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Abstract

The synthesis and characterization of novel ceria-based materials is reported. Modification of
synthetic routes reported in the literature produced several new doped and undoped ceria
samples, which were tested for catalytic activity for low-temperature methane oxidation.
These tests showed that the presence of a second, redox active metal oxide results in materials
with higher catalytic activity than those with only ceria. In addition, several new routes to
ceria-based materials with various morphologies, including nanorods and hollow, mesoporous
nanospheres, were developed. The nanospheres were successfully doped with lanthanum,
giving rise to the first non-hydrothermal route to hollow, mesoporous nanospheres of both
doped and undoped ceria.

Further examination of materials containing two redox active metal oxides generated
mesoporous cobalt oxide with doped and undoped ceria in the pores. The cobalt oxide was
templated with KIT-6 silica to produce a material with highly ordered mesopores. The
ceria/cobalt oxide materials have remarkably high activity for low-temperature methane
oxidation given that they contain no noble metals. However, surprisingly, the mesoporous
cobalt oxide on its own exhibited the highest catalytic activity with 50% complete methane
conversion to carbon dioxide and water below 400 ˚C.

Cerium-based precursors were also used as a starting material to synthesize Pd/ceria materials
via a new method termed surface-assisted reduction. Surface-assisted reduction produces ceria
ii

with PdO highly dispersed on the surface. These materials showed exceptionally high activity
for methane oxidation, with the best materials exhibiting 50% methane conversion below 300
˚C. Exploration of the scope of surface-assisted reduction successfully produced ceria
materials with gold or silver deposited on their surface.
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Chapter 1: Introduction

1.1 Nanomaterials
1.1.1

Overview

Nanoscience is the field of study of materials with at least one dimension in the nanometer
(10-9 m) range.1,2 Physicist Richard Feynman, often considered to be the father of the field,
first introduced his ideas about nanoscience in a 1959 lecture, “There’s Plenty of Room at the
Bottom”.3 In his talk Feynman envisaged scientists being able to manipulate individual atoms
and molecules. However, the term “nanotechnology” was not coined until 1974, in a paper
entitled “On the Basic Concept of Nanotechnology" by Norio Taniguchi.4 Following this,
Eric Drexler popularized the concept of nanotechnology, publishing the first book on
molecular nanotechnology, “Engines of Creation: The Coming Era of Nanotechnology”, in
1986.5 These three scientists paved the way for modern nanoscience and nanotechnology,
which has grown to become a vast and active research area.

Nanomaterials have remarkable properties arising from the size, shape, and surface of the
particle at the nanometer scale.6 Nanoparticles show characteristics that are distinctive from
those displayed by the corresponding bulk solids or isolated molecules, including optical,7
magnetic8,9 and electronic properties.10 These properties have been shown to be advantageous
for several important applications including catalytic systems,11,12 gas storage,13,14
electronics,15 and drug delivery.16,17 It is anticipated that advances in the preparation,
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characterization and exploitation of nanomaterials will lead to applications in industries such
as energy, chemical, electronics, health, and space.18

1.1.2

Synthesis of nanomaterials

The construction of nanomaterials presents a major challenge as they are difficult to
assemble using traditional methods. New synthetic routes have been investigated in order to
overcome this challenge and the surge in nanomaterial research over the last two decades
means that several innovative methods are now available to researchers. Generally speaking,
nanomaterials are manufactured using strategies that can be classified as either bottom-up or
top-down. The top-down approach uses macroscopic initial structures that are reduced to the
nanoscale using techniques such as lithography, a method that can achieve atomic-scale
precision, and ball milling, a method that is simpler but gives no control over particle
morphology. In the bottom-up approach nanomaterials are built using atomic or molecular
precursors as basic building blocks. The concept of molecular self-assembly is widely used in
this approach, where molecules or nano-sized building blocks are designed so that a specific
conformation is favoured due to weak, non-covalent bonds.

Chemical methods for synthesizing metal nanoparticles are based on the reduction of metal
ions or decomposition of precursors to form atoms, which then aggregate to form particles.
Metal oxide nanoparticles are often synthesized using methods such as coprecipitation, solgel, and hydrothermal/solvothermal synthesis. The sol-gel process involves conversion of a
precursor, usually inorganic metal salts or metal organic compounds, into a colloidal solution
2

(sol) that acts as the precursor for an integrated network (gel) of discrete particles or network
polymers. After the solution condenses into a gel the solvent is removed. The size of the
nanoparticles formed can be tuned by controlling the solution composition, pH and
temperature.19 Several metal oxide nanoparticles, such as TiO2, SnO2, Fe2O3/Fe3O4 and
CeO2, have been successfully prepared using the sol-gel method.20–26

Hydrothermal synthesis involves reactions of precursors in aqueous solutions at high
temperatures and high pressures (>100 ˚C, >1 atm).27 Steel autoclaves with a Teflon® liner
designed to withstand these temperatures and pressures, as shown in Figure 1-1, are usually
used as the reaction vessel. When solvents other than water are used, the process is called
solvothermal synthesis. The nature of the nanomaterials formed depends on a variety of
factors including the temperature, pressure, solvent used and reaction time. Hydrothermal
methods generally produce materials with narrow particle size distribution, controlled
particle morphology and product purity, and have been used to synthesize metal oxide
nanomaterials with a variety of shapes and sizes.27–31 However, while efforts are being made
to develop rational design approaches to hydrothermal synthesis, most discoveries have been
made using time-consuming trial and error methods.32
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Figure 1-1: Schematic of a Teflon® lined stainless steel autoclave.

1.2 Mesoporous materials
1.2.1

Overview

One important area of nanomaterials research involves materials with pores on the nanometer
scale. Mesoporous - from the Greek prefix meso meaning “in between”- materials contain
pores between 2 and 50 nm in diameter. A summary of pore size definitions according to
IUPAC is presented in Figure 1-2.33 However, “pore size” can only be used as a precise
definition when the shape of the pores is well defined and known, otherwise averages or
estimations are used and may not realistically represent the pores present in a material. The
term “nanoporous” is also used, meaning pores on the nanometer scale, but it is not clearly
defined.
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Figure 1-2: Definition of micro-, meso- and macroporous materials with representative examples.

The first report of an ordered mesoporous material was in a patent in 1969,34 however
incomplete characterization meant that the true properties of this silica material were not
documented until 28 years later.35 The first silica material recognized to have ordered
mesopores was MCM-41 (Mobil Composition of Matter No. 41), a mesoporous silica
discovered by Mobil Oil Corporation (Scheme 1-1).36

1.2.2

Mesoporous silica

MCM-41 has a hexagonal arrangement of uniform mesopores with diameters larger than 1.5
nm. MCM-41 is part of a larger family of silicate/aluminosilicate mesoporous materials
termed S41S.37,38 The S41S family can be prepared from a variety of silica sources via
hydrothermal synthesis with the help of a structure-directing quaternary ammonium
surfactant. These surfactants (CnH2n+1(CH3)3N+) form micelles with a liquid crystalline phase
that are used to template the pores in these materials. The silica precursor undergoes
hydrolysis and condensation reactions to form a solid silica network around the liquid crystal
template (referred to as soft templating). The pore size of these materials can be controlled by
5

using surfactants with different alkyl chain lengths, while altering the ratio of surfactant to
silica gives rise to materials with different geometries.

Scheme 1-1: Synthesis of MCM-41. Reproduced in part from reference 39 with permission of The Royal
Society of Chemistry.

The discovery of the S41S family of mesoporous materials paved the way for the creation of
numerous surfactant-templated mesoporous materials, such as SBA-15,40,41 SBA-16,41,42
KIT-643 and FDU-12,44,45 with various pore geometries. These mesoporous silica materials
are templated using amphiphilic triblock copolymers. Non-ionic triblock copolymers were
first patented in 1973 and are known under the trademark Pluronics.46 They consist of
hydrophobic polypropylene oxide (PPO) segments and hydrophilic polyethylene oxide
(PEO) segments. The family of Pluronics contains a number of different polymers with
various PPO/PEO ratios and hence varying molecular weights. The nomenclature used for
Pluronics® describes the appearance, molecular weight and PPO/PEO ratio of each polymer.
The name consists of a letter defining the appearance of the polymer: F for flake, P for paste
and L for liquid. The first one or two numbers multiplied by 300 approximates the molecular
weight of the PPO block and the last number multiplied by 10 approximates the PEO weight
fraction. For example Pluronic® P123 represents a paste with ~3600 g/mol PPO and 30 wt%
6

PEO. In aqueous solutions P123 self-assembles into micelles with a hydrophobic core of
PPO chains surrounded by a hydrophilic shell of PEO chains, as shown in Figure 1-3.

Figure 1-3: a) Chemical formula and properties of P123 and b) structure of a P123 micelle.

In general, mesoporous silicas templated with amphiphilic triblock copolymers have larger
pores and thicker walls when compared to silicas synthesized with ionic surfactants. SBA-15,
first synthesized by Zhao et al. in 1998, has a hexagonal pore arrangement (shown in Figure
1-4) similar to that of MCM-41.40 However, in contrast to MCM-41, the cylindrical pores of
SBA-15 are interconnected with small channels making the whole pore system threedimensional. SBA-15 has large, tunable pore sizes up to 30 nm and thicker silica walls than
MCM-41 resulting in greater stability. A range of reaction mixture compositions and
conditions can be used to synthesize SBA-15 under acidic conditions. By heating the reaction
solution at different temperatures or for different lengths of time and by using various
triblock copolymers along with the addition of a swelling agent the pore size and silica wall
thickness can be tuned.
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Figure 1-4: TEM images of SBA-15 mesoporous silica with different average pore sizes: A) 60 Å, B) 89 Å,
C) 200 Å and D) 260 Å. Reproduced from reference 40. Reprinted with permission from AAAS.

KIT-6 mesoporous silica was first synthesized by Kleitz et al. in 2003. Using a triblock
copolymer (P123)-butanol mixture, cubic Ia3d silica was formed with a pair of
interpenetrating bicontinuous networks of channels.43 The diameter of these pores can be
tuned between 4 and 12 nm by altering the reaction temperature. It is believed that the
butanol causes the hydrophobic section of the micelles to swell leading to decreased
curvature in the micellar aggregates producing a lamellar phase, which later evolves into the
cubic mesophase as the reaction proceeds.
8

1.2.3

Mesoporous inorganic materials

Since the discovery of mesoporous silica, many other mesoporous materials have been
reported including non-siliceous metal oxides,47 non-oxide materials48 and metals.49 Many of
these materials have unique magnetic, catalytic or electronic properties when compared to the
analogous bulk and nanoparticulate material.50,51 The synthesis of non-siliceous mesoporous
metal oxides presents more of a challenge when compared to silica-based mesoporous
materials. This is because hydrolysis and condensation of silica precursors can be easily
controlled leading to large extended networks of silica that are stable during calcination.
However, inorganic species have a strong tendency to crystallize into bulk phases from
aqueous solutions. Furthermore, the hydrolysis and condensation of non-silica precursors is
more difficult to control, meaning there is not sufficient time for a well-ordered
mesostructure to develop. In addition, mesoporous metal oxides with redox activity tend to
collapse due to the occurrence of redox conditions during calcination.52

In spite of these difficulties, the use of ligands and judicious choice of precursors, templates
and solvents has given rise to a variety of methods for soft templating metal oxide
materials.47,53,54 After many attempts failed to remove soft templates from transition metal
oxides with retention of the mesostructure,55,56 Antonelli et al. successfully prepared
mesoporous TiO2 (a non-redox active transition metal oxide) in 1995 via a ligand-assisted
method.57 Titanium acetylacetonate tri-isopropoxide was used as a precursor with
tetradecylphosphate as a template. The acetylacetonate slows down hydrolysis allowing for a
9

more controlled reaction. Variations of the ligand-assisted method have since been used to
prepare numerous other mesostructured metal oxides.58–60

Yang et al. successfully prepared mesoporous metal oxides (including TiO2, ZrO2, Al2O3,
Nb2O5, Ta2O5, WO3, HfO2, SnO2, and mixed oxides SiAlO3.5, SiTiO4, ZrTiO4, Al2TiO5 and
ZrW2O8) using P123 as a soft template in non-aqueous media.61 The use of metal halides as
precursors in non-aqueous solutions slows down the rate of hydrolysis and condensation
allowing more thermally stable products to form. These materials have hexagonally arranged
pores with thick walls containing nanocrystalline domains.

Another approach for the synthesis of mesostructured metal oxides is hard templating.
Crystals of the metal oxides grow inside the pores of a mesoporous silica. Upon removal of
this template, a negative replication of the silica pore network is obtained (Figure 1-5 and
Figure 1-6). The first example of a non-siliceous metal oxide template using mesoporous
silica was the preparation of mesoporous chromium oxide using SBA-15 by Zhu et al. in
2002.
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Figure 1-5: Schematic drawing of expected morphologies of porous metal oxides templated by (a) SBA15, (b) KIT-6, (c) FDU-12 and (d) SBA-16. The two interpenetrating pores in KIT-6 (b) are highlighted
with black and white. Reprinted from reference number 62 with permission from Elsevier.

Hard templated mesoporous metal oxides can be prepared using various impregnation
methods such as the surface modification,63 dual-solvent,64 evaporation65,66 and solid-liquid
methods.67 The simplest is perhaps the evaporation method.65,66 In this procedure,
mesoporous silica is mixed with the metal oxide precursor in a solvent, which is then allowed
to evaporate. As the solvent evaporates, the precursor is drawn into the pores through
capillary action and the precursor is then calcined to give the oxide. The solid-liquid method
is another simple method, but is only viable for metal oxides with precursors that have
melting points lower than their decomposition temperatures. Examples of precursors include
the nitrates of Co, Ni, Ce and Cr.67 The precursor and silica template are ground together and
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heated slowly. Then, as the precursor melts, it is drawn into the pores via capillary action
before it decomposes to give the metal oxide.

Figure 1-6: A schematic of hard templating synthesis using KIT-6 and SBA-15. Reproduced from
reference 68 with permission of The Royal Society of Chemistry.

Developing new methods for synthesizing nanomaterials produces novel materials with
unique properties.2,18 The ability to control the morphology and pore structure of catalytic
material can result in a higher surface area, resulting in higher catalytic activity.69 Therefore,
there is extensive interest in developing new methods for the synthesis of nanostructured
materials for catalysis.
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1.2.4

Nanomaterials in catalysis

The increased surface area of nanomaterials when compared to their bulk analogues
contributes to better performance in numerous applications including gas storage and
catalysis. At the macro scale, the properties of a material will be determined by chemical
structure and composition, with surface atoms contributing to a negligible amount of the total
number of atoms. However, when the size of an object is reduced to the nanometer scale the
proportion of surface atoms increases. About 20% of the atoms in a spherical particle with a
diameter of 5 nm are surface atoms, and this number rises to 50% in a particle with a
diameter of 2 nm.70 A high surface to volume ratio is beneficial for catalysis as the number of
active surface sites is maximized. The high surface energy of nanoparticles can also lead to
higher catalytic activity than seen in bulk materials. However, this also makes nanoparticles
prone to aggregation, often necessitating the use of an inert support material.71

Nanomaterials have also been investigated as photocatalysts in applications such as antifogging mirrors and anti-microbial coatings.72 Titania (TiO2) is the most widely investigated
photocatalytic nanomaterial due to its low cost and toxicity combined with its ability to
generate excited ions by promoting electrons across their band gaps.73 The resulting electrons
and holes use surrounding water molecules to form hydroxyl radicals and protons, which are
powerful oxidants in degrading organics. While UV light is required to achieve this effect in
pure titania, doping may be used to narrow the band gap and thus allow absorption of visible
light.74 The small particle size of nanostructured titania is beneficial due to the increased
surface area and greater charge carrier separation. However, some studies have found that
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mesoporous titania has a lower quantum yield for photocatalytic reactions than a standard
titania catalyst due to its poor crystallinity, with defect sites acting as electron-hole traps.75

Mesoporous metal oxide catalysts is an active area of research. Many mesoporous materials
have been reported to be active catalysts for a large variety of reactions including SnO2/WO3
for oleic acid esterification,76 Fe2O3 for cyclohexane oxidation,77 and Mn3O4 for the total
oxidation of VOCs (volatile organic compounds).78 The large amount of interest in using
mesoporous materials as catalysts is primarily due to their high surface areas combined with
pore sizes that are large enough to allow reactant molecules to diffuse into the pores.69 Ceria
nanomaterials have been used in automotive emission-control catalysts for many years and
will be discussed in more detail in section 1.4 of this introduction. A Mg-substituted Co3O4
mesoporous catalyst was templated using KIT-6 mesoporous silica by Rosen et al. to produce
a catalyst with surface areas up to 250 m2/g and high activity for oxygen evolution from
water.79 Mesoporous Co3O4 templated with SBA-15 or KIT-6 has also been used as a highly
active catalyst for the oxidation of compounds such as methanol and toluene due to its high
surface area and high oxygen adspecies concentration.80
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1.3 Low-temperature methane oxidation
1.3.1

Natural gas

The personal and societal benefits of contemporary transportation are innumerable, with the
economic development of entire regions depending on easy access to people and goods. It
has been estimated that there are currently 1.2 billion vehicles on the world’s roads, with this
number projected to rise to 2 billion by 2035.81 This rapidly growing number of vehicles is
having a hugely detrimental effect on the environment, with around 24% of Canada’s
greenhouse gas (GHG) emissions being generated by the transportation sector.82 By signing
onto the Copenhagen Accord in 2009, Canada committed to reducing its GHG emissions
from all sectors to 17% below 2005 levels by 2020.83,84 In order to reduce the amount of
GHG emissions from the transportation sector, alternative non-hydrocarbon fuels with costs
and performances comparable to gasoline and diesel need to be developed. Vehicles are
continually being modified to be safer and faster and the increase in environmental damage
associated with this progress is often overlooked by both developers and consumers in favour
of more high performance vehicles that are easily maintained and reliable, leading to a large,
unmet need for clean burning, cheap and efficient vehicle fuel.

