

4.968E-5+7.20E-6

0.080+0.011

3.1+0.8

0.701+0.02

2.758E-5+2.801E-6

9.747E-11+9.89E-12

2.46E-6 +1.9E-13

70.094+7.0

1.746E-9+1.74E-10

3.930E-5+4.34E-6

0.056+0.005

3.7+1.0

0.726%0.05

2.858E-5+4.113E-6

1.010E-10+1.45E-11

2.96E-6 +2.3E-13

90.038+8.0

2.243E-9+1.99E-10

3.413E-5+4.91E-6

0.045+0.006

42+1.1

0.729+0.05

2.873E-5+4.094E-6

1.015E-10+1.44E-11

3.44E-6 +2.7E-13

109.982+10

2.740E-9+2.49E-10

2.952E-5+4.20E-6

0.037+0.005

4.8+1.3

0.722+0.05

2.843E-5+4.103E-6

1.004E-10+1.45E-11

3.92E-6 +3.1E-13

129.926+12

3.236E-9+1.99E-10

2.563E-5+3.69E-6

0.031+0.004

5.5+1.4

0.736+0.07

2.899E-5+4.969E-6

1.025E-10+1.75E-11

4.40E-6 +3.5E-13

149.870+14

3.733E-9+3.49E-10

2.329E-5+3.99E-6

0.027+0.004

6.0+1.6

0.743+0.05

2.926E-5+4.150E-6

1.034E-10+1.46E-11

4.80E-6 +3.8E-13

166.490+16

4.140E-9+3.99E-10

2.155E-5+3.05E-6

0.025+0.003

6.6+1.7

0.743+0.04

2.926E-5+3.729E-6

1.034E-10+1.31E-11

5.28E-6 +4.2E-13

186.434+17

4.644E-9+4.23E-10

1.959E-5+2.49E-6

0.022+0.002

7.2+1.9

0.761+0.03

2.998E-5+3.347E-6

1.059E-10+1.18E-11

5.76E-6 +4.6E-13

206.378+19

5.141E-9+4.73E-10

1.840E-5+2.05E-6

0.021+0.002

7.842.0

0.789+0.05

3.108E-5+4.274E-6

1.098E-10+1.51E-11

6.24E-6 +4.9E-13

226.322+21

5.637E-9+5.23E-10

1.760E-5+2.42E-6

0.019+0.002

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
35

1A2:Pt/TiO, particle size and their corresponding specific mass activity and TOF at a reaction temperature of 80 °C and approximately O,:CO ratio of 1:1, at a
total pressure of 1.1 mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters presented in the
table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon nitride membrane
thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated errors in other pa-
rameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula used to com-
pute each parameter.
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2
0,:CO ratio = 1:1, Total pressure = 8.4 x 10 mbar

(b)

AT/ K

Increasing particle size
Increasing particle size
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|
12
>
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1B,: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO ratio of 1:1, total pressure of 8.4 x 10" mbar (a) Presents uncompensated infrared image,
(b) row compensated and (c) row and column compensated images. (d) Presents the average
mean temperature change as a function of particle sizes for the row and column compensated
infrared images with column and row numbers indicated on the x and y axes. The reaction tem-
perature was 170 °C at an exposure time of 5 minutes.
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0,:CO ratio = 1:1, Total pressure = 1.04 x 10" mbar

(b)

Increasing particle size
Increasing particle size
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Same particle size

1B,: The temperature change on Pt/TiO, catalyst as a function of particle size at approx-
imately O,:CO ratio of 1:1, total pressure of 1.04 x 10™ mbar. (a) Presents uncompen-
sated infrared image, (b) row compensated and (c) row and column compensated imag-
es. (d) Presents the average mean temperature change as a function of particle sizes for
the row and column compensated infrared images with column and row numbers indicated on
the x and y axes. The reaction temperature was 170 °C at an exposure time of 5 minutes.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s™)

TOF (s

1.3+0.3

2.296+0.13

9.044E-5+1.18E-5

3.195E-10+4.17E-11

1.04E-6+8.3E-14

10.262+0.9

2.556E-10+2.24E-11

3.073E-4+4.01E-5

1.250+0.163

1.9+0.5

2.241+0.07

8.826E-5+9.13E-6

3.118E-10+3.23E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

2.052E-4+2.12E-5

0.414+0.042

2.5+0.7

2.208+0.60

8.694E-5+3.14E-6

3.072E-10+1.11E-10

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

1.536E-4+5.55E-5

0.246+0.088

3.1+0.8

2.225+0.04

8.762E-5+7.83E-6

3.096E-10+2.77E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

1.249E-4+1.23E-5

0.177+0.015

3.7+1.0

2.264+0.02

8.914E-5+7.11E-6

3.149E-10+2.51E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

1.064E-4+8.49E-6

0.140+0.011

42+1.1

2.259+0.03

8.897E-5+7.50E-6

3.143E-10+2.65E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

9.139E-5+7.70E-6

0.115+0.009

4.8+1.3

2.259+0.03

8.896E-5+7.50E-6

3.143E-10+2.65E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

8.019E-5+6.76E-6

0.097+0.008

5.5+1.4

2.299+0.05

9.055E-5+8.44E-6

3.199E-10+2.98E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+3.49E-10

7.273E-5+6.77E-6

0.086+0.007

6.0+1.6

2.300+0.04

9.057E-5+8.05E-6

3.200E-10+2.84E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

6.667E-5+5.92E-6

0.077+0.006

6.6+1.7

2.331+0.04

9.180E-5+8.12E-6

3.243E-10+2.87E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

6.144E-5+5.43E-6

0.069+0.006

7.2+1.9

2.408+0.07

9.482E-5+9.61E-6

3.350E-10+3.40E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

5.817E-5+5.90E-6

0.065+0.006

7.842.0

2.503+0.15

9.856E-5+1.32E-6

3.482E-10+4.68E-11

6.24E-6+4.9E-13

226.322+21

5.637E-9+5.23E-10

5.582E-5+7.50E-6

0.062+0.008

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

1Bs: Pt/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C. At an 0,:CO
ratio of 1:1, total pressure of 8.4 x 10 mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters
presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon nitride

membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated errors
in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula

used to compute each parameter.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s™)

TOF (s

1.3+0.3

3.657+0.17

1.439E-4+1.73E-5

5.088E-10+6.11E-11

1.04E-6+8.3E-14

10.262+0.9

2.556E-10+2.24E-11

4.893E-4+5.87E-5

1.991+0.238

1.9+0.5

3.469+0.10

1.366E-4+1.38E-5

4.827E-10+4.88E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

3.176E-4+3.21E-5

0.642+0.064

2.5+0.7

3.402+0.09

1.339E-4+1.32E-5

4.734E-10+4.65E-11

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

2.367E-4+2.33E-5

0.379+0.037

3.1+0.8

3.412+0.08

1.344E-4+1.28E-5

4.748E-10+4.52E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

1.915E-4+1.99E-5

0.272+0.025

3.7+1.0

3.368+0.06

1.326E-4+1.18E-5

4.687E-10+4.18E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

1.583E-4+1.41E-5

0.209+0.018

42+1.1

3.355+0.07

1.321E-4+1.22E-5

4.668E-10+4.32E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

1.357E-4+1.26E-5

0.170+0.015

4.8+1.3

3.356+0.04

1.321E-4+1.10E-5

4.669E-10+3.88E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

1.191E-4+9.89E-6

0.144+0.011

5.5+1.4

3.290+0.03

1.295E-4+1.04E-5

4.577E-10+3.66E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+£3.49E-10

1.040E-4+8.33E-6

0.123+0.009

6.0+1.6

3.291+0.07

1.296E-4+1.20E-5

4.580E-10+4.25E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

9.542E-5+8.85E-6

0.110+0.010

6.6+1.7

3.334+0.09

1.313E-4+1.30E-5

4.639E-10+4.60E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

8.786E-5+8.70E-6

0.10+0.009

7.2+1.9

3.410+0.16

1.343E-4+1.62E-5

4.744E-10+5.71E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

8.238E-5+9.92E-6

0.092+0.011

7.842.0

3.595+0.16

1.415E-4+1.67E-5

5.001E-10+5.90E-11

6.24E-6+4.9E-13

226.322+21

5.637E-9+5.23E-10

8.015E-5+9.46E-6

0.089+0.010

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

1B,: PY/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C at an O,:CO ratio
of 1:1, total pressure of 1.04 x 10" mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters pre-
sented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm? silicon nitride thermal conductivity (7 + 0.2) Wk'K™ and silicon nitride
membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated errors
in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula
used to compute each parameter.
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-1
0,:CO ratio = 1:1, Total pressure = 1.9 x 10 mbar

(a) (b)
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1C;: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO ratio of 1:1, total pressure of 1.9 x 10™ mbar. (a) Presents uncompensated infrared im-
age, (b) row compensated and (c) row and column compensated images. (d) Presents the aver-
age mean temperature change as a function of particle sizes for the complete compensated infra-
red images. The row and column numbers are shown on the x and y axes on the IR-images. The
reaction temperature was 170 °C at an exposure time of 5 minutes.
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0,:CO ratio = 1:1, Total pressure = 2.2 x 10" mbar
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1C,: The temperature change on Pt/TiO, catalyst as a function of particle size at an O,:CO ratio
of 1:1, total pressure of 2.2 x 10™ mbar. (a) Presents uncompensated infrared image, (b) row
compensated and (c) row and column compensated images. (d) Presents the average mean tem-
perature change as a function of particle sizes for the complete compensated infrared images.
The row and column numbers are shown on the x and y axes on the IR-images. The reaction
temperature was 170 °C at an exposure time of 5 minutes.
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P.diam| AT/K |Power (Js'mm™) | molco conv.(mm™s™ | Total particle | Total parti- | mole, in the surface |Spec. mass ac- TOF (s
eter D) mass (g) cle area (mm™?) tivity (molco
(nm) (mm?) conv.g Pt mm?
sh

1.3+0.3 |2.063+0.07 | 7.896E-5+1.09E-5 |2.79E-10+3.86E-11 |1.04E-6+8.3E-14 |10.262+0.9 |2.556E-10+2.24E-11 |2.68E-4+3.71E-5 | 1.092+0.151
1.9+0.5 |2.005+0.06 | 7.835E-5+8.68E-6 |2.77E-10+3.01E-11 |1.52E-6+1.2E-13 |30.206+£3.0 |7.524E-10+7.47E-11 |1.82E-4+2.02E-5 |0.368+0.041
2.5+0.7 |1.989+0.05|7.792E-5+8.01E-6 |2.75E-10+2.83E-11 |2.00E-6+1.6E-13 |50.150+4.6 |1.249E-9+1.15E-10 1.38E-4+1.42E-5 | 0.220+0.023
3.1+0.8 [1.979+0.04 | 7.725E-5£7.84E-6 |2.73E-10£2.77E-11 |2.46E-6£1.9E-13 |70.094£7.0 |1.746E-9+1.74E-10 1.10E-4£1.22E-5 | 0.156+0.016
3.7+£1.0 |1.962+0.03 | 7.863E-5+£5.31E-6 |2.78E-10+£1.88E-11 |2.96E-6+2.3E-13 |90.038+8.0 |2.243E-9+1.99E-10 9.39E-5+6.34E-6 | 0.124+0.008
42+1.1 [1.997+0.03 |8.006E-5£5.37E-6 |2.83E-10+1.90E-11 |3.44E-6+2.7E-13 [109.982+10 |2.740E-9+2.49E-10 8.22E-5+£5.51E-6 | 0.103+0.006
4.8+1.3 |2.033+£0.07 |8.253E-5+6.10E-6 |2.92E-10+2.16E-11 |3.92E-6+3.1E-13 |129.926+12 |3.236E-9+1.99E-10 7.44E-51£5.50E-6 | 0.090%0.006
5.5+1.4 {2.095+0.06 | 7.999E-5+1.08E-6 |2.83E-10+3.83E-11 |4.40E-6+£3.5E-13 |149.870+14 |3.733E-9+3.49E-10 6.42E-5+8.69E-6 | 0.076+0.010
6.0£1.6 |2.034+0.05|8.452E-5+3.30E-6 |2.99E-10+1.17E-11 |4.80E-6+3.8E-13 |166.490+16 |4.140E-9+3.99E-10 6.22E-5+£2.43E-6 | 0.072+0.002
6.6+1.7 |2.146+0.06 | 8.619E-5+6.77E-6 |3.05E-10+2.39E-11 |5.28E-6+4.2E-13 |186.434+17 |4.644E-9+4.23E-10 5.77E-5+£4.53E-6 | 0.066+0.005
7.2+1.9 |2.189+0.08 | 9.756E-5+1.90E-6 |3.45E-10+6.88E-12 |5.76E-6+4.6E-13 |206.378+19 |5.141E-9+4.73E-10 5.99E-5+£1.19E-6 | 0.067+0.001
7.8£2.0 |2.477+0.2 |9.757E-5£1.52E-5 |3.45E-10+£5.39E-11 |6.24E-6+4.9E-13 |226.322+21 |5.637E-9+5.23E-10 5.53E-54+8.63E-6 | 0.061+0.009