Natural gas is seen as a viable alternative to gasoline and diesel as a vehicle fuel. Natural gas
is composed of 70-90% methane and, depending on the source, ethane, propane, butane
and/or CO2. O2, N2 and H2S may also be present in small amounts.85 It has been estimated
that shale formations worldwide hold over 220 x 1012 m3 of recoverable natural gas, enough
to power the world for 65 years at current consumption rates.86 In addition to shale gas,
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synthetic natural gas is an attractive option for replacing declining natural gas reserves.87
Natural gas is the cleanest burning hydrocarbon-based fuel available (Figure 1-7) and for this
reason it is seen as the best temporary solution for the replacement of gasoline and diesel in
vehicles until renewable sources are feasible options. Currently, there are over 17 million
natural gas vehicles (NGVs) in operation worldwide,88 and this number is expected to
increase as public awareness of the environmental concerns associated with gasoline and
diesel increases.

Figure 1-7: Kilograms of air pollutants (CO, NOx, SO2, particulates and CO2) produced per billion
kilojoules of energy extracted from natural gas, coal and oil.89

While there are many advantages to using natural gas as a vehicle fuel, its full potential
cannot yet be realized due to unburned methane expelled in the exhaust; 500-1000 ppm of
methane can be released into the atmosphere in NGV exhaust emissions. Methane is the
second largest contributor to global warming after carbon dioxide, in part due to how
efficient it is at trapping radiation. The global warming potential (GWP) compares the
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amount of heat trapped by a certain mass of a GHG compared to the amount of heat trapped
by the same mass of carbon dioxide. The GWP of methane is estimated to be 23, meaning it
is 23 times more potent a GHG than carbon dioxide. Therefore, it is of utmost importance to
minimize the amount of unburned methane emitted from NGVs by oxidizing it to carbon
dioxide before it is enters the atmosphere. The overall reaction for the total oxidation of
methane is
CH4 + 2O2 → CO2 + 2H2O
However, other reactions may also be involved including steam reforming accompanied by
the water gas shift reaction:
CH4 + 3/2O2 → CO + 2H2O
CH4 + H2O → CO + 3H2
2H2 + O2 → 2H2O
CO + H2O → CO2 + H2

1.3.2

Catalysts for low-temperature methane oxidation

Methane is more difficult to oxidize than other hydrocarbons due to its high C-H bond
strength of ~435 kJ mol-1, thus current noble metal-based catalytic converters typically found
in gasoline and diesel engines cannot efficiently oxidize unburned methane. The main
obstacle to developing a post-engine catalyst for the complete oxidation of methane in NGVs
is the low temperature at which the engines operate. Methane exhibits a light-off temperature
(the temperature at which the conversion rate is 50%, T50%) in the range of 400-450 ˚C, while
NGV exhaust gas has relatively low temperatures (450-550 ˚C). Moreover, the low
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concentrations of methane present in NGV engine exhaust (500-1000 ppm), large amounts of
water vapour (10-15%) and CO2 (15%), and the presence of SOx and NOx can present
problems.90,91 Although NGVs usually operate at low temperatures, any catalytic material
must be thermally stable due to the possibility of temperature increases occurring during fast
acceleration or engine misfiring.

Due to their high activity for the complete oxidation of hydrocarbons, the first materials
investigated for low-temperature methane oxidation (L-T MOX) were noble metal catalysts.
Several reports have shown that supported Pt and Pd have high activities.90,92 Most early
reports focused on alumina as a support for both Pt and Pd, with studies showing that many
variables influence the catalytic activity of the material, including precursor, Pt or Pd
loading, surface area and morphology.90,92,93 Pd has shown to be more active than Pt under
lean-burn combustion conditions,90 and so this discussion will focus on the use of Pd. The
full nature of the active sites on Pd-based catalysts is unknown and further study is needed in
order to better understand the reaction. However, many reports have been published that
attempt to understand methane oxidation over Pd, with sometimes conflicting results. In most
cases the oxidation of methane over Pd is first-order with respect to methane and zero-order
with respect to O2.93 In the presence of oxygen, Pd oxidizes to form PdO between 300 and
400 ˚C. Studies have shown that at operating temperatures of natural gas engines, formation
of the oxide is essential for high catalytic activity, and PdO is the main active phase. It has
been reported that fully oxidized PdO is more active than Pd coated with a thin surface layer
of PdO or Pd with O chemisorbed to the surface.94 However, methane does not adsorb onto
completely oxidized Pd, with oxygen blocking the actives sites. It has also been reported that
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some metallic Pd is required to allow CH4 to dissociatively adsorb onto the surface. This can
be demonstrated by an initial period during which the rate of reduction of PdO by CH4 is
first-order with respect to the amount of Pd formed as small particles of metallic Pd form on
the surface. After this initial phase, rapid reduction occurs and the reaction becomes zeroorder with respect to the amount of Pd.95 At higher temperature, methane also dissociates
over metallic Pd; however, due to the temperatures in NVG engines, this is less relevant to
this thesis. A dual site mechanism for the oxidation of methane over Pd has been proposed,
where methane dissociatively adsorbs onto Pd metal but the adsorbed methyl or methylene
species react with oxygen at a PdO site.96

Another mechanism, proposed by Garbowski et al., involves a PdO/Pd redox reaction during
which superficial palladium oxide is formed through the adsorption of O2 onto Pd0 followed
by adsorption of methane which is then oxidized, returning the Pd2+ to the reduced Pd0
state.97 In contrast to this mechanism, Schmal et al. conducted XPS studies on Pd/alumina
catalysts, which show no metallic Pd after pre-treatment of the sample in a chamber with
CH4 and O2 at 400 ˚C.98 The authors suggest that the oxidation of methane does not involve
the reduction of PdO to metallic Pd, but rather the formation of Pd oxides of different
oxidation states. Their results are in agreement with the following mechanism proposed by Li
et al.:99
O2+PdO→PdOx
PdOx+CH4→HCOO- +PdOy+H2O
HCOO- +O2→m-CO32- + H2O
m-CO32- + PdOy→ CO2 + PdO
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The contradictory nature of findings relating to methane oxidation over Pd catalysts
demonstrates the complex nature of the reaction and the necessity of further investigation.

In order to further the understanding of L-T MOX under operating conditions, Nilsson et al.
employed oxygen rich-poor cycling conditions for methane oxidation over Pd supported on
alumina.100 It was observed that the methane conversion changed according to oxidation and
reduction of the Pd. When oxygen is introduced into the system there is a brief decrease in
activity, which is suggested to be due to chemisorbed oxygen on the Pd surface. There is
again a decrease in activity when oxygen is removed from the system.100 This observation
illustrates the need for an oxygen buffer within the catalyst.

1.4 Cerium oxide
1.4.1

Overview

Cerium oxide (ceria) is a widely used heterogeneous catalyst and is a key component in
three-way catalysts. It has been identified as a promising candidate for use as a catalyst with
high activity in L-T MOX. Cerium has a 4f25d06s2 electronic configuration and can exist in
both the 3+ and 4+ oxidation states allowing ceria to exist as CeO2, Ce2O3, and intermediate
oxides. Pure CeO2 has a fluorite-type structure, with a face-centered cubic (fcc) unit cell
where each Ce3+ cation is coordinated to eight O2- anions at the corner of each cube. Each O2anion is tetrahedrally coordinated to four Ce3+ cations, as illustrated in Figure 1-8. The space
group of CeO2 is Fm3m with lattice constant a = 0.541 nm at room temperature. Many of the
properties that make ceria of interest as a heterogeneous catalyst arise from its unique redox
20

properties. Ceria can switch between Ce3+ and Ce4+, allowing it to undergo substantial
changes in oxygen stoichiometry, while retaining its fluorite crystal structure, therefore
allowing it to act as an oxygen (oxide) reservoir.

Figure 1-8: a) The fluorite structure of CeO2 with the unit cell shown, b) the (100) plane of CeO2 and c)
the (110) plane of CeO2. Cerium atoms are yellow and oxygen atoms are red.

The predominant types of intrinsic defects observed in non-stoichiometric ceria are anion
Frenkel pairs and anion vacancies. In the Frenkel type defect an O2- anion is displaced from
its position in the ceria lattice to an interstitial site. Under ambient conditions these defects
are present in low concentrations and do not affect the overall charge or stoichiometry of the
lattice. This defect type can be illustrated using the Kröger and Vink defect notation, where
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O0 represents oxygen ion in its lattice site, O’’i an oxygen ion in an interstitial position and Vö
an oxygen ion vacancy, a dot indicates each positive charge and a prime each negative charge
as:
O0 ↔ O’’i + Vö
Anion vacancies mainly occur at high temperatures and low oxygen pressures. O2- is
removed from the lattice as a neutral species, 0.5O2, creating a vacant site and leaving behind
two electrons. The accessible Ce3+/Ce4+ redox cycle allows charge balance to be maintained
through the reduction of two Ce4+ to Ce3+ for every one O2- removed from the lattice, as
shown in the following equation, where ☐ represents a vacancy:
4Ce4+ + O2- → 4Ce4+ + 2e-/☐ + 0.5O2 → 2Ce4+ + 2Ce3+ ☐ + 0.5O2
This can also be illustrated using Kröger and Vink defect notation, where O0 and Cece
represent oxygen and cerium in their lattice sites and Vö an oxygen vacancy:
O0 + 2CeCe ↔ Vö + 2Ce’Ce + 0.5O2(g)
While CeO2 retains its crystal structure during substantial changes in oxygen stoichiometry,
it undergoes lattice expansion upon reduction due the larger size of Ce3+ ions compared to
Ce4+ ions (lattice spacing of 1.14 Å and 0.97 Å, respectively).

Due to the importance of this redox behavior to ceria applications, particularly as a catalyst,
it has been extensively studied. A four step kinetic model for the reduction of ceria has been
proposed by El Fallah et al. and is illustrated in Scheme 1-2.101
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Scheme 1-2: Kinetic model for the reduction of ceria. 1) Dissociation of chemisorbed hydrogen to form
hydroxyl groups at the surface, 2) formation of anionic vacancies and reduction of neighboring Ce4+ ions,
3) desorption of water by recombination of hydrogen and hydroxyl groups and 4) diffusion of surface
anionic vacancies into the bulk material.

Ceria’s redox properties as well as the high mobility of oxygen ions in the ceria lattice allow
it to release and absorb oxygen and hence act as a buffer during alternating redox conditions,
a property measured by the oxygen storage capacity (OSC). This is particularly useful in
automobile engines, which operate under cycling oxygen rich and oxygen deficient
conditions. During the oxygen deficient portion of the cycle, ceria can release oxygen for the
oxidation of CO and hydrocarbons then replace this oxygen during the oxygen rich portion of
the cycle. Recently, a large amount of research has focused on increasing the OSC of ceria
and ceria-based materials in the hope of creating improved materials for catalysts in
automobile engines.
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1.4.2

Doped ceria

One way to increase the OSC of ceria is to introduce dopant cations. Dopant cations can be
isovalent (dopant cation has the same oxidation state as the cation it is replacing) or
aliovalent (dopant cation has a different oxidation state to the cation it is replacing). The
addition of isovalent cations to the ceria lattice, such as Zr4+, Hf4+, Ti4+, can decrease the
Ce4+/Ce3+ reduction energy and preserve oxygen defects.102,103 It has also been suggested that
doping with Zr4+ ions, which are smaller than Ce4+ ions, can increase the number of oxygen
vacancies by reducing the lattice strain introduced with formation of the larger Ce3+ ions.102
Ceria-based materials doped with aliovalent cations are also widely reported as a significant
number of oxygen vacancies can be introduced. The most commonly used aliovalent dopant
cations are in the +3 oxidation state, for example Mn3+, La3+, and Fe3+. It has been shown that
doping with M3+ ions in ceria occurs via the vacancy compensation mechanism,104 illustrated
in Figure 1-9 and represented using Kröger and Vink defect notation (where MCe represents a
dopant cation in a cerium lattice site) as:
xMO1.5 + (1-x)CeO2 ↔ xM’Ce + 0.5xVö + (1-x)CeCe + (2-0.5x)O0
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Figure 1-9: Ceria centered at the cubic oxygen sublattice containing two 3+ dopant cations (M) and an
oxygen vacancy.

The precise nature of ceria doping and its effect on OSC is not fully understood and varying
results have been reported in the literature. For example, Balducci et al. reported that the
lower Ce4+/Ce3+ reduction energy could be related to a larger ionic radius of the dopant
cation when using divalent and trivalent dopants (Ca2+, Mn2+, Ni2+, Zn2+, Gd3+, La3+, Mn3+,
Sc3+, and Y3+),105 while Reddy et al. reported that the reduction energy did not depend on the
ionic radius when doping with 4+ ions (Si4+, Ti4+ and Zr4+).106 In actuality, the nature of
oxygen vacancies probably depends on a variety of factors, as shown by Chen et al. who
determined that the oxygen vacancy formation energy is composed of two main components:
the interaction energy of the metal and oxygen and the relaxation energy.107 The interaction
energy is the energy needed to remove the oxygen bonded to the dopant cation and the
relaxation energy is energy gained from structural relaxation.
25

1.4.3

Nanostructured ceria

Efforts to increase the catalytic activity of ceria have also focused on increasing the surface
area of both undoped and doped ceria-based materials to create more adsorption and reaction
sites through the synthesis of nanostructured ceria. It is worth noting that care needs to be
taken when comparing the surface area of non-siliceous mesoporous materials with silicabased materials. While mesoporous silica generally has surface areas close to 1000 m2/g,
ceria has rarely been reported with a surface area over 200 m2/g. This is because the density
of the oxide wall is considered in the calculation for surface area reported in m2/g. Quartz has
a density of 2.6 g/cm3 while ceria has a density of 7.7 g/cm3.104,108 Assuming that mesoporous
materials have identical densities to the crystalline bulk material, 340 m2/g of ceria
corresponds to about 1000 m2/g of silica if density is taken into consideration.