Equation 2.2 Equation 3.6 Equation 3.8 Equation Equation 3.9 Equation 3.7 Equation

2.6 3.5

1C;: Pt/TiO; particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 170 °C. At an O,:CO ratio of
approximately 1:1, with a total pressure of 1.9 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to compute
the parameters presented in the table are shown. Silicon nitride membrane area is (1.44 = 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm'K™
and silicon nitride membrane thickness is 0.6 = 0.02 wm. The standard deviation for the temperature change was obtained from twelve points on each low. The
estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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P.diam| AT/K |Power (Js'mm™) | molco conv.(mm™s™ | Total particle Total parti- | molg, in the surface | Spec. mass activi- | TOF (s™)
eter D) mass (g) cle area (mm™?) ty (molco conv.g’
(hm) (mm?) Pt mm?s™)
1.3+0.3 |3.47040.09 | 1.366E-4+1.34E-5 |4.828E-10+4.73E-11 | 1.04E-6+8.3E-14 |10.262+0.9 |2.556E-10+2.24E-11 |4.64E-4+4.55E-5 |1.889+0.185
1.9+0.5 |3.28740.09 | 1.294E-4+1.29E-5 |4.573E-10+4.56E-11 |1.52E-6+1.2E-13 |30.206+3.0 |7.524E-10+7.47E-11|3.01E-4+3.00E-5 |0.608+0.061
2.5+0.7 |3.247+0.08 | 1.278E-4+1.24E-5 |4.517E-10+4.37E-11|2.00E-6+1.6E-13 |50.150+4.6 |1.249E-9+1.15E-10 |2.26E-4+2.19E-5 |0.362+0.034
3.1+0.8 |3.205+0.08 | 1.262E-4+1.22E-5 |4.460E-10+4.32E-11 |2.46E-6+1.9E-13 |70.094+7.0 |1.746E-9+1.74E-10 |1.80E-4+1.90E-5 |0.255+0.025
3.7£1.0 |3.180+0.08 | 1.252E-4+1.22E-5 |4.425E-10+4.30E-11 | 2.96E-6+2.3E-13 |90.038+8.0 |2.243E-9+1.99E-10 |1.49E-4+1.45E-5 |0.197+0.019
4.2+1.1|3.186+0.08 | 1.255E-4+1.22E-5 |4.433E-10+4.30E-11 |3.44E-6+2.7E-13 |109.982+10 |2.740E-94+2.49E-10 |1.29E-4+1.25E-5 |0.162+0.015
4.8+1.3 [3.188+0.06 | 1.255E-4+1.23E-5 |4.436E-10+4.01E-11 |3.92E-6+3.1E-13 [129.926+12 |3.236E-9+1.99E-10 |1.13E-4+1.02E-5 |0.137+0.012
5.5+1.4 |3.133+0.06 | 1.234E-4+1.12E-5 |4.359E-10+3.96E-11 |4.40E-6+3.5E-13 |149.870+14 |3.733E-9+3.49E-10 |9.91E-5+9.00E-6 |0.117+0.011
6.0+1.6 |3.130+0.08 | 1.233E-4+1.20E-5 |4.355E-10+4.25E-11 |4.80E-6+3.8E-13 | 166.490+16 |4.140E-9+3.99E-10 |9.07E-5+8.85E-6 |0.105+0.010
6.6+£1.7 |3.150+0.10 | 1.241E-4+1.29E-5 |4.384E-10+4.56E-11 |5.28E-6+4.2E-13 |186.434+17 |4.644E-9+4.23E-10 |8.30E-5+8.63E-6 | 0.094+0.009
7.2+1.9 |3.328+0.15 | 1.310E-4+1.55E-5 |4.630E-10+5.49E-11 |5.76E-6+4.6E-13 |206.378+19 |5.141E-9+4.73E-10 |8.04E-5+9.53E-6 |0.090+0.011
7.8+2.0 |3.561+0.3 |1.402E-4+2.25E-5 |4.955E-10+7.95E-11 |6.24E-6+4.9E-13 |226.322+21 |5.637E-9+5.23E-10 |7.94E-5+1.27E-5 |0.088+0.014

Equation 2.2 Equation 3.6 Equation 3.8 Equation Equation 3.9 Equation 3.7 Equation

2.6 3.5

1C,: PH/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 170 °C, at approximately
0,:CO ratio of 1:1, with a total pressure of 2.2 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to compute
the parameters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm? silicon nitride thermal conductivity (7 + 0.2) WmK™
and silicon nitride membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The
estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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0,:CO ratio = 1:2, Total pressure = 1.7 x 10 mbar
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1D;: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO ratio of approximately 1:1, with a total pressure of 1.7 x 10™ mbar. (a) Presents uncom-
pensated infrared image, (b) row compensated and (c) row and column compensated images.
(d) Presents the average mean temperature change as a function of particle sizes for the row and
column compensated infrared images. The row and column numbers are shown on the x and y
axes on the IR-images. The reaction temperature was 170 °C at an exposure time of 5 minutes.
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0,:CO ratio = 1:1, Total pressure = 2.2 x 10" mbar
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1D,: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO ratio of 1:1, with a total pressure of 2.2 x 10" mbar. (a) Presents uncompensated infrared
image, (b) row compensated and (c) row and column compensated images. (d) Presents the av-
erage mean temperature change as a function of particle sizes for the row and column compen-
sated infrared images. The row and column numbers are shown on the x and y axes on the IR-
images. The reaction temperature was 170 °C at an exposure time of 5 minutes.

201



Appendices

P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s™)

TOF (s

1.3+0.3

2.148+0.11

8.459E-5+1.06 E-5

2.989E-10+3.73E-11

1.04E-6+8.3E-14

10.262+ 0.9

2.556E-10+2.24E-11

2.874E-4+3.59E-5

1.169+0.146

1.9+0.5

2.093+0.07

8.243E-5+8.72E-6

2.912E-10+3.08E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

1.916E-4+2.03E-5

0.387+0.041

2.5+0.7

2.0750.05

8.172E-5+7.83E-6

2.887E-10+2.77E-11

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

1.444E-4+1.38E-5

0.231+0.022

3.1+0.8

2.069+0.03

8.146E-5+7.00E-6

2.878E-10+2.47E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

1.161E-4+1.10E-5

0.165+0.014

3.7+1.0

2.030+0.03

7.995E-5+6.87E-6

2.825E-10+2.43E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

9.544E-5+8.20E-6

0.126+0.011

42+1.1

2.033+0.02

8.005E-5+6.47E-6

2.829E-10+2.29E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

8.222E-5+6.65E-6

0.103+0.008

4.8+1.3

2.026+0.03

7.977E-5+6.88E-6

2.817E-10+2.43E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

7.190E-5+6.20E-6

0.087+0.007

5.5+1.4

2.029+0.02

7.989E-5+6.45E-6

2.823E-10+2.28E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+3.49E-10

6.416E-5+5.18E-6

0.076+0.006

6.0+1.6

2.034+0.03

8.009E-5+6.88E-6

2.830E-10+2.43E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

5.897E-5+5.07E-6

0.068+0.005

6.6+1.7

2.062+0.04

8.119E-5+7.38E-6

2.869E-10+2.61E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

5.434E-5+4.94E-6

0.062+0.005

7.2+1.9

2.089+0.05

8.228E-5+7.86E-6

2.907E-10+2.78E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

5.048E-5+4.82E-6

0.057+0.005

7.842.0

2.206+0.09

8.686E-5+9.90E-6

3.069E-10+3.50E-11

6.24E-6+4.9E-13

226.322+ 21

5.637E-9+5.23E-10

4.919E-5+5.60E-6

0.054+0.006

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

1Ds: PUTIO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 170 °C and approximately
0,:CO ratio of 1:2, at a total pressure of 1.7 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to compute the
parameters presented in the table are shown Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and
silicon nitride membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The
estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s™)

TOF (s

1.3+0.3

3.495+0.09

1.376E-4+1.06E-5

4.863E-10+3.73E-11

1.04E-6+8.3E-14

10.262+0.9

2.556E-10+2.24E-11

4.676E-4+3.59E-5

1.903+0.185

1.9+0.5

3.424+0.07

1.348E-4+8.72E-6

4.764E-10+3.08E-11

1.52E-6+1.2E-13

30.206£3.0

7.524E-10+7.47E-11

3.135E-4+2.02E-5

0.633+0.059

2.5+0.7

3.362+0.08

1.324E-4+7.83E-6

4.678E-10+2.77E-11

2.00E-6+1.6E-13

50.150+4.6

1.249E-9+1.15E-10

2.339E-4+1.38E-5

0.374+0.035

3.1+0.8

3.314+0.06

1.305E-4+7.00E-6

4.612E-10+2.47E-11

2.46E-6+1.9E-13

70.094+7.0

1.746E-9+1.74E-10

1.860E-4+1.10E-5

0.264+0.024

3.7+1.0

3.270+0.04

1.287E-4+6.87E-6

4.549E-10+2.43E-11

2.96E-6+2.3E-13

90.038+8.0

2.243E-9+1.99E-10

1.537E-4+8.20E-6

0.203+0.017

42+1.1

3.260+0.05

1.284E-4+6.47E-6

4.536E-10+2.29E-11

3.44E-6+2.7E-13

109.982+10

2.740E-9+2.49E-10

1.319E-4+6.65E-6

0.166+0.014

4.8+1.3

3.238+0.05

1.275E-4+6.88E-6

4.504E-10+2.43E-11

3.92E-6+3.1E-13

129.926+12

3.236E-9+1.99E-10

1.149E-4+6.20E-6

0.139+0.012

5.5+1.4

3.261+0.03

1.284E-4+6.45E-6

4.537E-10+2.28E-11

4.40E-6+3.5E-13

149.870+14

3.733E-9+3.49E-10

1.031E-4+5.18E-6

0.122+0.009

6.0+1.6

3.296+0.05

1.298E-4+6.88E-6

4.586E-10+2.43E-11

4.80E-6+3.8E-13

166.490+16

4.140E-9+3.99E-10

9.554E-5+5.07E-6

0.111+0.009

6.6+1.7

3.310+0.06

1.304E-4+7.38E-6

4.606E-10+2.61E-11

5.28E-6+4.2E-13

186.434+17

4.644E-9+4.23E-10

8.724E-5+4.94E-6

0.099+0.008

7.2+1.9

3.389+0.07

1.334E-4+7.86E-6

4.715E-10+2.78E-11

5.76E-6+4.6E-13

206.378+19

5.141E-9+4.73E-10

8.186E-5+4.82E-6

0.092+0.008

7.842.0

3.576+0.22

1.408E-4+9.90E-6

4.976E-10+3.50E-11

6.24E-6+4.9E-13

226.322+21

5.637E-9+5.23E-10

7.974E-5+5.60E-6

0.088+0.012

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

1D,: PY/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 170 °C at an O,:CO ratio of
1:1, with a total pressure of 2.2 x 10™ mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters
presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon nitride

membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated errors
in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula

used to compute each parameter.
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0,:CO ratio = 1:1, Total pressure = 1.1 mbar
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1F;: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO of 1:1, with a total pressure of 1.1 mbar. (a) Presents uncompensated infrared images,
(b) row compensated and (c) row and column compensated. (d) presents the average mean tem-
perature change as a function of particle sizes for the row and column compensated infrared im-
ages The row and column numbers are shown on the x and y axes on the IR-images. The reac-
tion temperature was 240 °C at an exposure time of 5 minutes.
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0,:CO ratio = 1:1, Total pressure = 2.4 mbar
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1F,: The temperature change on Pt/TiO, catalyst as a function of particle size at approximately
0,:CO of 1:1, with a total pressure of 2.4 mbar. (a) Presents uncompensated infrared images,
(b) row compensated and (c) row and column compensated. (d) presents the average mean tem-
perature change as a function of particle sizes for the row and column compensated infrared im-
ages The row and column numbers are shown on the x and y axes on the IR-images. The reac-
tion temperature was 240 °C at an exposure time of 5 minutes.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s™)