Many different synthetic routes to ceria nanoparticles have been used, leading to a large
variety of morphologies. Precipitation or co-precipitation methods allow fine particles to be
precipitated out of solution. Precursors are generally inorganic salts such as Ce(NO3)3,
(NH4)2Ce(NO3)6 or CeCl3 that are precipitated using alkali solutions, usually NaOH or
NH4OH as follows:
Ce3+(aq) + 3OH-(aq) → Ce(OH)3(s)"
The resulting gels are calcined to give CeO2.109 Doped CeO2 can be synthesized by adding
the corresponding salt of the dopant cation to the solution before coprecipitation.110,111
Although high surface areas can be achieved due to the small particle size obtained, typical
precipitation processes produce particles without a well-defined size or morphology.
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Hydrothermal methods are probably the most commonly used routes to obtaining ceria-based
nanomaterials and have been successfully used to synthesize a number of morphologies
including cubes,28,112 flowers,113,114 hollow spheres,115 rods28,116 and polyhedra.28 The size
and morphology of the particles produced depends on the precursors and reaction
temperature, as demonstrated by Mai et al., who heated cerium nitrate (Ce(NO3)3) with
different concentrations of NaOH in a Teflon® lined autoclave to temperatures between 100
and 180 ˚C.28 Nanopolyhedra, nanorods or nanocubes were obtained depending on the
concentration of NaOH and reaction temperature used. For example, 6 M NaOH heated to
100 ˚C produced rods while 6 M NaOH heated to 180 ˚C produced cubes and 0.01 M NaOH
heated to 100 or 180 ˚C formed polyhedra. These different morphologies are shown in Figure
1-10. Differences in dissolution/recrystallization rates under various concentrations of NaOH
and temperatures are believed to play a key part in the size and shape selectivity of this
reaction.

Figure 1-10: TEM images of CeO2 nanopolyhedra, CeO2 nanorods and CeO2 nanocubes. Adapted with
permission from reference 28. Copyright 2005 American Chemical Society.

Sol-gel methods have been used to obtain ceria nanostructures with various architectures.117–
122

Recently, mesoporous ceria was successfully synthesized via a sol-gel method with
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cerium nitrate, cerium acetate (Ce(CH3CO2)3) or cerium acetylacetonate (Ce(C5H7O2)3) as the
starting material.123 Dimethyloctylamine, monoethanolamine, or tetraethylammonium
hydroxide surfactants were added to the reaction mixture, with the identity of the precursor
and surfactant affecting the final porosity. BET surface areas up to 129 m2/g were achieved
using cerium acetate and tetraethylammonium hydroxide. It is suggested that the surfactant
adsorbs onto the surface of ceria particles, preventing coagulation and forming a high surface
area material.

Other surfactant-assisted methods have also been successfully used to synthesize mesoporous
ceria. For example, Lyons et al. used cerium acetate to form a cerium acetate coordination
polymer chain around a hexadecylamine surfactant.124 Hydrogen bonding between the
precursor and surfactant assisted in the formation of an ordered hexagonal mesoporous
phase. The calcined ceria product had an unusually high surface area of 245 m2/g. The
cerium acetate coordination polymer has also been used by Ni et al. in combination with
P123 to form ceria particles with highly aligned pores (Figure 1-11).125

Figure 1-11: TEM image of pore channels in CeO2 formed from cerium acetate polymeric chains aligned
with P123. Reprinted from reference 125 with permission from Elsevier.
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Mesoporous ceria has been synthesized through hard templating with KIT-6 and SBA-15
mesoporous silica. Rossinyol et al. used the evaporation method to produce mesoporous
ceria.126 Cerium nitrate was added to the pores of KIT-6 and SBA-15 by stirring the
precursor and template in ethanol with phosphotungstic acid then drying at room
temperature. The template was then removed using HF to produce ceria with the inverse
structure of its template, as illustrated in Figure 1-12. A similar method was used by Shen et
al. to make KIT-6 templated mesoporous ceria and CuO-loaded mesoporous ceria.127

Figure 1-12: (a) TEM images of ceria templated with SBA-15 (b) HR-TEM micrograph of the crystalline
framework (c). Ceria templated with SBA-15 along the (100) direction (d) and (111) direction. Reprinted
from reference number 126 with permission from Elsevier.
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1.4.4

Ceria in catalysis

Ceria-based materials are widely used in three-way catalysts (TWCs) for the treatment of
emissions from gasoline engines due to their OSC. The name “three-way catalyst” is derived
from the catalyst’s ability to remove CO, NOx and hydrocarbons simultaneously. Most
TWCs consist of a ceramic monolithic honeycomb support loaded with noble metals, ceriumbased oxides and alumina. The ceria-based materials are used as oxygen buffers to increase
the operating window of the catalyst during the cycling oxygen rich and oxygen deficient
conditions. Ceria-based materials have also been investigated for use as L-T MOX catalysts
for use in NGV engines. Ceria species can act as active centres for methane oxidation and
ceria maintains its nonstoichiometric structure even after L-T MOX has taken place.92
Kinetics studies over Ce0.75Zr0.25O2 have suggested that the oxidation of methane occurs via
the Langmuir-Hinshelwood mechanism in which the surface reaction of dissociated oxygen
with methane chemisorbed to the catalyst surface is the rate-determining step.128 It has been
shown that ceria doped with ions such as Ca2+, Mn3+, Nd3+, La3+ and Pr3+ generally has
higher activity for L-T MOX than pure ceria due to an increase number of oxygen vacancies
and increased oxygen mobility.111,114,129,130 The preparation method is known to cause the LT MOX activity of ceria-based catalysts to vary to a large degree,111 however there have not
been enough studies to be able to consistently and rationally design synthetic routes to
materials with high activity. To date no ceria-based materials have had activity for L-T MOX
that is high enough to make them viable options for use in commercial NGVs and so ceria is
often combined with precious metals to produce effective catalysts.
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1.4.5

Ceria as a support

As mentioned in section 1.3.2, there is a need for an oxygen buffer within noble metal-based
catalysts for L-T MOX. Many researchers have looked at the possibility of using ceria as an
active support for noble metals to serve this purpose. Tompos et al. used combinatorial
methods to identify good target compositions for L-T MOX and found that the highest
activities were achieved for Pt/Pd mixtures deposited on CeO2.131 L-T MOX is expected to
be carried out more effectively due to synergistic effects between Pd and ceria when
compared with ceria alone. It has been shown that Pd supported on non-stoichiometric ceria
has higher activity than Pd supported on alumina or silica.132 The active sites for L-T MOX
on Pd/ceria-based catalysts are surface Pd atoms, with the oxygen buffering effect of the
ceria support allowing Pd to maintain its active oxidized form through oxygen spillover. Hence
the interaction between the Pd and ceria support is important, with high activity being linked to

cationic PdOδ+ species in close contact with the support133 and Pd-O-Ce linkages.134 This
interaction can be affected by both the morphology and oxidation state of the Pd nanoparticles,
which vary with different methods of synthesis and pretreatment.100

Recently, Pd@CeO2 core-shell nanostructures on hydrophobic alumina were reported.135 The
synthesis of the core-shell nanoparticles is based on self-assembly between functionalized Pd
nanoparticles with diameters of roughly 2 nm protected by 11-mercaptoundecanoic acid and
cerium alkoxide.136 The high activity of the catalyst was attributed to strong interaction
between palladium and ceria due to their core-shell nature. The porous ceria shell allows
access to the Pd and helps to maintain an oxidized Pd core, increasing the L-T MOX activity
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of the catalyst. The hydrophobic alumina adsorbed the Pd@CeO2 nanostructures to a much
higher degree than pristine alumina. This catalyst demonstrated complete conversion of CH4
to H2O and CO2 at temperatures below 400 ˚C and is one of the best cerium-based L-T MOX
catalysts published to date.

1.5 Analytical techniques

The characterization of inorganic nanomaterials can present unique challenges compared to
their bulk analogues due to their small size and distinctive properties. Many methods are
good at elucidating one or a few aspect of nanomaterials, however in order to fully
characterize the materials a combination of multiple techniques is usually used.

The

following section briefly describes some of the analytical techniques employed in this thesis.

1.5.1

X-ray diffraction

In 1912, Max von Laue predicted that atoms in a crystal lattice have a periodic structure with
equal interplanar distance on the same order of magnitude as the wavelength of X-ray light,
and so crystalline materials could be used to diffract X-rays.137 His prediction was correct
and led to the field of X-ray crystallography. Powder X-ray diffraction (PXRD) is a
particularly useful tool for identifying materials that will not form single crystals large
enough for single crystal X-ray diffraction as each crystalline solid has a unique “fingerprint”
PXRD pattern. Once the identity of the material has been determined the pattern can be used
to determine structural information about the material.
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The X-rays used in PXRD are generated by a cathode ray tube that produces X-rays with a
number of different wavelengths. Radiation with a single wavelength is preferred and so the
beam is passed through a monochromator and then collimated to concentrate the beam. The
beam is directed at the sample where coherent scattering occurs. Constructive interference,
and hence a peak, occurs when the angle of diffraction satisfies Bragg’s law,
!" = 2! !"# !
where n is a positive integer, λ is the wavelength of the incident X-rays, d is the interplanar
spacing of the crystal and θ is the angle of incidence (Figure 1-13). At angles other than the
Bragg angle, θ, diffracted beams are out of phase and destructive interference occurs.138

Figure 1-13: Bragg diffraction. Incident X-ray strikes a set of planes, with an interplanar spacing of d, at
an angle of θ.

Powder samples usually contain tens of thousands of randomly oriented crystallites,
producing a “Debye-Scherrer ring” of diffraction around the beam axis, as illustrated in
Figure 1-14, as opposed to the discrete Laue spots observed in single crystal diffraction. A
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linear diffraction pattern is formed as the detector scans through an arc that intersects each
Debye cone at a single point, giving the produced spectra the appearance of discrete
diffraction peaks. Only a small fraction of the crystallites in the sample are in the correct
orientation to produce diffraction and so the sample is sometimes spun to increase the
number of crystallites contributing to the diffraction pattern collected. Once a diffraction
pattern has been collected it can be compared to reference patterns from a database or from a
calculation for identification. For historical reasons, PXRD patterns are a plot of 2θ on the xaxis versus intensity on the y-axis.

Figure 1-14: Illustration of an X-ray beam diffracting off a powder sample, resulting in Debye-Scherrer
cones.

Crystals are usually thought of as perfect, infinite arrangements of atoms, molecules or ions.
However, when characterizing nanomaterials by PXRD it is important to consider the fact
that the number of planes is no longer infinite.139 Infinitely large, ideal crystals will produce
diffraction maxima only at the Bragg angle. However, nanomaterials do not have enough
planes contributing to the diffraction, so as the particles become smaller, the diffraction
peaks become wider. Consider, for example, a nanoparticle 10 nm in diameter with d spacing
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of 0.25 nm. This particle will only contain about 40 atomic layers, which is not enough to
form complete destructive interference at angles close to θ so the peak is broadened. The
crystallite size can be calculated using the width of the peaks using Scherrer equation,140–142

L=

Kλ
Bcosθ

where λ is the X-ray wavelength in nanometers (nm), B is the peak width of the diffraction
peak profile at half maximum height resulting from small crystallite size (radians), and K is
the Scherrer constant related to crystallite shape. However, while the Scherrer equation can
be useful, the presence of polydisperse particles imparts uncertainty to the results. Also, as
the Scherrer equation measures crystallite size and not particle size, care must be taken when
analysing polycrystalline particles. Other factors that could affect peak width, and so affect
the use of the Scherrer equation, involve the instrument peak profile and non-uniform lattice
distortions such as strain.

1.5.2

Transmission electron microscopy

Transmission electron microscopy (TEM) is a technique used to image specimens in two
dimensions on the nanoscale, with resolutions below 1 nm. This high resolution is a result of
the small de Broglie wavelength of high energy electrons, which enables electron
microscopes to image at significantly higher resolutions than light microscopes. During TEM
imaging, electrons are emitted from a tungsten filament and accelerated through a high
voltage of 20-300 kV, giving them enough energy to be transmitted through an ultra-thin
sample (<200 nm) and a smaller de Broglie wavelength according to the equation:
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where λ = wavelength, h = Plank’s constant, m = mass and v = velocity.

Several electromagnetic lenses are used in the microscope. In a simplified picture, the
condenser lens illuminates the sample by gathering the electrons and focusing them on the
specimen, the objective lens focuses and magnifies the resulting image, which is further
magnified by the projector lens. The condenser aperture reduces spherical aberration and the
objective aperture enhances specimen contrast. A high-resolution image is formed from the
interaction of the electrons transmitted through the specimen onto a phosphor screen that
emits photons when irradiated by the electron beam. Most TEMs are equipped with a digital
camera to capture these images. The image contrast is a result of absorption of electrons in
the material due to the thickness and composition of the material.138,143
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Figure 1- 15: A schematic representation of a transmission electron microscope.

1.5.3

Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique used to image the surface of solid
samples. In SEM, electrons are emitted from a filament, most commonly made of tungsten,
and accelerated through a high voltage, usually between 2 and 30 kV. The optical column of
the microscope is kept under high vacuum to prevent the filament from oxidizing and so that
the beam is not hindered by the presence of other molecules. The electron beam is focused by
one or two condenser lenses and scanned back and forth over the sample. As the electron
beam hits the sample, various interactions occur and produce primary backscattered electrons
(with an energy more than 50 eV), secondary electrons (with an energy less than 50 eV), and
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X-rays. Backscattered electrons are electrons that have collided inelastically with atoms in
the specimen, secondary electrons are emitted due to ionization of the material, and X-rays
are produced when outer shell electrons move into inner shell “holes” left by secondary
electrons. Most SEM analysis uses secondary electrons to create an image of the surface. Due
to the energy of the backscattered electrons being so low, a detector with a positive bias is
used to attract the electrons. More electrons are able to leave the sample at edges leading to
increased brightness while fewer electrons can leave a depression resulting in images with a
well-defined, 3D appearance.

Normally, SEM imaging requires a conductive connection between the sample and the
ground to prevent charging, an effect caused by the build-up of electrons in the sample and
their uncontrolled discharge. Charging can cause unwanted artifacts in secondary electron
images and is particularly problematic for insulating samples and nanomaterials as a large
number of the particles may not be connected to the sample mount. Sputter coating samples
with a thin conductive layer of metal, such as gold, can help to inhibit charging, however
layers of coating may hide nanosized surface features.

1.5.4

Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX or EDS) can be used in conjunction with SEM
or TEM to provide elemental analysis of a sample. When a secondary electron is emitted
from an atom, due to ionization by the electron beam, it leaves a “hole” which is filled by an
electron from a higher energy shell. During this process X-rays with energies equal to the
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energy difference between the higher-energy shell and lower-energy shell are emitted. The
energy of the X-ray is characteristic of the atom from which it is derived. By scanning the
electron beam across the sample, an image of each element in the material can be acquired. A
beryllium window is used to protect the detector from higher energy X-rays and hence
absorption by the window prevents the detection of elements below an atomic number of 4.

1.5.5

Nitrogen adsorption

Nitrogen adsorption can be used to determine the surface area of a solid sample and provide
information about the pore structure and size. The surface area can be calculated using
Brunauer-Emmett-Teller (BET) theory. BET theory expands upon Langmuir theory by
considering multilayered gas molecule adsorption, where one layer does not need to be
complete before a second layer starts. However BET theory makes several assumptions
including:144
•

The surface is homogeneous

•

At equilibrium the rate of adsorption is equal to the rate of desorption

•

Adsorptions only occur on well-defined sites of the sample surface with one molecule
per active site

•

There is no lateral interaction between the molecules

By plotting the amount of adsorbate on the adsorbent as a function of the relative pressure at
a constant temperature, adsorption isotherms are obtained. The shape of these isotherms

39

provides information about the sample surface (including the monolayer capacity) and pore
structure. IUPAC has classified 6 major types of isotherms (see Figure 1-16): 145
Type I: Commonly observed in microporous materials with relatively small external surfaces.
The steep increase at low relative pressures indicates that the available microporous volume
is being occupied.
Type II: Obtained with non-porous or macroporous materials. This isotherm arises from
unrestricted monolayer-multilayer adsorption. Point B indicates the point at which a
monolayer of adsorbate is complete and multilayer adsorption begins.
Type III: This isotherm is very uncommon and corresponds to systems in which the
interactions between the adsorbent and the adsorbate are weak in comparison with the
adsorbate-adsorbate interactions.
Type IV: The hysteresis loop of type IV isotherms is associated with capillary condensation
taking place inside mesopores. The shape of the hysteresis loop gives information relating to
the structure of the mesopores.
Type V: This isotherm is related to the Type III isotherm and is also very uncommon. It is
obtained with a few porous adsorbents.
Type VI: Multilayer adsorption on a uniform, non-porous surface produces the Type VI
isotherm. The steps represent the completion of each monolayer.
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Figure 1-16: Six types of gas adsorption isotherms. Image adapted from reference 146.