TOF (s

1.3+0.3

8.001+0.21

3.150E-4+ 3.10E-5

1.113E-9+1.10E-10

1.04E-6 +8.3E-14

10.262+0.9

2.556E-10+2.24E-11

1.070E-3+1.05E-4

4.355+0.428

1.9+0.5

7.758+0.17

3.055E-4+2.86E-5

1.079E-9+1.01E-10

1.52E-6 +1.2E-13

30.206£3.0

7.524E-10+7.47E-11

7.102E-4+6.65E-5

1.435+0.134

2.5+0.7

7.510+0.13

2.957E-4+2.62E-5

1.044E-9+9.27E-11

2.00E-6 +1.6E-13

50.150+4.6

1.249E-9+1.15E-10

5.225E-4+4.64E-5

0.837+0.074

3.1+0.8

7.452+0.08

2.934E-4+2.40E-5

1.037E-9+8.48E-11

2.46E-6 +1.9E-13

70.094+7.0

1.746E-9+1.74E-10

4.181E-4+3.79E-5

0.594+0.048

3.7+1.0

7.396+0.10

2.912E-4+2.47E-5

1.029E-9+8.72E-11

2.96E-6 +2.3E-13

90.038+8.0

2.243E-9+1.99E-10

3.477E-4+2.95E-5

0.459+0.039

42+1.1

7.357+0.08

2.896E-4+2.37E-5

1.024E-9+8.38E-11

3.44E-6 +2.7E-13

109.982+10

2.740E-9+2.49E-10

2.976E-4+2.44E-5

0.374+0.031

4.8+1.3

7.517+0.10

2.959E-4+2.50E-5

1.046E-9+8.84E-11

3.92E-6 +3.1E-13

129.926+12

3.236E-9+1.99E-10

2.668E-4+2.26E-5

0.323+0.027

5.5+1.4

7.414+0.11

2.919E-4+2.51E-5

1.032E-9+8.89E-11

4.40E-6 +3.5E-13

149.870+14

3.733E-9+3.49E-10

2.344E-4+2.02E-5

0.276+0.023

6.0+1.6

7.538+0.14

2.968E-4+2.67E-5

1.049E-9+9.44E-11

4.80E-6 +3.8E-13

166.490+16

4.140E-9+3.99E-10

2.185E-4+1.97E-5

0.253+0.022

6.6+1.7

7.594+0.18

2.990E-4+2.86E-5

1.057E-9+1.01E-10

5.28E-6 +4.2E-13

186.434+17

4.644E-9+4.23E-10

2.001E-4+1.91E-5

0.228+0.021

7.2+1.9

7.690+0.19

3.028E-4+2.93E-5

1.070E-9+1.03E-10

5.76E-6 +4.6E-13

206.378+19

5.141E-9+4.73E-10

1.858E-4+1.80E-5

0.208+0.020

7.842.0

8.633+0.73

3.399E-4+5.46E-5

1.201E-9+1.93E-10

6.24E-6 +4.9E-13

226.322+21

5.637E-9+5.23E-10

1.925E-4+3.09E-5

0.213+0.034

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

1F3: Pt/TiO, particle size as determined by TEM and their corresponding specific activity and TOF results at a reaction temperature of 240 °C, at approximate-
ly O,:CO ratio of 1:1, with a total pressure of 1.1 mbar. Parameters used to compute the activity values are also included. The equations used to compute the
parameters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and
silicon nitride membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The

estimated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in

each formula used to compute each parameter.
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P.diam
eter
(nm)

AT/IK

Power (Js'mm?)

moleo conv.(mm?s’

)

Total particle
mass (9)

Total parti-
cle area
(mm?)

molg; in the surface
(mm?)

Spec. mass activi-
ty (molco conv.g
Pt mm?s™)