Determining the monolayer capacity of a pre-weighed sample using the slope of the
isotherm, and then multiplying this number by the cross sectional area of the adsorbate
molecule (0.162 nm2 for N2), gives the BET surface area of the sample. In addition to BET
surface area, nitrogen desorption data can also be used to calculate the Barrett-JoynerHalenda (BJH) pore size distribution. This method assumes capillary condensation of
nitrogen within the pores and relates the amount of nitrogen removed from the pores of the
sample to the size of the pores as the relative pressure is decreased from high to low.
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Hysteresis loops seen in nitrogen adsorption isotherms are associated with capillary
condensation in mesopores. These hysteresis loops, shown in Figure 1-17, can be classified
into four different types according to IUPAC: 145
H1: Type H1 hysteresis loops are given by materials with a narrow distribution of uniform
pores.
H2: Type H2 hysteresis loops are a consequence of interconnected pores with irregular size
and shape.
H3: Type H3 hysteresis loops are usually given by aggregates of plate-like particles
containing slit-shaped pores.
H4: Type H4 hysteresis loops are also given by slit-shaped pores, however the pore size
distribution is in the micropore range.

Figure 1-17: IUPAC classification of hysteresis loops in nitrogen adsorption isotherms.
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1.5.6

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) (also known as electron spectroscopy for chemical
analysis) is a technique based on the photoelectric effect, which was first explained by
Einstein in 1905.147 Kai Siegbahn received the Nobel Prize for Physics in 1981 for
developing XPS. XPS is a surface-sensitive spectroscopic technique that measures the
elemental composition of the outer 1-10 nm of a sample. When a material is irradiated with a
beam of X-rays, photon-electron interactions with complete energy transfer occur. If the
beam energy exceeds the electron binding energy, a photoelectron with a discrete energy is
emitted from the sample. The kinetic energy that remains on the emitted electrons can be
measured and used to calculate the binding energy using the equation:148
!!"#$"#% = !!!!"!# − !!"#$%"& + !
Where Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray photons,
Ekinetic is the kinetic energy of the electron measured by the instrument and φ is the work
function of the instrument. The number of electrons that escape from the sample can also be
measured as a function of binging energy, giving a plot of the binding energy on the x-axis
versus the number of electrons detected on the y-axis. The binding energy is characteristic of
each element and is also sensitive to the oxidation state. Atoms of a higher positive oxidation
state tend to have higher binding energies due to reduced shielding of the nucleus. Doublets
are observed for p, d, and f peaks due to spin orbital splitting. XPS data is usually collected
by scanning over the full range of accessible energies then taking high-resolution data from
specific areas of interest.
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1.6 Goals and scope of this thesis

The main goal of this thesis is the development of new ceria-based, mesoporous materials for
catalysis of low-temperature methane oxidation (L-T MOX) in natural gas powered vehicles
(NGVs). In order to function as L-T MOX catalysts these materials must efficiently oxidize
methane below 500 ˚C. Natural gas is a more environmentally friendly fuel than gasoline or
diesel and is seen as a stepping-stone to renewable energy sources. There are several reasons
why this research focuses on ceria-based materials. First, ceria is cheaper than the noble
metals traditionally used in catalytic converters, so using ceria to reduce or eliminate these
expensive metals is desirable. Secondly, ceria acts as an oxygen buffer by storing and
releasing oxygen during the cycling oxygen rich and oxygen deficient atmospheres in a
vehicle engine. This allows ceria to be an active support for precious metals during L-T
MOX. Lastly, ceria is currently used in three-way catalysts and can be synthesized at
industrial quantities. Its advantageous properties for catalysis have given rise to a large body
of literature relating to the synthesis, characterization and properties of both bulk and
nanostructured ceria. However, to date no ceria-based materials have been successfully
employed in NGV engines as L-T MOX catalysts and so further research is required to meet
this important goal.

In this thesis new synthetic routes to ceria-based materials are investigated, giving rise to
numerous novel materials. In Chapter 2 I investigate the ways in which the synthesis and
doping of ceria-based materials can affect their catalytic activity for L-T MOX. In Chapter 3
I describe efforts to prepare ceria-based nanostructured materials with various morphologies
44

including the first mesoporous, hollow spheres of doped ceria synthesized via a nonhydrothermal method. Chapter 4 highlights the synthesis and characterization of mesoporous
ceria/cobalt oxide mixed metal materials and their high activity for L-T MOX catalysis. In
chapter 5 I describe the development of a new method, termed surface-assisted reduction
(SAR), for preparing Pd/ceria catalysts. The scope of SAR is investigated, resulting in new
Au/ceria and Ag/ceria materials. Finally, in Chapter 6 I draw conclusions based on my
research and outline future directions for this work.
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Chapter 2: Synthesis Methods and Doping of CeO2

2.1 Introduction

Several synthetic methods have been used for the preparation of ceria particles with nanoscale features. These include hydrothermal,112,114 sonochemical,149 combustion,150 soft
templating,125 hard templating126 and homogeneous precipitation151 methods. The large range
of synthetic routes available give rise to a wide range of ceria-based materials with different
morphologies, such as mesoporous materials,125,127 nanofibers,152 nanoflowers,114 hollow
nanospheres,153 nanorods28,116 and nanocubes.28,154 It is important to continue to study the
synthesis and properties of ceria-materials in order to develop new, efficient catalysts for
low-temperature methane oxidation (L-T MOX). While the mechanism for L-T MOX is not
fully understood, the preparation method,111 surface area,155 morphology,28,127 oxygen
vacancy defects,156 dopants157,158 and other properties of ceria-based catalysts are known to
affect the activity.

Particular attention has been paid to the synthesis of ceria-based catalysts with high surface
areas, which increases the catalytic activity by creating more accessible surface sites for the
reaction to take place. Mesoporous ceria is of interest as the pores are small enough to give
high surface areas but large enough to allow access to molecules with a range of different
sizes. Soft templating methods are attractive as they eliminate the need to design, synthesize
and remove a hard template, however the high condensation rate of metal-containing
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precursors as well as the structural transformation and hence collapse of metal oxide
mesostructures during calcination makes it a challenging route.

Efforts to increase the oxygen storage capacity of ceria by the introduction of cation dopants
have been successful. When an aliovalent cation (with a valence lower than 4+) is added to
the ceria lattice, intrinsic defects occur through anion vacancies throughout the lattice in
order to balance the charges. Ceria-based materials have been prepared with a variety of
dopant aliovalent cations, including Mn3+, La3+, Pr3+, Gd3+ and Fe3+.111,114,130,159,160 Most of
these materials showed enhancement of both oxygen vacancy concentration and oxygen
storage capacity as well as of redox activities when compared to undoped ceria. Doping can
also affect the crystallite size of ceria-based materials, with Mn doping decreasing the
crystallite size of doped ceria samples with increasing dopant concentrations.161

It is also possible to increase the rate of diffusion of O2- through bulk ceria by doping with
isovalent elements. This creates extrinsic structural defects by variation of the cell parameter,
which increases both total and kinetic oxygen storage.162,163 Optimizing synthesis routes as
well as the type and amount of doping are key factors for developing new ceria-based
materials with properties beneficial for catalysts. This chapter describes the development of
new materials based on literature procedures, which are then tested for L-T MOX.
Specifically, multiple high surface area ceria-based materials doped with different types and
amounts of dopant cations were synthesized. The properties of these catalysts were
investigated and this information was used to determine if any correlation between the
properties of the catalyst and its activity for L-T MOX could be found.
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2.2 Experimental
2.2.1

General

All solvents and reagents were purchased from commercial sources and used without further
purification. Thermogravimetric analysis was performed on a PerkinElmer Pyris 6
thermogravimetric analyzer. All samples were run under air. Gas adsorption studies were
performed using a Micromeritics Accelerated Surface Area & Porosity (ASAP) 2000 system.
All samples were degassed for 2 hours under vacuum at 120 °C immediately prior to
analysis. BJH pore size distributions were calculated from the adsorption branch of the
isotherm. Powder X-ray diffraction patterns were collected using a D8 advance X-ray
diffractometer.

2.2.2

Microscopy

TEM images were collected on a Hitachi H7600 electron microscope. Samples were
prepared by suspending the powders in ethanol and then dropcasting them onto a carboncoated copper TEM grid and air-drying. SEM images were obtained with a Hitachi S-4700
field emission scanning electron microscope. Samples were prepared using double-sided
carbon tape or dropcasting the dispersion directly onto aluminum stubs. The samples were
then sputter-coated with 5 nm of gold. EDX analyses were acquired using a Hitachi S-2600N
variable pressure scanning electron microscope. Samples were analyzed without sputter
coating.
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2.2.3

Preparation of plate-like CeO2 materials

After dissolving 1.00 g of Pluronic P123 in 20 mL ethanol, Ce(OAc)3"1.5H2O (3.443 g,
10.00 mmol) was added. After 2 h of stirring the reaction mixture was placed in an oven at
60 ˚C and maintained at this temperature for 3 d. The resulting gel was calcined at 400 ˚C for
5 h to give a pale yellow solid. Yield: 1.668 g. This sample is referred to as Comp1.

2.2.4

Preparation of doped plate-like CeO2 materials

After dissolving 1.00 g of Pluronic P123 in 20 mL ethanol, a total of 10.00 mmol of
Ce(OAc)3"1.5H2O and Mn(OAc)2"4H2O (or Cu(OAc)2"H2O or La(OAc)3"1.5H2O) were
added in proportion with Mn2+ (or Cu2+ or La3+) in a molar fraction ranging from 0.1 to 0.8.
After 2 h of stirring, the reaction mixture was placed in an oven at 60 ˚C and maintained at
this temperature for 3 d. The resulting gel was calcined at 400 ˚C for 5 h to give a solid.
These samples are referred to as Comp1-X%M where M is the dopant metal.

2.2.5

Preparation of pseudo-spherical CeO2 particles

0.250 g of Pluronic P123 was first dissolved in 7 mL of propanol then Ce(NO3)2"6H2O
(2.605 g, 6.000 mmol) was added. The reaction mixture was placed in an oven at 45 ˚C for 7
d then heated to 120 ˚C for 5 h. Once cool, the solid was stirred in ethanol overnight to
extract the P123 and isolated by filtration. The solids were then washed with 2 x 20 mL
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ethanol, dried under suction and calcined at 400 ˚C (heating rate 1˚C min-1) under air to
afford a pale yellow solid. Yield: 0.252 g. This sample is hereafter referred to as Comp2.

2.2.6

Preparation of doped pseudo-spherical CeO2 particles

0.250 g of Pluronic P123 was first dissolved in 7 mL of propanol then a total of 6.000 mmol
of Ce(NO3)2"6H2O and Mn(NO3)2"xH2O were added in proportion with Mn2+ molar fractions
of 0.1 and 0.2. The reaction mixture was placed in an oven at 45 ˚C for 7 d then heated to 120
˚C for 5 h. Once cool, the solid was stirred in ethanol overnight to extract the P123 and
isolated by filtration. The solids were then washed with 2 x 20 mL ethanol, dried under
suction and calcined at 400 ˚C (heating rate 1˚C min-1) under air. These samples are hereafter
referred to as Comp2-X%Mn.

2.2.7

Preparation of high surface area CeO2

(NH4)2Ce(NO3)6 (5.000 mmol, 2.741 g) was dissolved in 30 mL of water with stirring. The
reaction mixture was heated to 50 ˚C and 2M NaOH was added dropwise until a yellow
precipitate formed and litmus paper showed a pH of ~10. The mixture was aged at 50 ˚C for
2 h then filtered. The yellow solids were washed with 2 x 20 mL water, dried under suction
and calcined at 500 ˚C (heating rate 1˚C min-1) under air. Yield: 0.841 g. This sample is
hereafter referred to as Comp3.
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2.2.8

Preparation of doped high surface area CeO2

A total of 5.000 mmol of Ce(OAc)3"1.5H2O and M(OAc)x"YH2O (where M= Fe, Mn, Gd, Er,
Zn or Cr)) in proportion with a molar fraction for M of 0.15 and 0.5 was dissolved in 30 mL
of water with stirring. The reaction mixture was heated to 50 ˚C and 2M NaOH was added
dropwise until a yellow precipitate formed and litmus paper showed a pH of ~10. The
mixture was aged at 50 ˚C for 2 h then filtered. The solids were washed with 2 x 20 mL
water, dried under suction and calcined at 500 ˚C (heating rate 1˚C min-1) under air. These
samples are hereafter referred to as Comp3-X%M where M is the dopant metal.

2.2.9

Pd impregnation onto doped high surface area CeO2

Pd(NO3)2"xH2O (0.065 g, 0.282 mmoles) was dissolved in 30 mL of distilled water and
Comp3-50%Fe (0.270 mg) was added. The reaction mixture was covered and stirred at
room temperature overnight then placed in an oven uncovered at 80 ˚C until all the liquid
evaporated. The resulting solids were calcined at 500 ˚C under air for 4 h to give a grey solid,
hereafter referred to as 10%Pd/Comp3-50%Fe.

2.2.10 Preparation of CeO2 from a chloride precursor

CeCl3"7H2O (5.600 g, 15.00 mmol) was stirred with cetyltrimethylammonium bromide
(CTAB) (4.700 g, 13.00 moles) in 275 mL of water. NH4OH (125 mL, 25 wt%) was added
slowly and a yellow precipitate formed. The reaction mixture was stirred for 24 h at 90 ˚C,
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collected by filtration and washed with 500 mL of water and 250 mL of ethanol. The solid
was dried overnight at 60 ˚C then calcined at 500 ˚C under air for 3 h to give a yellow solid.
Yield: 1.473 g. This sample is hereafter referred to as Comp4.

2.2.11 Methane oxidation testing

Temperature-programmed CH4 oxidation (TPO) was used to evaluate the activities of the
prepared catalysts. The TPO setup (Figure 2-1) consisted of a stainless steel, fixed-bed,
micro-reactor (length = 4.5 cm; i.d. = 0.7 cm) placed inside an electric tube furnace with PID
temperature control. Two thermocouples (K-type), placed co-axially in the reactor, measured
the temperature at the top and bottom of the catalyst bed. Flowrates of CH4 (0.76 (v./v.)%
CH4/Ar, Praxair, certified purity), O2 (Praxair, UHP), Ar (Praxair, UHP) and He (Praxair,
UHP) were set using electric mass flow controllers (Brooks 5850 TR) and mixed to yield a
feed gas of 1000 ppmv CH4, 20 (v./v.)% O2, balance He/Ar at a total feed gas flowrate of 300
mL (STP) min-1 (WHSV 180,000 cm3 (STP) g-1 h-1). The feed gas was pre-heated to 373 K
using a separate furnace before entering the reactor. The catalyst (0.1000 g ; 90 – 354 µm)
was diluted four times (volume/volume) with inert SiC pellets (90-354 µm) to ensure
isothermal reactor operation. The diluted catalyst was flushed in 100 cm3 (STP) min-1 flow of
Ar at 393 K for 1 h prior to introducing the reactant gas to the catalyst bed. The reactor
temperature was simultaneously increased linearly at 5 K·min-1 from 393 K to 873 K while
monitoring the reactor exit gas composition using a VG ProLab quadrupole mass
spectrometer (ThermoFisher Scientific). Mass numbers corresponding to CH4, CO2, and He
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were monitored and their intensity calibrated using standard gas mixtures (Praxair, certified
purity), from which the CH4 conversion and overall C balance were calculated.

Figure 2-1: Schematic diagram of TPO experimental setup; MFCs: mass flow controllers; SVs: switch
valves.
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2.3 Results and discussion
2.3.1

Plate-like CeO2 materials

The synthesis of Comp1 was adapted from work by Ni et al., who synthesized irregularly
shaped CeO2 particles with aligned pores using P123 as a soft template in ethanol.125 The
aligned pores originate from a polymeric chain, formed by the acetate source, hydrogen
bonding with the surfactant head group. Initially, difficulty was encountered when trying to
dissolve cerium acetate in ethanol. Subsequent contact with the paper’s authors revealed the
necessity for 60% humidity for the complete dissolution of the Ce(OAc)3"1.5H2O. However,
interesting results were obtained when the experimental conditions allowed the starting
materials to remain undissolved and so this reaction was further investigated.

The morphology of Comp1 was examined by SEM, as shown in Figure 2-2. It can be seen
that the calcined sample forms plate-like particles. TEM imaging indicates that these plates
are porous (Figure 2-3). It is proposed that Ce(OAc)3"1.5H2O is very poorly soluble in pure
ethanol and so forms a solubility equilibrium, allowing polymeric chains of cerium acetate to
align into plates slowly over the three day aging period.
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Figure 2-2: SEM images of Comp1 showing plate-like particles (scale bar = 1 µm).

Figure 2-3: TEM image of Comp1 showing porous plates (scale bar = 100 nm).

PXRD analysis of Comp1 (Figure 2-4a) clearly shows peaks corresponding to the crystalline
cubic fluorite ceria phase (JCPDS-34-0394). This material was thermally stable up to 900 ˚C
by TGA analysis under air. The nitrogen adsorption/desorption isotherm measured for a
representative sample of Comp1 (Figure 2-4b) can be classified as a Type IV isotherm with a
type H3 hysteresis loop, according to IUPAC classification.145 This isotherm is typical of a
compound composed of aggregates of plate-like particles with non-rigid slit-shaped pores,
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which is in agreement with the SEM studies. Comp1 has a BET surface area of 129 m2/g.
The BJH pore size distribution curve, shown in the inset of Figure 2-4b, shows pores with an
average diameter of about 3.5 nm, corresponding to the pores seen in the plates by TEM.
There is also a wide range of large pore sizes, which is to be expected as the slit shaped pores
are not uniform.

Figure 2-4: a) PXRD pattern of Comp1 (!= CeO2, JCPDS-34-0394). b) N2 adsorption-desorption
isotherms for Comp1. Solid line represents adsorption and dashed line represents desorption, inset) BJH
pore size distribution curve for Comp1.

Ni et al. state that cerium acetate polymeric chains are aligned in solution with P123
micelles, forming the pores seen in their irregularly shaped particles. When P123 was
omitted from the reaction, a decreased CeO2 surface area of 109 m2/g was obtained. SEM
imaging shows some indication of the formation of plate-like particles, however they are less
defined than samples synthesized with P123, and TEM imaging shows these particles are
porous (Figure 2-5a and b, respectively). This work suggests that cerium acetate polymeric
chains align to form pores even in the absence of P123, but the surfactant helps to stabilize
the formation of the CeO2 sheets through interactions between the hydrophilic segments of
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P123 and the acetate group. The poor solubility of the precursor in ethanol helps to control
the reaction and gives a higher degree of organization. To confirm that the acetate group is
required for the formation of plate-like porous particles, Ce(NO3)3·6H2O was used in place of
Ce(OAc)3"1.5H2O. The CeO2 product had a surface area of only 37 m2/g and no plate-like
morphology.

Figure 2-5: a) SEM (scale bar = 1 µm) and b) TEM (scale bar = 100 nm) images of Comp1 synthesized
without P123.

Comp1 was tested for catalytic activity for complete methane oxidation. The catalytic
activity is reported in terms of the light-off temperature at 50% conversion (T50%). Catalyst
light-off is a term used to describe the results obtained from catalytic testing when the
temperature of the inlet gas is gradually increased. As shown in Figure 2-6, Comp1 shows a
T50% of 538 ˚C and does not reach 100% conversion when tested up to 600 ˚C. While it is
promising that some activity is present in this sample, it is not at a temperature low enough to
be considered a candidate for a L-T MOX catalyst.
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Figure 2-6: TPO curve of Comp1.

2.3.2

Doped plate-like CeO2 materials

In an attempt to produce oxygen vacancies and improve oxygen mobility for higher catalytic
activity, Comp1 was doped with Mn, La and Cu at various doping concentrations: 10, 20, 50
and 80 mol%. At Mn doping levels of 10 and 20% (Comp1-10%Mn and Comp1-20%Mn)
only peaks corresponding to CeO2 are visible in the PXRD pattern, as shown in Figure 2-7.
Above this level, peaks corresponding to both CeO2 and manganese oxide (Mn3O4) are
present.
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Figure 2-7: PXRD patterns of Comp1-10%Mn, (yellow), Comp1-20%Mn (blue), Comp1-50%Mn (green)
and Comp1-80%Mn (red). != CeO2 (JCPDS-34-0394), != Mn3O4 (JCPDF-24-0734).

The fact that the peaks from Comp1-10%Mn and Comp1-20%Mn correspond only to
CeO2, suggests that Mn ions are incorporated into the ceria lattice until a saturation level is
reached. Above this saturation level metal oxides of the dopant form in addition to doped
CeO2. However, due to the broad nature of the peaks no significant peak shifting is observed,
and thus the possibility that the manganese is present in the form of an amorphous oxide
cannot be ruled out. As a control experiment, ceria was preformed by calcining
Ce(OAc)3"1.5H2O at 500 ˚C under air for 5 hours. The ceria product was combined with both
10 and 20 mol% of Mn(OAc)2"4H2O in ethanol, dried at 60 ˚C and then calcined at 400 ˚C,
so Mn doping of the ceria could not occur. Peaks corresponding to crystalline Mn3O4 are
present in the PXRD pattern of the control sample (see Appendix Figure A-1), indicating that
any manganese oxides present in Comp1-10%Mn and Comp1-20%Mn would be
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crystalline and should also appear in the PXRD pattern. Because only peaks corresponding to
CeO2 are observed it is likely that the Mn ions have entered into the ceria lattice.

The presence of an additional compound at doping levels of 50% and above is confirmed by
SEM, (Figure 2-8) which shows plate-like particles and an increasing quantity of a
compound with irregular morphology, presumed to be Mn3O4. EDX mapping, shown in
Figure 2-9, shows an increased amount of Mn in Comp1-80%Mn compared to Comp120%Mn, but the resolution is not high enough to determine how these elements are
distributed in the samples.

Figure 2-8: SEM images of a) Comp1-10%Mn, b) Comp1-20%Mn, c) Comp1-50%Mn and d) Comp180%Mn showing an increasing amount of a compound with an irregular morphology, thought to be
Mn3O4 (scale bar = 1 µm).
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Figure 2-9: EDX mapping images for a) Comp1-20%Mn and b) Comp1-80%Mn. Purple = Ce, green =
Mn and red = O. Scale bars = 500 µm.

TEM images of Comp1-X%Mn show particles with pores similar to those in undoped
Comp1 (Figure 2-10). Aligned channels can be seen in Figure 2-10a, presumably from a
particle lying perpendicular to those where the pore openings are visible. Similar PXRD
patterns, SEM images and TEM images were obtained for Comp1-X%La and Comp1X%Cu (See Appendix A).
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Figure 2-10: TEM images of a) Comp1-10%Mn, b) Comp1-20%Mn, c) Comp1-50%Mn and d) Comp180%Mn (scale bar = 100 nm).

As shown in Table 2-1, BET surface areas of Comp1-X%M samples decrease as the ratio of
Ce:dopant decreases, with the exception of Comp1-50%Cu. Small channels with diameters
of a few nanometers within the plate-like particles are present in all samples. This indicates
that the majority of the surface area of ceria arises from the plate-like particles seen by SEM,
which decrease proportionately as doping increases. This is supported by the N2 adsorptiondesorption isotherms (Figure 2-11) of the Comp1-X%M samples, which lose Type IV,H3
character as the doping level increases. The same pattern of decreasing surface area
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corresponding to the increasing presence of dopant cation metal oxides is also seen in
Comp1-X%La and Comp1-X%Cu.

Table 2-1: BET surface areas of Comp1-X%Mn, Comp1-X%La and Comp1-X%Cu.
Mn doping
level
10%
20%
50%
80%

BET surface
area (m2/g)
123
119
98
46

La doping
level
10%
20%
50%
80%

BET surface
area (m2/g)
107
110
76
62

Cu doping
level
10%
20%
50%
-

BET surface
area (m2/g)
117
91
105
-

Figure 2-11: N2 adsorption-desorption isotherms for a) Comp1-10%Mn (yellow), b) Comp1-20%Mn
(blue), c) Comp1-50%Mn (green) and d) Comp1-80%Mn (red). Solid lines represent adsorption and
dashed lines represent desorption.

Due to constraints related to the availability of catalytic activity testing, only selected
samples samples of Comp1-X%M were tested for catalytic activity for L-T MOX (Table 2-2
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and Figure 2-12). It can be seen that there is no clear correlation between doping level,
morphology or surface area and catalytic activity. While all of these compounds do show
activity for L-T MOX, the achieved values were not high enough for them to be considered
candidates for further testing. However, this study illustrated that CeO2 can be easily doped
with a variety of dopant cations up to 20 mol% and resulted in a new method for producing
porous, plate-like particles of doped and undoped CeO2 with high surface area.

Table 2-2: Catalytic activity of Comp1 and Comp1-X%M for complete methane oxidation expressed in
terms of T50%.
Compound
Comp1
Comp1-10%Mn
Comp1-20%Mn
Comp1-50%Mn
Comp1-80%Mn
Comp1-100%Mn
Comp1-10%La
Comp1-50%La
Comp1-80%La
Comp1-100%La
Comp1-20%Cu

T50% (˚C)
538
548
524
520
538
>600
545
552
559
559
>600
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Figure 2-12: TPO curve for for a) Comp1-10%Mn (yellow), Comp1-20%Mn (blue), Comp1-50%Mn
(green), Comp1-80%Mn (red) and Comp1-100%Mn (purple), b) Comp1-10%La (yellow), Comp150%La (green), Comp1-80%La (red), Comp1-100%La (purple) and c) Comp1-20%Cu (blue).
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2.3.3

Pseudo-spherical CeO2 particles

In order to determine if it is necessary to form a polymeric chain derived from
Ce(OAc)3"1.5H2O to obtain high surface area CeO2, the synthesis of high surface area CeO2
using Ce(NO3)3·6H2O as a precursor was attempted. Suzuki et al. have previously
synthesized mesoporous ceria with a high surface area via a sol gel route using
Ce(NO3)3·6H2O in n-propanol employing Pluronic F127 as a soft template.164 While the
authors give no explanation for the high surface area of their materials, it is likely that the
surfactant adsorbs onto the surface of the ceria nanoparticles, forming a protective layer and
preventing aggregation. In this way P123 was used as a surfactant resulting in similar
materials to those reported in the literature. Mn(NO)3"xH2O was added at doping
concentrations of 10 and 20 mol%. The PXRD patterns of Comp2, Comp2-10%Mn and
Comp2-20%Mn, shown in Figure 2.13, correspond to ceria with fluorite-like cubic
structure. The peaks are too broad to determine if there are any changes in the lattice
parameters, however no peaks corresponding to oxides of Mn were seen in the PXRD
patterns of Comp2-10%Mn or Comp2-20%Mn, again suggesting that the Mn has been
incorporated into the CeO2 lattice.
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Figure 2-13: PXRD patters of a) Comp2 (black), b) Comp2-10%Mn (blue) and c) Comp2-20%Mn (red).
! = CeO2 (JCPDS-34-0394).

The N2 adsorption/desorption isotherms of Comp2, Comp2-10%Mn and Comp2-20%Mn
are shown in Figure 2-14. All examples exhibit the type IV isotherm with H1-type hysteresis
loops.

Highly ordered mesoporous materials typically have isotherms of Type IV. A

hysteresis loop of Type H1 is characteristic for porous materials with cylindrical pores and a
high degree of pore size uniformity. The irreversibility is associated with capillary
condensation taking place in mesopores.145 Interestingly, the BET surface areas do not
decrease gradually with an increase in doping contents as was seen in previous experiments
but shows an irregular pattern. Comp2-10%Mn (178 m2/g) has a higher BET surface area
than Comp2 (169 m2/g) and Comp2-20%Mn (156 m2/g) has the lowest. The high surface
area of Comp2 arises from the small particle size and porous nature of the pseudo-spherical
particles, as shown by SEM and TEM (Figure 2-15).
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Figure 2-14: Nitrogen adsorption isotherms for Comp2 (black), Comp2-10%Mn (blue) and Comp220%Mn (red). Solid lines represent adsorption and dashed lines represent desorption.
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Figure 2-15: TEM images of a) Comp2, b) Comp2-10%Mn and c) Comp2-20%Mn (scale bars = 100 nm)
and d) SEM image of Comp2-10%Mn (scale bar = 1 µm).

2.3.4

High surface area cerium oxide

Materials with a high surface area are of particular interest due to the well-known
relationship between particle size and catalytic activity.165 Shi et al. synthesized MnOx–CeO2
with a 1:1 ratio of Mn:Ce via a coprecipitation route, yielding samples with a surface area of
75 m2/g. This synthetic route was employed to synthesize undoped ceria (Comp3) as well as
several samples of doped ceria (Comp3-X%M). The PXRD pattern of Comp3 is shown in
Figure 2-16a. The diffraction peaks, which correspond to ceria, are very broad, indicating a
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small crystallite size. TEM imaging also suggests that the sample is composed of small
crystallites that have aggregated into larger particles (Figure 2-16b). Comp3 is stable up to
900 ˚C in air by TGA.

Figure 2-16: a) PXRD pattern (!= CeO2, JCPDS-34-0394) and b) TEM image of Comp3 (scale bar = 100
nm).

Comp3 has a high BET surface area of 210 m2/g and a BJH average pore diameter of 6.7 nm.
As shown in Figure 2-17, the nitrogen adsorption isotherm is type IV with a hysteresis loop,
indicating a mesoporous structure.
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Figure 2-17: N2 adsorption-desorption isotherm of Comp3. Solid line represents adsorption and dashed
line represents desorption.

Due to the facile synthesis and high surface area of Comp3, doping was attempted with a
number of different ions using the corresponding nitrate salt. Fe(NO3)3, Mn(NO3)2, Gd(NO3 )3 ,

Er(NO3)3, Cr(NO3)3 and Zn(NO3)2 were added to the starting materials for Comp3 in

amounts that resulted in doped ceria with 15 mol% and 50 mol% of dopant.

The PXRD patterns of Comp3-15%M are shown in Figure 2-19a. Only peaks associated
with CeO2 are present, with no diffraction peaks relating to any other metal oxides. As with
other samples, no shifts in the ceria diffraction peaks were observed. However, due to the
broad peaks it is difficult to be certain that no small shift has taken place. While the
possibility of the metal oxides forming amorphous coatings on the CeO2 cannot be excluded,
this seems unlikely due to the high calcination temperatures and previous control
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experiments, described in section 2.3.2. In addition, EDX mapping shows a homogeneous
distribution of the Ce and dopant cations (Figure 2-18). Figure 2-19b shows the PXRD
patterns of Comp4-50%Fe. While peaks corresponding to CeO2 are still the dominant
feature of the spectra, peaks relating to the oxide of the dopant metal can be seen in Comp350%Cr, Comp3-50%Zn, and, to a lesser extent, Comp3-50%Fe. There is a slight shift
apparent in the CeO2 peaks of Comp3-50%Fe, Comp3-50%Mn, Comp3-50%Gd, and
Comp3-50%Er. As anticipated, Fe and Mn doping produce the largest peak shifts to higher
values of 2Θ. Fe3+ and Mn3+ both have smaller ionic radii than the Ce4+ ion resulting in a
decrease in d-spacing when substitutional doping occurs. Gd3+ and Er3+ are both only slightly
smaller than Ce4+. Er3+ doping produces a small increase in 2θ as expected, however, Gd3+
produces a small decrease in 2θ, which may be due to interstitial doping.