TOF (s

1.3+0.3

7.669+0.20

3.019E-4+ 3.10E-5

1.066E-9+1.10E-10

1.04E-6 +8.3E-14

10.262+0.9

2.556E-10+2.24E-11

1.026E-3+1.05E-4

4.174+0.410

1.9+0.5

7.541+0.17

2.969E-4+2.86E-5

1.049E-9+1.01E-10

1.52E-6 +1.2E-13

30.206+3.0

7.524E-10+7.47E-11

6.903E-4+6.65E-5

1.394+0.131

2.5+0.7

7.421+0.13

2.922E-4+2.62E-5

1.032E-9+9.27E-11

2.00E-6 +1.6E-13

50.150+4.6

1.249E-9+1.15E-10

5.162E-4+4.63E-5

0.827+0.074

3.1+0.8

7.445+0.08

2.931E-4+2.40E-5

1.036E-9+8.48E-11

2.46E-6 +1.9E-13

70.094+7.0

1.746E-9+1.74E-10

4.177E-4+3.78E-5

0.593+0.048

3.7+1.0

7.396+0.10

2.912E-4+2.47E-5

1.029E-9+8.72E-11

2.96E-6 +2.3E-13

90.038+8.0

2.243E-9+1.99E-10

3.477TE-4+2.94E-5

0.459+0.038

42+1.1

7.357+0.08

2.897E-4+2.37E-5

1.024E-9+8.38E-11

3.44E-6 +2.7E-13

109.982+10

2.740E-9+2.49E-10

2.976E-4+2.43E-5

0.374+0.031

4.8+1.3

7.415+0.09

2.919E-4+2.50E-5

1.032E-9+8.84E-11

3.92E-6 +3.1E-13

129.926+12

3.236E-9+1.99E-10

2.632E-4+2.25E-5

0.319+0.026

5.5+1.4

7.414+0.11

2.919E-4+2.51E-5

1.032E-9+8.89E-11

4.40E-6 +3.5E-13

149.870+14

3.733E-9+3.49E-10

2.344E-4+2.01E-5

0.276+0.024

6.0+1.6

7.539+0.14

2.968E-4+2.67E-5

1.049E-9+9.44E-11

4.80E-6 +3.8E-13

166.490+16

4.140E-9+3.99E-10

2.185E-4+1.96E-5

0.253+0.022

6.6+1.7

7.594+0.17

2.990E-4+2.86E-5

1.057E-9+1.01E-10

5.28E-6 +4.2E-13

186.434+17

4.644E-9+4.23E-10

2.001E-4+1.91E-5

0.228+0.021

7.2+1.9

7.689+0.19

3.028E-4+2.93E-5

1.069E-9+1.03E-10

5.76E-6 +4.6E-13

206.378+19

5.141E-9+4.73E-10

1.857E-4+1.79E-5

0.208+0.020

7.842.0

7.974+0.36

3.139E-4+5.46E-5

1.109E-9+1.93E-10

6.24E-6 +4.9E-13

226.322+21

5.637E-9+5.23E-10

1.778E-4+3.09E-5

0.197+0.023

Equation 2.2

Equation 3.6

Equation 3.8

Equation
2.6

Equation 3.9

Equation 3.7

Equation
3.5

1F,: Pt/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 240 °C and approximately

0,:CO ratio of 1:1, at a total pressure of 2.4 mbar. Parameters used to compute the activity values are also included. The equations used to compute the pa-

rameters presented in the table are shown. Silicon nitride membrane area is (1.44 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and sili-
con nitride membrane thickness is 0.6 £ 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The esti-
mated errors in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in
each formula used to compute each parameter.
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2A;: The temperature change on Au/TiO, catalyst as a function of particle size at an 0,:CO ra-
tio of 1:1, at a total pressure of 8.4 x 10 mbar. (a) Presents uncompensated infrared image, (b)
row compensated and (c) row and column compensated images. (d) Presents the average mean
temperature change as a function of particle sizes for the row and column compensated infrared
images. The row and column numbers are show on the x and y axes on the IR-images. The reac-
tion temperature was 80 °C at an exposure time of 5 minutes.
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P.diamet| AT/K |Power (Js'mm®) | moleo conv.(mm™s | Total particle Total parti- | mola, in the surface | Spec. mass ac- TOF (s
er (nm) D) mass (g) cle area (mm?) tivity (molco
(mm?) conv.g Pt mm?
-1
s)
1.5£0.5 |0.532+0.03 | 1.343E-5+1.69E-6 |4.75E-11+5.97E-12 |4.50E-7+4.0E-14 |10.950+0.8 |2.55E-10+1.86E-11 |1.05E-4+1.33E-5 |0.186+0.023
1.9+0.6 |0.483+0.02|1.217E-5+1.36E-6 |4.30E-11+4.80E-12 |5.70E-7+5.1E-14 [19.206+1.5 |4.47E-10+3.49E-11 |7.55E-5+8.82E-6 |0.096+0.011
2.5+0.8 |0.468+0.03 |1.179E-5+1.60E-6 |4.17E-11+5.65E-12 |7.20E-7+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |5.79E-5+7.85E-6 |0.061+0.008
2.9+1.0 |0.461+0.02 |1.160E-5+1.33E-6 |4.10E-11+4.71E-12 |8.70E-7+7.8E-14 |39.846%3.2 |9.26E-10+7.44E-11 |4.71E-5+5.42E-6 |0.044+0.005
3.4+1.1 0.452+0.02 |1.138E-5+1.31E-6 |4.02E-11+4.64E-12 |1.02E-6+9.1E-14 |50.166+4.1 |1.17E-9+9.53E-11 |3.94E-5+4.55E-6 |0.034+0.004
3.9+1.3 |0.444+0.02 |1.118E-5+1.30E-6 |3.95E-11+4.58E-12 |1.17E-6+1.0E-13 |60.486+4.9 |1.41E-9+1.14E-10 |3.38E-5+3.91E-6 |0.028+0.003
4.4+15 |0.439+0.02 | 1.106E-5+1.29E-6 |3.91E-11+4.54E-12 |1.32E-6+1.2E-13 |70.8065.8 |1.65E-9+1.35E-10 |2.96E-5+3.44E-6 |0.024+0.002
4.8+1.6 |0.445+0.02 |1.121E-5+1.29E-6 |3.96E-11+4.56E-12 |1.44E-6+1.3E-13 |79.062+6.4 |1.84E-9+1.49E-10 |2.75E-5+3.17E-6 |0.022+0.002
5.3+1.9 (0.443+0.03 |1.116E-5+1.56E-6 |3.94E-11+553E-12 |1.59E-6+1.4E-13 |89.382+7.3 |2.08E-9+1.70E-10 |2.48E-5+3.48E-6 [0.019+0.003
5.8+2.0 0.412+0.02 |1.037E-5+1.25E-6 |3.66E-11+4.42E-12 |1.74E-6+1.5E-13 |99.702+8.1 |2.32E-9+1.88E-10 |2.11E-5+2.54E-6 |0.016+0.002
Equation 2.2 Equation 3.6 Equation 3.8 Equation Equation 3.9 Equation 3.7 Equation
2.6 35

2A,: AU/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 80 °C and an O,:CO ratio of
1:1, at a total pressure of 8.4 x 10 mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters pre-
sented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.5) Wm™K™ and silicon nitride
membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from twelve points on each low. The estimated errors