Figure 2-18: EDX mapping images for a) Comp3-15%Fe, b) Comp3-15%Mn, c) Comp3-15%Gd, d)
Comp3-15%Er, and e) Comp3-15%Zn and f) Comp3-15%Cr. Scale bars = 20 µm.
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Figure 2-19: PXRD patterns of a) Comp3-15%Cr (pink), Comp3-15%Zn (purple), Comp3-15%Er (blue),
Comp3-15%Gd (orange), Comp3-15%Mn (green), and Comp3-15%Fe (red) and b) Comp3-50%Cr
(pink), Comp3-50%Zn (purple), Comp3-50%Er (blue), Comp3-50%Gd (orange), Comp3-50%Mn
(green), and Comp3-50%Fe (red). Dashed lines represent CeO2 (JCPDS-34-0394).

TEM images of Comp3-15%M and Comp3-50%M (examples shown in Figure 2-20) are
similar to those of Comp3, meaning doping does not significantly change the morphology of
the materials. While TEM does not show a significant change in morphology, nitrogen
adsorption suggests that doping causes changes within the pore structure, probably due to
defects in the crystal structure creating less pore uniformity. The hysteresis of most of the
doped samples is altered to a type H2 (Figure 2-21), which is indicative of a complex pore
structure composed of interconnected networks of pores of different size. The shape and
surface area of the doped samples decreases when compared to the undoped sample (Table 23).
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Figure 2-20: TEM images of a) Comp3-15%Fe, b) Comp3-50%Fe, c) Comp3-15%Mn and d) Comp350%Mn (scale bars = 100 nm).
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Figure 2-21: N2 adsorption-desorption isotherms for a) Comp3-15%Cr (pink), Comp3-15%Zn (purple),
Comp3-15%Er (blue), Comp3-15%Gd (orange), Comp3-15%Mn (green), and Comp3-15%Fe (red) and
b) Comp3-50%Cr (pink), Comp3-50%Zn (purple), Comp3-50%Er (blue), Comp3-50%Gd (orange),
Comp3-50%Mn (green), and Comp3-50%Fe (red). Solid lines represent adsorption and dashed lines
represent desorption.
Table 2-3: BET surface area of Comp3-15%M and Comp3-50%M
Doping metal
Fe
Mn
Gd
Er
Zn
Cr

2

BET Surface Area (m /g)
Comp3-15%M
Comp3-50%M
96
133
56
81
42
69

94
113
67
77
45
106

Comp3 and Comp3-X%M were tested for catalytic activity for L-T MOX. As shown in
Figure 2-22a and Table 2-4, Comp3 and Comp3-15%M have fairly low activity for L-T
MOX, with only Comp3-15%Fe and Comp3-15%Mn having above 50% conversion at 600
˚C. However, Comp3-50%Fe and Comp3-50%Mn have reasonable activity for L-T MOX,
with T50%s of 598 ˚C and 589 ˚C, respectively (Figure 2-22b). It is interesting to note that
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Comp3-50%Fe and Comp3-50%Mn exhibited the largest decrease in d-spacing by PXRD.
In addition, both Mn3O4 and Fe2O3 are mixed valence compounds that have themselves been
studied as potential candidates for methane oxidation catalysts.166 Any Fe or Mn that is not
incorporated into the ceria lattice forms the metal oxide, which may interact synergistically
with the ceria and contribute to L-T MOX.167 In contrast, Comp3-50%Cr and Comp350%Zn, which have relatively intense PXRD peaks relating to the dopant metal oxide, have
the lowest activity for L-T MOX, with activities even lower than the undoped Comp3. It is
probable that these dopant metal oxides add mass to the catalyst without participating in the
catalysis and so they decrease activity.

Figure 2-22: TPO curve of for a) Comp3 (black), Comp3-15%Zn (purple), Comp3-15%Er (blue),
Comp3-15%Gd (orange), Comp3-15%Mn (green), and Comp3-15%Fe (red) and b) Comp3 (black),
Comp3-50%Cr (pink), Comp3-50%Zn (purple), Comp3-50%Er (blue), Comp3-50%Gd (orange),
Comp3-50%Mn (green), and Comp3-50%Fe (red).
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Table 2-4: Catalytic activity of Comp3 and Comp3-X%M for complete methane oxidation expressed in
terms of T50%
Doping metal
Comp3
None
Fe
Mn
Gd
Er
Zn
Cr

2.3.5

>600
-

T50% (˚C)
Comp3-15%M
Comp3-50%M
547
563
>600
>600
>600
-

498
489
575
586
>600
>600

High surface area CeO2 as a support for Pd

In order to determine the feasibility of using Comp3-X%M as an active support in a L-T
MOX catalyst, 10 wt% palladium was deposited onto Comp3-50%Fe using a facile wet
impregnation route. Comp3-50%Fe was chosen because it was one of the most promising
materials from the Comp3-X%M series. Using this method reduced the chances of the
support being altered in any way, however there is no certainty that all the Pd was deposited
onto the support with none depositing onto the walls of the beaker used.

The presence of Pd was confirmed by EDX and XPS and the chemical state of the Pd was
examined by XPS. The high resolution Pd XPS spectrum, shown in Figure 2-23, shows
binding energy of Pd3d5/2 to be 337.2 eV which is characteristic of PdO, the most active
phase of Pd for L-T MOX.168
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Figure 2-23: High resolution Pd 3d XPS spectra of Pd/Comp3-50%Fe.

Wet impregnation of Pd does not alter the surface area (95 m2/g for Pd/Comp3-50%Fe and
94 m2/g for Comp3-50%Fe) or morphology of the support, as seen in Figure 2-24b.
However, Figure 2-24a shows rod and sphere shaped particles that were not present in
Comp3-50%Fe. This shows at least some of the PdO precipitated as nanoparticles rather
than depositing onto the support surface. It is also possible that some PdO is present in the
form of small crystallites of similar size to the Comp3-50%Fe particles or finely dispersed
as a layer on the surface.
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Figure 2-24: TEM images of 10%PdComp3-50%Fe (scale bars = 100 nm).

10%PdComp3-50%Fe was tested for complete oxidation of methane at low temperatures
and shows promising activity with a T50% of 307 ˚C and 100% conversion at 510 ˚C (Figure
2-25). However, it should also be noted that 10wt% Pd would render a catalyst too expensive
for commercial use and so, while the results of this experiment were taken into consideration
when designing further catalysts, these materials are not suitable candidates for commercial
L-T MOX catalysts.
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Figure 2-25: TPO curve for 10%Pd/Comp3-50%Fe.

2.3.6

Effects of a chloride precursor

It is known that chloride can inhibit L-T MOX over Pd-based catalysts and that chloride can
poison ceria-based catalysts. Residual chloride from precursor salts has been shown to reduce
the catalytic activity of Pd catalysts; however the reasons for this are not clear.90 Very little
research has been undertaken to determine the effects of chloride on L-T MOX catalyzed by
ceria-based catalysts. It is advantageous to have as many precursors as possible available for
the synthesis of ceria, so I synthesized ceria from a known procedure using CeCl3"7H2O
(Comp4).169 Comp4 has a surface area of 125 m2/g with a nitrogen adsorption isotherm
typical of mesoporous solids and is CeO2 by PXRD. As shown in Figure 2-26, the catalyst
had lower activity for L-T MOX than other pure ceria catalysts, potentially due to residual
chloride and so CeCl3"7H2O was not used as a precursor towards L-T MOX catalysts.
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Figure 2-26: TPO curve for Comp4.

2.4 Conclusions

A number of different ceria-based materials were synthesized and characterized and several
of these materials were tested for activity in L-T MOX. This study has shown that, while
surface area is beneficial for catalytic activity, it is not the most important property. Indeed,
plate-like ceria materials with a surface area of 129 m2/g show higher activity for L-T MOX
than ceria prepared through a precipitation method with a surface area of 210 m2/g. Doping
plate-like CeO2 did not significantly change its activity for L-T MOX, however 50% doping
of high surface area ceria with 50% Mn3+ and Fe3+significantly increased the catalytic
activity. Impregnation of high surface area ceria with 50 mol % Fe3+ with 10 weight % Pd
gave rise to a catalyst with high activity, but it is not suitable for industrial applications
unless the amount of Pd can be significantly reduced while maintaining activity.
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A number of variables can affect the catalytic activity of mesoporous ceria, including
synthetic technique, solvent, cerium source and doping level. This chapter has demonstrated
the varied and unpredictable nature of ceria-based catalysts and highlighted the complexity of
creating new catalytic materials. The unexpected finding that the presence of a second, redox
active metal oxide in ceria-based catalysts is more advantageous than a high surface area is
important for the rational design of new catalysts for L-T MOX.
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Chapter 3: Controlling the Morphology of Nanostructured CeO2

3.1 Introduction

The synthesis of ceria with well-defined morphologies is an important area of research for
advancing the use of ceria as an oxidation catalyst as it gives rise to novel, reproducible
materials with high surface areas and good catalytic activity. Numerous morphologies of
ceria

have

been

reported

including

mesoporous

structures,124,127

nanocubes,28

nanorods,28,116,170 nanotubes,171,172 nanopolyhedra,28,173 and nanoflowers.113,114 There have
been several studies published discussing morphology-dependent properties of ceria,
confirming that nanoparticles with a defined structure can be used for different applications
when compared to bulk ceria. For example, mesoporous materials (materials containing
pores with a diameter of 2-50 nm) have a high surface area, increasing the number of
available active sites for catalysis while the pore size is favourable for transport of the
reactant molecules to the active sites.127 Ceria nanotubes with large cavities and thin walls
show enhanced oxygen storage capacity (OSC) and reducibility.170 In addition, there have
been several studies published describing the relationship between catalytic activity and
crystal surface of ceria.28,170,174

Controlling the synthesis of ceria in one, two or three dimensions presents synthetic
challenges and requires the fine-tuning of reaction conditions, often through trial and error.
After nucleation takes place, the aggregation of crystallites must occur in a controlled manner
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in order to be able to reproducibly direct their assembly into monodisperse nanoparticles with
a particular morphology. Surfactants,124 hard templates,126,127 intermediates175 and
hydrothermal conditions173 can be used to direct the growth of particles.126,127
Hollow spheres of metal oxides with mesoporous shells have received considerable attention
because of their potential to be used in applications including catalysts, molecular sieves and
host-guest systems.31,176,177 There have been few reports of porous, hollow nanospheres of
ceria in the literature. The first synthesis of ceria hollow nanospheres was reported by Gao et
al. in 2008153 and mesoporous hollow nanospheres using a hydrothermal method were first
reported by Yang et al. in 2010.115 Synthetic routes to hollow nanospheres frequently employ
energy intensive hydrothermal routes that are challenging to use on a large scale or
templating methods that have low atom economy. Furthermore, the synthesis of doped ceria
hollow spheres has rarely been achieved.178 Therefore, the development of new preparation
methods to control its morphology is vital for tapping the full potential of ceria.
In this chapter, modifications of a published synthesis for ceria nanoflowers to produce Mndoped ceria nanoflowers are described. In addition, new methods for preparing high surface
area nanocrystalline ceria via a hydroxyapatite templated route and ceria nanorods via a
surfactant templated route are reported. Finally, the first report of doped ceria mesoporous
hollow nanospheres synthesized without the use of a hard template or hydrothermal methods
is described.
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3.2 Experimental
3.2.1

General

All solvents and reagents were purchased from commercial sources and used without further
purification. Powder X-ray diffraction (PXRD) data were recorded on a Bruker D8 Advance
X-ray diffractometer in the Bragg-Brentano configuration, using Cu Kα radiation at 40 kV,
40 mA. Gas adsorption studies were performed using a Micromeritics Accelerated Surface
Area & Porosity (ASAP) 2020 system. All samples were degassed for two hours under
vacuum at 120 °C immediately prior to analysis. Barrett-Joyner-Halenda (BJH) pore size
distributions were all calculated from the adsorption branch of the isotherm. FT-IR (Fourier
transform infrared) spectra were recorded on powdered solids on a Thermo Scientific Nicolet
4700 spectrometer.

3.2.2

Microscopy

Transmission electron microscopy (TEM) images were collected on a Hitachi H7600
electron microscope operating at an accelerating voltage of 100 kV. Samples were prepared
by suspending the powders in ethanol and then dropcasting them onto a carbon-coated
copper TEM grid and air-drying. SEM images were obtained with a Hitachi S-4700 field
emission scanning electron microscope. Samples were prepared using double-sided carbon
tape or dropcasting the dispersion directly onto aluminum stubs. The samples were then
sputter coated with 5 nm of gold. Energy dispersive X-ray analysis (EDX) was collected on a
Hitachi S-2600N variable pressure scanning electron microscope (SEM) equipped with an X85

ray detector coupled to Quartz Imaging Systems Xone software. Samples were analyzed
without sputter coating. 1H and

13

C NMR spectra were recorded on a BRUKER AV300

spectrometer, operating at 300 MHz and 76 MHz, respectively.

3.2.3

Preparation of CeO2 nanoflowers

Glucose (1.800 g, 10.00 mmol) and glacial acetic acid (0.900 g, 15.00 mmol) were first
dissolved in water (80 mL) then Ce(OAc)3#xH2O (1.585 g, 5.000 mmol) was added.
NH4OH(aq) (28 wt%) was added dropwise to this solution until a gel formed at pH ~10.
After 5 h the solution was split between 8 x 20 mL Teflon lined autoclaves (10 mL in each),
heated to 180 ˚C and maintained at this temperature for 3 d, after which the autoclaves were
left to cool to room temperature. The reaction mixture was filtered and the solid was washed
with water (6 x 20 mL) and ethanol (6 x 20 mL) consecutively and then dried overnight at 80
˚C. The resulting solid was calcined at 600 ˚C (heating rate 20 ˚C min-1) for 6 h under
nitrogen followed by calcination at 500 ˚C under air for 3 h to afford a pale yellow solid.
This sample is referred to as Comp5.

3.2.4

Preparation of doped CeO2 nanoflowers

Glucose (10.00 mmol, 1.800 g) and glacial acetic acid (15.00 mmol, 0.900 g) were first
dissolved in water (80 mL) then a total of 5.000 mmol of Ce(OAc)3#xH2O and
Mn(OAc)2#4H2O were added in proportion with Mn2+ molar fraction ranging from 0.1 to 0.5.
Ammonia solution (28 wt%) was added dropwise to this solution until a gel formed at pH
86

~10. After 5 h, the solution was split between 8 x 20 mL Teflon lined autoclaves (10 mL in
each), heated to 180 ˚C and maintained at this temperature for 3 d after which the autoclaves
were left to cool to room temperature. The reaction mixture was filtered and the solid was
washed with water (6 x 20 mL) and ethanol (6 x 20 mL) consecutively and then dried
overnight at 80 ˚C. The resulting solid was calcined at 600 ˚C (heating rate 20 ˚C min-1) for 6
h under nitrogen followed by calcination at 500 ˚C under air for 3 h. These samples are
referred to as Comp5-X%Mn.

3.2.5

Preparation of ceria-coated hydroxyapatite

Ca10(PO4)6(OH)2 nanopowder (<200 nm particle size, 0.400 g, 0.800 mmols) was added to
water (15 mL) and sonicated for 10 minutes. CTAC (25 wt% in water, 2.0 mL) was added
and the solution stirred for 10 min. NH4OH (28 wt% in water, 2.0 mL) and Ce(NO3)3#6H2O
(0.174 mg, 0.400 mols or 0.348 mg, 0.800 mmols) in 15 mL of water was added to the
solution and the reaction mixture turned cloudy and peach coloured. The reaction mixture
was stirred at room temperature for 24 h then the solids were collected and washed with
water (20 mL) then ethanol (20 mL) via centrifuge (15 min, 4500 rpm). The solids were dried
overnight at 80 ˚C then calcined at 500 ˚C for 5 h under air to give a pale green powder.
These samples are referred to as Comp6-xCe where x is mols of Ce/mols of HAp.
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3.2.6

Removal of hydroxyapatite from ceria-coated hydroxyapatite

Comp6-xCe (0.250 mg) was stirred in 50 mL of 1 M HCl for 24 h. The solid was then
collected via centrifugation (15 min, 4500 rpm) and washed with 2 x 20 mL of water and 2 x
20 mL of ethanol consecutively to give a yellow solid. These samples are labeled Comp7xCe where x corresponds to the starting material nomenclature.

3.2.7

Preparation of CTAC templated ceria nanorods

CTAC (25 wt% in H2O, 1.0 mL) was added to 15 mL of water and stirred for 10 min.
NH4OH (28 wt% in water, 2.0 mL) and Ce(NO3)3#6H2O (0.174 mg, 0.400 mmols) were
added and the reaction turned cloudy and peach coloured. The reaction mixture was stirred at
room temperature for 24 h then the solids were collected and washed with water (20 mL)
then ethanol (20 mL) via centrifugation (15 min, 4500 rpm). The solids were dried overnight
at 45 ˚C then calcined at 500 ˚C for five h under air to give a yellow powder. This sample is
referred to as Comp8.
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3.2.8

Preparation of hollow ceria spheres

Ethylene glycol (120 mL) and HNO3 (6.0 mL, 21.4 M) were heated at 155 ˚C in a round
bottom flask attached to a condenser, without stirring. During this time a brown gas evolved
and the solution turned pale yellow. After 1 h, Ce(NO3)3#6H2O (2.605 g, 6.000 mmols) was
added and the reaction mixture was heated for a further 30 min, during which time an offwhite precipitate formed. The mixture was cooled to room temperature and the precipitate
collected via centrifugation (45 min, 3500 rpm). The solid was washed with 2 x 20 mL
ethanol then dried at 60 ˚C overnight to give an off-white solid. Yield: 0.162 g. This sample
is referred to as Comp9. The product was then calcined at 500 ˚C for 4 h under air to give a
yellow solid.

3.2.9

Preparation of hollow, doped ceria spheres

Ethylene glycol (120 mL) and HNO3 (6.0 mL, 21.4 M) were heated at 155 ˚C in a round
bottom flask attached to a condenser, without stirring. During this time a brown gas evolved
and the solution turned pale yellow. After 1 h a total of 6.000 mmols of Ce(NO3)3#6H2O and
M(OAc)x"YH2O (where M= Fe, Mn or La) in proportion with a molar fraction for M of 0.1
and 0.33 was added and the reaction mixture was heated for a further 30 min, during which
time an off-white precipitate formed. The mixture was cooled to room temperature and the
precipitate collected via centrifugation (45 min, 3500 rpm). The solid was washed with 20
mL ethanol then dried at 60 ˚C overnight to give an off-white solid. These samples are
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referred to as Comp9-X%M where M is the dopant metal. The product was then calcined at
500 ˚C for 4 h under air to give a yellow solid.

3.3 Results and discussion
3.3.1

CeO2 nanoflowers

Flower-like mesoporous ceria microspheres with a BET surface area of 181 m2/g have been
prepared by Li et al. via a hydrothermal route with the aid of glucose and acrylic acid.114 The
microspheres are composed of interconnected, mesoporous nanosheets. It is also possible to
dope these microspheres with La and Pr. In line with previous observations in this thesis, the
surface area of the microspheres decreases as the amount of doping increases. In this study,
the synthetic route employed by Li et al. was successfully reproduced using cerium acetate in
place of cerium nitrate and acetic acid in place of acrylic acid to give high BET surface area
(177 m2/g) microspheres which can be seen by TEM (Figure 3-1). It is clear from these
results that in this case, the cerium counterion has little or no effect on the resulting ceria.

The flower-like microspheres were doped with Mn using mixtures of cerium acetate and
manganese acetate. Figure 3-1 shows the TEM images of Comp5-10%Mn, Comp520%Mn and Comp5-50%Mn microspheres with uneven edges, consistent with the concept
of interweaved nanosheets. Comp5 appears to be composed of finer sheets than the doped
samples, suggesting that doping may cause some structural collapse or aggregation.
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Figure 3-1: TEM images of Comp5, Comp5-10%Mn, Comp5-20%Mn and Comp5-50%Mn (scale bars =
500 nm).

The PXRD patterns of ceria microspheres with various Mn doping contents are shown in
Figure 3-2. The results show diffraction peaks corresponding to the ceria cubic structure with
no diffraction peaks of manganese oxide. However, unlike Comp3-50%Mn, there is no
observable peak shift suggesting that the lattice parameter has not changed due to doping
with Mn3+ ions. Mn was present in all doped samples by EDX spectroscopy. It is unlikely
that manganese oxide is present in an amorphous form after calcination at 500 ˚C under
air.179
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Figure 3-2: PXRD pattern of Comp5 (purple), Comp5-10%Mn (green), Comp5-20%Mn (blue) and
Comp5-50%Mn (orange). != CeO2 (JCPDS-34-0394).

The BET surface areas of Comp5, Comp5-10%Mn, Comp5-20%Mn and Comp5-50%Mn
are 177 m2/g, 157 m2/g, 123 m2/g and 126 m2/g, respectively, showing that the surface area
of the microspheres decreases with increasing Mn doping levels until 20% doping, with
Comp5-20%Mn and Comp5-50%Mn having similar surface areas. The isotherms produced
by Comp5 and Comp5-10%Mn are type IV with a H3 hysteresis loop, indicative of platelike particles with slit-like pores (Figure 3-3). However, the Comp5-20%Mn and Comp550%Mn isotherms have more type II character, suggesting the pores are large with a broad
size distribution. A peak coresponding to a pore size of ~ 4 nm can be seen in the BJH pore
size distribution curves for Comp5 and Comp5-10%Mn, but is absent for Comp5-20%Mn
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and Comp5-50%Mn (Figure 3-4). Again, this suggests that doping with Mn has disrupted
the morphology of the spheres and caused pore collapse.

Figure 3-3: N2 adsorption-desorption isotherms for Comp5 (purple), Comp5-10%Mn (green), Comp520%Mn (blue) and Comp5-50%Mn (orange). Solid lines represent adsorption and dashed lines represent
desorption.
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Figure 3-4: BJH pore size distribution curves for a) Comp5, b) Comp5-10%Mn, c) Comp5-20%Mn and
d) Comp5-50%Mn.
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3.3.2

Ceria-coated hydroxyapatite

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) has several favourable properties for use as a hard
template. First, it is inexpensive and can be synthesized on the nanometer scale with high
levels of monodispersity. Second, it is soluble in dilute acids and thus, it can be easily
removed from templated materials. Hydroxyapatite-based materials have also shown activity
for oxidation reactions,180,181 including the partial oxidation of methane,182,183 and so
investigating materials that combine hydroxyapatite and ceria could lead to new effective
methane oxidation catalysts.

Commercial hydroxyapatite with a spherical morphology and irregular size of less than 200
nm, as shown in Figure 3-5, was used to template ceria. The method used is similar to one
reported in the literature for the synthesis of porous hollow silica nanostructures.184
Williamson et al. used hydroxyapatite nanoparticles of various morphologies as hard
templates and cetyltrimethylammonium chloride (CTAC, Figure 3-6) as a directing agent for
the formation of mesopores in the silica. The authors note that, while the mechanism for the
formation of dual templated mesoporous silica remains unclear, two routes have been
suggested. Tan and Rankin proposed that aggregates of silica and CTAC adsorb onto the
template surface,185 while Wang et al. suggest that CTAC, which has a positive charge,
adsorbs onto the negatively charged surface of the template before the subsequent deposition
of the silicate species.186
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Figure 3-5: TEM image of commercial hydroxyapatite. Scale bar = 100 nm.

Figure 3-6: Molecular structure of CTAC

A similar method was used to determine whether ceria could be deposited onto
hydroxyapatite, creating hollow spheres of mesoporous ceria with high surface area. Various
molar ratios of Ce:HAp were used, with 1:2 (Comp6-0.5Ce) and 1:1 (Comp6-1Ce) ratios
giving the most promising results by TEM and SEM imaging. As shown in Figure 3-7, after
calcination the texture of the HAp surface has been altered, suggesting that the ceria has
deposited onto the surface. However, from these images it cannot be determined whether the
ceria has completely coated the surface or has formed islands of aggregates. The PXRD
patterns of Comp6-0.5Ce and Comp6-1Ce both show peaks corresponding to commercial
HAp and CeO2.
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Figure 3-7: TEM images of a) Comp6-0.5Ce, b) Comp6-1Ce and c) SEM image of Comp6-1Ce. TEM
scale bars = 100 nm and SEM scale bar = 2 µm.

Figure 3-8: PXRD patterns of commercial HAp (yellow), Comp6-0.5Ce (blue) and Comp6-1Ce (green).
!= CeO2 (JCPDS-34-0394).
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Nitrogen adsorption measurements for Comp6-0.5Ce and Comp6-1Ce give BET surface
areas of 66 m2/g and 58 m2/g, respectively. The BET isotherms show a hysteresis loop
suggesting porosity while the BJH pore size distribution curves show a small pore volume
related to pores with diameters of less than 5 nm. It is likely that these pores originate from
CTAC templating, however, the pore volume and surface area are low due to the majority of
pores collapsing during calcination.

Figure 3-9: a) N2 adsorption-desorption isotherms, and b) and c) BJH pore size distribution curves for
Comp6-0.5Ce (blue) and Comp6-1%Ce (green). Solid lines represent adsorption and dashed lines
represent desorption.
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3.3.3

Hydroxyapatite template removal

In an attempt to synthesize hollow spheres of ceria, Comp6-0.5Ce and Comp6-1Ce were
stirred in 1 M HCl to try to selectively etch the HAp while leaving the ceria intact (samples
called ceria Comp7-0.5Ce and Comp7-1Ce respectively). As can be seen in Figure 3-10, the
PXRD pattern of the resulting compound contains only peaks corresponding to CeO2,
demonstrating that the crystalline HAp was successfully removed by dissolution in HCl.

Figure 3-10: PXRD patterns of Comp7-0.5Ce (blue) and Comp7-1Ce (green). != CeO2 (JCPDS-34-0394).

Unfortunately, removal of the HAp template resulted in collapse of the CeO2 and did not
yield any hollow spheres. This indicates that the ceria had formed small discrete particles on
the surface of the HAp rather than a continuous shell. TEM images of Comp7-0.5Ce and
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Comp7-1Ce show aggregates of small nanoparticles, mainly with no well-defined
morphology (Figure 3-11). However, a few aggregates appear to be porous distorted spheres,
seen in Figure 3-11b, and probably arise from the ceria nanoparticles on the surface of one
HAp sphere aggregating together upon template removal. These materials show high BET
surface areas of 129 m2/g for Comp7-0.5Ce and 109 m2/g for Comp7-1Ce. There is a
significant increase in surface area after HAp template removal, especially considering that
the density of HAp is lower than that of ceria. The BET isotherm is type IV with a H2
hysteresis loop, as show in Figure 3-12a. This is indicative of a highly interconnected pore
system, which in this case is likely to be the result of voids forming as the structure collapses
and the irregularly shaped nanoparticles aggregate together. The BJH pore size distribution
curves (figures Figure 3-12b and c) show that the pores have a diameter of around 5 nm.

Figure 3-11: TEM images of a and b) Comp7-0.5Ce and c) Comp7-1Ce. Scale bars = 100 nm.
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Figure 3-12: a) N2 adsorption-desorption isotherms, and b) and c) BJH pore size distribution curves for
Comp7-0.5Ce (blue) and Comp7-1%Ce (green). Solid lines represent adsorption and dashed lines
represent desorption.

3.3.4

CTAC templated ceria nanorods

In order to determine whether the HAp templating was having any effect on the overall
morphology of Comp7-0.5Ce and Comp7-1Ce, the reaction was repeated without the
addition of HAp to give Comp8. As can be seen in Figure 3-13, the final product was ceria
comprised mainly of nanorods with lengths of several hundred nanometers. Smaller
nanoparticles are also seen attached to the nanorods. It is likely that, in the presence of the
HAp template, small nanoparticles adsorb onto the surface of the HAp, preventing further
aggregation. In the case of Comp8, the nanoparticles aggregate together to make rods,
101

formed due to CTAC acting as a capping agent. This is the first time ceria nanorods have
been synthesized using CTAC as a structure-directing agent.

It is proposed that, while HAp templating did not successfully lead to the formation of
hollow spheres, HAp-CTAC-ceria structures prevent the ceria from extensive aggregation.
The nanoparticulate structure of the ceria after removal of the template gives it a high surface
area.

Figure 3-13: PXRD pattern and TEM images of Comp8. != CeO2 (JCPDS-34-0394). Scale bars = 100
nm.
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3.3.5

Hollow ceria spheres

Ethylene glycol (EG) has many beneficial properties as a solvent for metal nanoparticle
synthesis. Its boiling point of 195 ˚C allows reactions to be carried out at relatively high
temperatures and its high dielectric constant of 37 enhances the solubility of inorganic salts.
EG is also a strong reducing agent and so can reduce metal ion precursors. EG has been used
previously to synthesis ceria nanoparticles by Ho et al. who heated cerium ammonium
nitrate, poly(vinylpyrrolidone) (PVP) and EG under reflux for various lengths of time.175
Nanospheres were obtained after four hours of heating and larger rods were obtained after 24
hours of heating. The authors suggest that the spheres obtained at the start of the reaction are
composed of ceria, produced by the decomposition of the cerium ammonium nitrate. The
Ce4+ cations of the ceria are reduced to Ce3+ by EG then further react with products from EG
oxidation (Scheme 3-1) to form cerium formate (CF).

Scheme 3-1: Oxidation of ethylene glycol to formic acid.

The spherical and rod morphology is derived from capping by the PVP surfactant. However,
no hollow spheres were observed in this reaction. Herein, the first non-hydrothermal or
solvothermal, template-free route to hollow ceria spheres is reported.
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EG and nitric acid (HNO3) were heated at 155 ˚C for one hour then cerium nitrate was added
and the temperature was maintained at 155 ˚C for a further 30 minutes. During the reaction
brown gases, assumed to be NOx, evolved and an off-white solid, Comp9, precipitated out.
FT-IR spectroscopy of the solid is shown in Figure 3-14a. The broad band near 3200 cm-1 is
assigned to OH groups from water. The peak around 1100 cm-1 is due to surface adsorbed
EG.187 The peaks at 1570 cm-1 and 1300 cm-1 correspond to the stretching mode of C=O in an
oxalate group, while the peak at 790 cm-1 corresponds to its bending mode. These peaks are
typical for metal fomate salts. The PXRD of Comp9, shown in Figure 3-14b, indicates an
amorphous material. These results suggest that the sample is amorphous cerium formate (CF,
Ce(CHOO)3).

Figure 3-14: a) FT-IR spectrum and b) PXRD pattern of Comp9.

TEM images of Comp9 show spheres with diameters of around 250 and 350 nm (Figure 315). The darker rim compared with the brighter centers of these spheres suggests that the
spheres are hollow. They appear to be composed of smaller nanoparticles, suggesting the
hollow spheres may have been produced by Ostwald ripening.188 Ostwald ripening has been
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observed previously for the formation of ceria hollow spheres via a hydrothermal route using
CeCl3"7H2O as a precursor.115 Core-shell particles could be isolated from this hydrothermal
route, however no core-shell particles were observed in the EG-mediated non-hydrothermal
reaction, suggesting the hollow spheres are produced through a core hollowing Ostwald
ripening process. While no non-hollow spheres were seen in TEM images of Comp9, they
were seen in doped samples described in section 3.3.6. It is plausible that the formation of
hollow spheres occurs very rapidly due to the presence of HNO3 and the one hour
pretreatment of HNO3 and EG. The highly oxidizing HNO3 will convert Ce3+ to Ce4+, which
in turn reacts with EG oxidation products formed during the pre-treatment step, meaning the
hollow spheres form quickly and non-hollow particles are not isolated.