in other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula

used to compute each parameter.
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-1
0,:CO ratio = 1:2, Total pressure =9 x 10 mbar
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Increasing particle size
Increasing particle size
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2A3: The temperature change on Au/TiO, catalyst as a function of particle size at an O,:CO ra-
tio of 1:2, with a total pressure 9 x 10™ mbar. (a) Presents uncompensated infrared image, (b)
row compensated and (c) row and column compensated images. (d) Presents the average mean
temperature change as a function of particle sizes for the row and column compensated infrared
images. The row and column numbers are show on the x and y axes on the IR-images. The reac-
tion temperature was 80 °C at an exposure time of 5 minutes.
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P.diamet| AT/K |Power (Js'mm™) | molco conv.(mm™s |Total particle Total par- | mola, in the surface | Spec. mass ac- TOF (s
er (nm) D) mass (g) ticle area (mm?) tivity (molco
(mm?) conv.g Pt mm?
-1
s)
1.5£0.5 |2.237+0.07 |5.638E-5+5.69E-6 |1.99E-10+2.01E-11 |4.50E-7+4.0E-14 |10.950+0.8 |2.55E-10+1.86E-11 |4.43E-4+4.47E-5 |0.783+0.079
1.940.6 |2.190+0.06 |5.519E-5+5.34E-6 |1.95E-10+1.89E-11 |5.70E-745.1E-14 [19.206+1.5|4.47E-10+3.49E-11 |3.42E-4+3.31E-5 |0.437+0.042
2.5+0.8 |2.137+0.04 |5.385E-5+ 4.71E-6 | 1.90E-10+1.67E-11 |7.20E-7+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |2.64E-4+2.31E-5 |0.277+0.024
2.9+1.0 |2.048+0.04 |5.162E-5+4.55E-6 |1.82E-10+1.61E-11 |8.70E-7+7.8E-14 |39.846+3.2 |9.26E-10+7.44E-11 |2.10E-4+1.85E-5 |0.197+0.017
3.4+1.1 12.033+0.06 |5.124E-5+5.07E-6 |1.81E-10+1.79E-11 |1.02E-6+9.1E-14 |50.166+4.1 |1.17E-9+9.53E-11 |1.78E-4+ 1.76E-5|0.1550.015
3.9+1.3 |1.942+0.07 | 4.896E-5+5.17E-6 |1.73E-10+1.83E-11 |1.17E-6+1.0E-13 |60.4864.9 |1.41E-9+1.14E-10 |1.48E-4+1.56E-5 |0.123+0.013
4.4+15 |1.947+0.08 |4.908E-5+5.45E-6 |1.73E-10+1.92E-11 |1.32E-6+1.2E-13 |70.806+5.8 | 1.65E-9+1.35E-10 | 1.31E-4+1.46E-5 |0.1050.012
4.8+1.6 |1.84+0.10 |4.641E-5+5.80E-6 |1.64E-10+2.05E-11 |1.44E-6+1.3E-13 |79.062+6.4 |1.84E-9+1.49E-10 |1.14E-4+ 1.42E-5|0.089+0.011
5.3+1.9 11.828+0.20 |4.606E-5+8.50E-6 |1.63E-10+3.00E-11 |1.59E-6+1.4E-13 |89.382+7.3 |2.08E-9+1.70E-10 |1.02E-4+1.89E-5 [0.078+0.014
5.8+2.0 11.652+0.20 |4.164E-5+8.19E-6 |1.47E-10+2.89E-11 |1.74E-6+1.5E-13 {99.702+8.1 |2.32E-9+1.88E-10 |8.46E-5+166E-5 |0.063+0.012
Equation 2.2 Equation 3.6 Equation 3.8 Equation |Equation 3.9 Equation 3.7 Equation
2.6 35

2A,: AU/TiO, particle size as determined by TEM and their corresponding specific activity and TOF at a reaction temperature of 80 °C and an O,:CO ratio of
1:1, at a total pressure of 9 x 10" mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters pre-
sented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.5) Wm™K™ and silicon nitride
membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The estimated errors in
other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula used
to compute each parameter.
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2B;: The temperature change on Au/TiO, catalyst as a function of particle size at an O,:CO ra-
tio of 1:2, total pressure of 9 x 10 mbar. (a) Presents uncompensated infrared image, (b) row
compensated and (c) completely compensated. (d) Presents the average mean temperature
change as a function of particle sizes for the complete compensated infrared images. The row
and column numbers are show on the x and y axes on the IR-images. The reaction temperature
was 170 °C at an exposure time of 5 minutes.
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P.diam AT/IK  |[Power (Js'mm™?) | molco conv.(mm™s™ | Total particle Total parti- | mola, in the surface | Spec. mass ac- TOF (s
eter D) mass (Q) cle area (mm?) tivity (molco
(nm) (mm?) conv.g Pt mm?
)

1.5£0.5 |1.307+0.20 | 3.293E-5+ 7.61E-6 | 1.16E-10+2.69E-11 |4.50E-7+4.0E-14 |10.950+0.8 |2.55E-10+1.86E-11 |2.59E-4+5.98E-5 |0.457+0.105
1.9+0.6 |1.287+0.15|3.243E-5+6.22E-6 |1.15E-10+2.20E-11 |5.70E-745.1E-14 |19.206+1.5 |4.47E-10+3.49E-11 |2.01E-4+3.86E-5 |0.257+0.049
2.5£0.8 | 1.244+0.12 | 3.134E-5+5.35E-6 |1.11E-10+1.89E-11 |7.20E-74+6.4E-14 |29.526+2.4 |6.86E-10+5.58E-11 |1.54E-4+2.63E-5 |0.161+0.028
2.9£1.0 |1.248+0.11 | 3.145E-5+5.09E-6 |1.11E-10+1.80E-11 |8.70E-7+7.8E-14 |39.846%3.2 |9.26E-10+7.44E-11 |1.28E-4+2.07E-5 |0.120+0.019
3.4+1.1 11.24440.10 | 3.135E-5+4.81E-6 |1.11E-10+1.70E-11 |1.02E-6+9.1E-14 |50.166+4.1 |1.17E-9+9.53E-11 |1.09E-4+ 1.67E-5|0.095+0.015
3.9+1.3|1.219+0.10 | 3.073E-5+4.76E-6 |1.09E-10+1.68E-11 |1.17E-6+1.0E-13 |60.486+4.9 |1.41E-9+1.14E-10 |9.28E-5+1.44E-5 [0.077+0.012
4.4+1.5 |1.202+0.10 |3.030E-5+4.73E-6 |1.07E-10+1.67E-11 |1.32E-6+1.2E-13 |[70.80645.8 |1.65E-9+1.35E-10 |8.11E-5+1.27E-5 |0.065+0.010
4.8+1.6 |1.135+0.09 | 2.861E-5+4.34E-6 |1.01E-10+1.54E-11 |1.44E-6+1.3E-13 |79.062+6.4 |1.84E-9+1.49E-10 |7.02E-5+ 1.07E-5|0.055+0.008
5.3+1.9 11.075+0.09 | 2.709E-5+4.24E-6 |9.58E-11+1.50E-11 |1.59E-6+1.4E-13 |89.382+7.3 |2.08E-9+1.70E-10 |6.02E-5+9.43E-5 |0.046+0.007
5.8+2.0 11.01740.14 | 2.563E-5+5.50E-6 |9.06E-11+1.94E-11 |1.74E-6+1.5E-13 |99.702+8.1 |2.32E-9+1.88E-10 |5.20E-5+1.12E-5 |0.039+0.008

Equation 2.2 Equation 3.6 Equation 3.8 Equation Equation 3.9 Equation 3.7 Equation

2.6 3.5

2B,: Au/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C at an O,:CO ra-
tio of 1:2, at a total pressure of 9 x 10 mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters
presented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon nitride
membrane thickness is 0.6 + 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The estimated errors in
other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula used
to compute each parameter.
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2B;: The temperature change on Au/TiO, catalyst as a function of particle size at an O,:CO ra-
tio of 1:2, with a total pressure of 9 x 10™ mbar. (a) Presents uncompensated infrared image, (b)
row compensated and (c) completely compensated. (d) Presents the average mean temperature
change as a function of particle sizes for the complete compensated infrared images. The row
and column numbers are show on the x and y axes on the IR-images. The reaction temperature
was 170 °C at an exposure time of 5 minutes.

214



Appendices

P.diamet| AT/K |Power (Js'mm™) | molco conv.(mm™s |Total particle Total par- | mola, in the surface | Spec. mass ac- TOF (s
er (nm) D) mass (g) ticle area (mm?) tivity (molco
(mm?) conv.g Pt mm?
-1
s)
1.5£0.5 [4.454+0.18 |1.122E-4+1.24E-5 |3.966E-10+4.39E-11 | 4.50E-7+4.0E-14 |10.950+0.8 | 2.55E-10+1.86E-11 |8.81E-4+9.76E-5 |1.558+0.172
1.940.6 |4.369+0.10 |1.101E-4+1.01E-5 |3.891E-10+3.57E-11 |5.70E-7+5.1E-14 19.206+1.5|4.47E-10+3.49E-11 |6.63E-4+6.27E-5 |0.871+0.080
2.5+0.8 |4.360+0.08 | 1.098E-4+ 9.57E-6 | 3.883E-10+3.38E-11 | 7.20E-7+6.4E-14 |29.526+2.4 | 6.86E-10+5.58E-11 |5.39E-4+4.70E-5 |0.566+0.049
2.9+1.0 |4.274+0.07 | 1.077E-4+ 9.16E-6 | 3.806E-10+3.24E-11 | 8.70E-7+7.8E-14 |39.846%3.2 |9.26E-10+7.44E-11 |4.37E-4%+3.72E-5 |0.411+0.035
3.4+1.1 14.253+0.03 | 1.071E-4+8.05E-6 |3.787E-10+2.85E-11 |1.02E-6+9.1E-14 |50.166+4.1 |1.17E-9+9.53E-11 |3.71E-4+ 2.79E-5 |0.325+0.024
3.9+1.3 |4.2360.01 |1.067E-4+7.48E-6 |3.772E-10+2.64E-11 |1.17E-6+1.0E-13 |60.486+4.9 |1.41E-9+1.14E-10 |3.22E-4+2.26E-5 |0.268+0.019
4.4+15 |4.159+0.04 | 1.048E-4+8.15E-6 |3.704E-10+2.88E-11 |1.32E-6+1.2E-13 |70.806+5.8 | 1.65E-9+1.35E-10 | 2.81E-4+2.18E-5 |0.225+0.017
4.8+1.6 |4.083+0.05 |1.029E-4+8.29E-6 |3.636E-10+2.93E-11 | 1.44E-6+1.3E-13 |79.062+6.4 | 1.84E-9+1.49E-10 |2.53E-4+ 2.03E-5|0.198+0.015
5.3+1.9 14.0140.04 |1.011E-4+7.92E-6 |3.574E-10+2.80E-11 |1.59E-6+1.4E-13 |89.382+7.3 | 2.08E-9+1.70E-10 |2.25E-4+1.76E-5 [0.172+0.013
5.8+2.0 14.012+0.06 |1.011E-4+8.44E-6 |3.573E-10+2.98E-11 |1.74E-6+1.5E-13 |99.702+8.1 | 2.32E-9+1.88E-10 | 2.05E-4+1.71E-5 |0.154+0.013
Equation 2.2 Equation 3.6 Equation 3.8 Equation |Equation 3.9 Equation 3.7 Equation
2.6 35

2B,: AU/TiO, particle size as determined by TEM and their corresponding specific mass activity and TOF at a reaction temperature of 170 °C, and O,:CO ratio
of 1:2, total pressure of 9 x 10" mbar. Parameters used to compute the activity values are also included. The equations used to compute the parameters pre-
sented in the table are shown. Silicon nitride membrane area is (2.25 + 0.01) mm?, silicon nitride thermal conductivity (7 + 0.2) Wm™K™ and silicon nitride
membrane thickness is 0.6 = 0.02 um. The standard deviation for the temperature change was obtained from ten points on each low. The estimated errors in
other parameters were estimated from the deference between the average value and the maximum possible value calculated using errors in each formula used
to compute each parameter.
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Appendix 3

e From the data in Table 4.1 for the smallest (1.3 nm) Pt particle size, with the tem-

perature change of 0.314 K, the power is computed using equation 2.2:

| 135x 0.6(1m)x 0.314(K )x 7(Wm K *)x10°*

-1 -2
P[Js mm 1.44(mm2)

=1.239 x10° Js* mm™

e The number of mole of CO converted per mm? per second is obtained through
equation 3.6:

] 1.239x10°[Js *mm 2]

NeoCONV.[mm2s 28310 ]

=4.378 x 10 molco mm? s

e The number of mole of Pt in the surface is calculated from equation 3.9, given the
atom density of 1.5 x 10" mm™ and total Pt area of 10.262:

2] 102625, x1.5x10"*(mm?)

Moles mm
A“’”[ 6.022 x10%

=2.556 X 10" °molp mm

e Specific mass activity is therefore computed by using equation 3.7, given the par-
ticle mass of 1.04 x 10 g.

4.378x10 molmm s
1.04x10°°[g]

Spec.activity [molcoconv.g‘lAu/ptmm‘zs‘1 =

4.21x10° molgo conv.g*Pt mm? s

e The TOF is given by equation 3.5:

378x10 " mm2s ']

a1 4
ToFfs - 2.556x107°|mm? |

=0.171s*

Similar approach applies for activity computation for particle sizes.
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