TEM and SEM images show Comp9 retains its morphology during calcination, to give
hollow spheres with porous shells (Figure 3-15c,d,e and f). The PXRD pattern of these
spheres can be indexed to CeO2, as shown in Figure 3-16a. Surprisingly, Comp9 has a low
BET surface area of only 22 m2/g. This can be explained by the lack of extended pore
network, with the main surface area being the outside and inside surfaces of the shells. The
isotherm, shown in Figure 3-16b, is an intermediate between types II and IV, related to the
presence of large mesopores and macropores with a broad size distribution. Pores are seen in
TEM images between the crystallites that comprise the shell and the hollow interiors of the
spheres may also contribute to this hysteresis loop.

In an attempt to elucidate the mechanism for the formation of hollow CF spheres, the residual
liquid was investigated by 1H and

13

C NMR spectroscopy (Figure 3-17). The 1H spectrum
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showed peaks at 4.45 and 3.39 ppm, while the

13

C spectrum showed a single peak at 62.9

ppm. Both of these are consistent with wet EG. For comparison, 1H and

13

C NMR spectra

were collected for a solution of EG containing 5% water and the resulting spectra were very
similar to those of the supernatant Comp9 (see Appendix Figure B-1).
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Figure 3-15: TEM images of a and b) Comp9 before calcination, c and d) Comp9 after calcination (scale
bars = 100 nm), and e and f) SEM images of Comp9 after calcination (scale bars = 2 µm).
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Figure 3-16: a) PXRD pattern of Comp9 after calcination. != CeO2 (JCPDS-34-0394). b) N2 adsorptiondesorption isotherm for Comp9. Solid line represents adsorption and dashed line represents desorption.

Figure 3-17: 1H NMR and 13C NMR spectra of liquid remaining after synthesis of Comp9 (25 ˚C).
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3.3.6

Hollow, doped ceria spheres

In order to test whether the hollow spheres produced via an EG-mediated synthesis would
retain their morphology when dopant cations are added, Fe3+, Mn3+ and La3+ nitrate salts
were added to the reaction mixture to give dopant:Ce mol% values of 10% and 30% in the
final product. The IR spectra of all the doped as-synthesized materials, shown in Figure 3-18,
are similar to that of the undoped sample. The PXRD patterns (Figure 3-19) also show that
the samples are amorphous. These results suggest that metal formate salts have been formed.

Figure 3-18: FT-IR spectra of a) Comp9-10%La, b) Comp9-30%La, c) Comp9-10%Fe, d) Comp930%Fe, Comp9-10%Mn, and d) Comp9-30%Mn.
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Figure 3-19: PXRD pattern of a) as-synthesized Comp9-10%Mn (green), Comp9-10%Fe (red) and
Comp9-10%La (purple), b) as-synthesized Comp9-30%Mn (green), Comp9-30%Fe (red) and Comp930%La (purple), c) calcined Comp9-10%Mn (green), Comp9-10%Fe (red) and Comp9-10%La (purple)
and d) calcined Comp9-30%Mn (green), Comp9-30%Fe (red) and Comp9-30%La (purple). != CeO2
(JCPDS-34-0394).

TEM images of Comp9-10%Mn and Comp9-30%Mn show almost spherical particles,
which appear not to be hollow (Figure 3-20). The Fe-doped product does not have a
homogeneous morphology, while the La-doped product forms hollow spheres, which are
indistinguishable from the undoped sample. The ionic radius of La3+ is similar to that of Ce3+,
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meaning the CF structure will experience minimal disruption with La doping, whereas Mn or
Fe doping appears to have either caused the structure collapse or prevented it from forming.

Figure 3-20: TEM images of as-synthesized a) Comp9-10%Mn, b) Comp9-10%Fe c) Comp9-10%La d)
Comp9-30%Mn, e) Comp9-30%Fe and f) Comp9-30%La. Scale bar = 100 nm

TEM images of Comp9-10%Mn and Comp9-30%Mn after calcination (Figure 3-21a and
b) show mainly non-hollow spheres with a few hollow spheres, giving further evidence of the
Ostwald ripening process. Doping may slow the Ostwald ripening process by adding
disruption to the CF crystallites forming. TEM images of Comp9-10%La and Comp930%La after calcination (Figure 3-21c and d) show that the morphology has been
maintained and hollow spheres of 10 and 30% doped ceria are formed.
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Figure 3-21: TEM images of calcined a) Comp9-10%Mn, b) Comp9-10%La c) Comp9-30%Mn and d)
Comp9-30%La. Scale bar = 100 nm.

The synthesis of Comp9-30%La was attempted at 150, 170 and 180 ˚C to test how sensitive
to temperature this reaction is. The TEM images in Figure 3-22 show that hollow spheres are
produced when the reaction is heated to 150 and 170 ˚C; however, at 180 ˚C small
crystallites with no defined morphology are produced. The PXRD and IR data are the same
for all samples regardless of the temperature they were synthesized at, meaning the
temperature affects the morphology but not the chemical composition.
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Figure 3-22: TEM images of Comp9-30%La prepared at a) 150 ˚C, b) 170 ˚C and c) 180 ˚C. Scale bar =
100 nm,

3.4 Conclusions

Several new, straightforward ways for synthesizing ceria-based nanostructures have been
developed. It was demonstrated that a literature procedure for the synthesis of ceria
nanoflowers can be succesfully altered to utilize different precursors and the ceria can be
doped with up to 30% manganese while still retaining the nanoflower morphology. Ceriacoated hydroxyapatite nanospheres were synthesized for the first time, and removal of the
hydroxyapatite through dissolution in HCl yields high surface area ceria nanoparticles. The
same reaction carried out without the addition of hydroxyapatite yields the first report of
CTAC templated ceria nanorods. Finally, the first non-hydrothermal route to mesoporous,
hollow spheres of cerium formate is reported. These spheres can be doped with up to 30% La
and calcined to give ceria or La-doped ceria while still retaining their morphology. Future
work will aim to try to fully understand the mechanism behind the formation of these
materials and further develop them for use as oxidation catalysts.
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Chapter 4: Mesoporous Doped Cerium Oxide/Cobalt Oxide Mixed Metal
Catalysts*

4.1 Introduction

In chapter 2 it was demonstrated that ceria combined with a second redox active metal oxide
produces catalysts that have higher activity for low-temperature methane oxidation (L-T
MOX) than ceria alone. Recently there has been substantial interest in Co-Ce composite
oxides as catalysts for the oxidation of CO, N2O, volatile organic compounds (VOCs), and
propene.189–192 It has been shown that the combination of cerium and cobalt oxides leads to
higher activity when compared to the individual component oxides in these reactions due to
synergistic effects between the two metal oxides.167 There have been relatively few studies
using Co-Ce composite oxides as catalysts for L-T MOX. Materials prepared by coprecipitation methods have shown high activity but have low surface areas.193,194 Li et al.
successfully prepared a Co3O4/CeO2 composite oxide using a modified citrate sol-gel method
to achieve high surface area materials reaching a light-off temperature (T50%) as low as 401
˚C.193 However, there is a significant need to explore new Ce-Co-O composite materials with
tunable structures and properties beneficial for L-T MOX catalysis.

*

Portions of this chapter have been published as: S. M. Vickers, R Gholami, K. J. Smith, M. J. MacLachlan,

“Mesoporous Mn- and La-Doped Cerium Oxide/Cobalt Oxide Mixed Metal Catalysts for Methane Oxidation.”
ACS Appl. Mater. Interfaces 2015, 7, 11460–11466.
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Materials containing mesopores are promising candidates for use as L-T MOX catalysts
because of their large surface area, interconnected pores and controllable pore wall
compositions. KIT-6 is a mesoporous silica material with a three-dimensional cubic structure
(space group Ia3d) that is synthesized using a non-ionic triblock copolymer template.43 Nonionic triblock copolymers were first patented in 1973 and are known under the trademark
Pluronics®46. They consist of hydrophobic polypropylene oxide (PPO) chains and
hydrophilic polyethylene oxide (PEO) chains. The family of Pluronics® contains a number of
different polymers with various PPO/PEO ratios and hence varying molecular weights. The
nomenclature used for Pluronics® describes the appearance, molecular weight and PPO/PEO
ratio of each polymer. The name consists of a letter defining the appearance of the polymer:
F for flake, P for paste and L for liquid. The first one or two numbers multiplied by 300
approximates the molecular weight of the PPO block and the last number multiplied by 10
approximates the PEO weight fraction. In the case of KIT-6 the Pluronic® used is P123, a
paste with ~3600 g/mol PPO and 30 wt% PEO.

In aqueous solutions P123 self-assembles into micelles with a hydrophobic core of PPO
chains surrounded by a hydrophilic shell of PEO chains. KIT-6 is synthesized in water with
n-butanol as a cosolvent. KIT-6 has a bi-continuous pore network with tunable pore sizes in a
range of 4-12 nm, a large surface area and thick walls. These properties have led to KIT-6
attracting attention for applications in catalysis,195,196 adsorption and separation197 and as a
template for other mesoporous materials.127,198 Various mesoporous metal oxides have been
successfully templated using KIT-6.51,67,126,199 Co3O4 templated with KIT-6 shows high
activity for CO oxidation, resulting from the high surface area and open pore system of the
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material.200,201 Mesoporous cobalt oxide materials templated by KIT-6 have also shown high
activities for various hydrocarbon oxidations.202–204 However, an extensive literature search
did not uncover any reports of these materials being evaluated for L-T MOX.

In this chapter a straightforward and scalable method to make catalysts based on templating
with KIT-6 is developed. Cobalt oxide was prepared in the channels of KIT-6 and released
after the silica was etched. The mesoporous Co3O4 was then used to template CeO2, La-doped
CeO2, and Mn-doped CeO2 within its pores. These hierarchically organized catalysts show
high activity for L-T MOX.

4.2
4.2.1

Experimental
General

All solvents and reagents were purchased from commercial sources and used without further
purification. Powder X-ray diffraction (PXRD) data were recorded on a Bruker D8 Advance
X-ray diffractometer in the Bragg-Brentano configuration, using Cu Kα radiation at 40 kV,
40 mA. Crystallite size was estimated from the broadening of the (440) peak for Co3O4 and
the (111) peak for CeO2 using the Scherrer equation. X-ray photoelectron spectroscopy
(XPS) was carried out on a Leybold Max200 spectrometer using an aluminum Kα X-ray
source for samples containing Mn and a magnesium Kα X-ray source for all other samples,
operating at a base pressure of 1 × 10−9 Torr. Initial survey scans were acquired with a pass
energy of 192 eV, while higher resolution scans were acquired with a pass energy of 48 eV.
XPS spectra were deconvoluted using the XPSPEAK program by curve fitting with a mixed
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Gaussian-Lorentzian function after the Shirley-type background subtraction. Gas adsorption
studies were performed using a Micromeritics Accelerated Surface Area & Porosity (ASAP)
2020 system. All samples were degassed for two hours under vacuum at 120 °C immediately
prior to analysis. BJH pore size distributions were all calculated from the adsorption branch
of the isotherm.

4.2.2

Microscopy

Transmission electron microscopy (TEM) images were collected on a Hitachi H7600
electron microscope operating at an accelerating voltage of 100 kV. Samples were prepared
by suspending the powders in ethanol and then dropcasting them onto a carbon-coated
copper TEM grid and air-drying. SEM images were obtained with a Hitachi S-4700 field
emission scanning electron microscope. Samples were prepared using double-sided carbon
tape or dropcasting the dispersion directly onto aluminum stubs. The samples were then
sputter coated with 5 nm of gold. Energy dispersive X-ray analysis (EDX) was collected on a
Hitachi S-2600N variable pressure scanning electron microscope (SEM) equipped with an Xray detector coupled to Quartz Imaging Systems Xone software. Samples were analyzed
without sputter coating.
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4.2.3

Preparation of KIT-6

Mesoporous silica, KIT-6, was synthesized according to the established method.43 P123 (2.00
g) was dissolved in a mixture of H2O (72 mL) and concentrated HCl (4.3 mL). 2.00 g of nBuOH was added and the mixture was stirred at 35 ˚C. After 1 h of stirring TEOS (4.300 g)
was added and the mixture continued to be stirred at 35 ˚C. After 24 h the mixture was
heated to 100 ˚C inside a sealed Teflon bottle for 24 h. The solids were collected and dried
via suction then stirred in a mixture of H2O (150 mL) and concentrated HCl (10 mL) to
remove the P123. The solids were collected, washed with 3 x 50 mL H2O and 3 x 50 mL
EtOH then dried via suction. The solid was calcined at 550 ˚C under air for 4 hours to give a
white solid. Yield: 0.872 g

4.2.4

Preparation of mesoporous Co3O4

Mesoporous Co3O4 was synthesized using a procedure similar to that used by Yue et al.205
KIT-6 (2.075 g) was ground with Co(NO3)2⋅6H2O (4.016 g, 13.79 mmol) using a pestle and
mortar then heated to 500 ˚C at a ramp rate of 1 ˚C/min in a muffle furnace. The furnace was
maintained at 500 ˚C for 3 h before cooling under ambient conditions. During the slow
heating, Co(NO3)2⋅6H2O melts at 55 ˚C and enters the KIT-6 pores via capillary action before
it decomposes to Co3O4 at 74 ˚C. After cooling, the silica was then removed by stirring the
product in 2 M NaOH for 2 h. The resulting black solid was collected and washed with H2O
(2 × 20 mL) and EtOH (2 × 20 mL) via centrifugation then dried overnight at 70 ˚C to give a
black powder. Yield: 1.233 g. This sample is referred to as Comp10 .
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4.2.5

Preparation of Co3O4/CeO2 composite

As-synthesized Comp10 (0.400 g, 1.66 mmol) was placed in a Schlenk flask and evacuated
for 1 h. Ce(NO3)3⋅6H2O (0.220 g, 0.506 mmol) was dissolved in 5 mL of EtOH then added
dropwise via syringe. The sample was then left to dry under vacuum overnight and calcined
at 500 ˚C under air for 5 h to give a black powder. Yield: 0.420 g. This sample is herein
referred to as Comp11.

4.2.6

Preparation of Co3O4/doped-CeO2 composite.

As-synthesized Comp10 (0.400 g, 1.66 mmol) was placed in a Schlenk flask and evacuated
for 1 h. Ce(NO3)3⋅6H2O (0.198 g, 0.469 mmol) and La(NO3)3⋅6H2O (0.022 g, 0.051 mmol) or
Mn(NO3)2⋅4H2O (0.013 g, 0.051 mmol) were dissolved in 5 mL of EtOH then added
dropwise via syringe. The sample was then left to dry under vacuum overnight and calcined
at 500 ˚C under air for 5 h to give a black powder. These sample is referred to as Comp1110%M where M = La or Mn.

4.2.7

Preparation of chiral nematic Co3O4

Chiral nematic silica templated with nanocrystalline cellulose206 (2.075 g) was ground with
Co(NO3)2⋅6H2O (4.016 g, 13.79 mmol) using a pestle and mortar then heated to 500 ˚C at a
ramp rate of 1 ˚C/min in a muffle furnace. The furnace was maintained at 500 ˚C for 3 h
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before cooling under ambient conditions. After cooling, the silica was then removed by
stirring the product in 2 M NaOH for 2 h. The resulting black solid was collected and washed
with H2O (2 × 20 mL) and EtOH (2 × 20 mL) via centrifugation then dried overnight at 70 ˚C
to give a black powder. Yield: 1.053 g. This sample is herein referred to as Comp12.

4.2.8

Methane oxidation testing

Temperature-programmed CH4 oxidation (TPO) done as described in section 2.2.11 of this
thesis.

4.3

Results and discussion

KIT-6, a well-known mesoporous silica, was used as a template to construct novel hybrid
catalytic materials. KIT-6 has large, uniform, easily accessible pores, which make it ideal for
use as a template. Nitrogen adsorption measurements of the KIT-6 used as a template for
mesoporous cobalt oxide show an H1 hysteresis loop and an average pore size of 7 nm
(Figure 4-1a,b). The ordered pores, as seen by TEM in Figure 4-1c, afford a large surface
area of 802 m2 g-1. The Co3O4 based catalysts templated with KIT-6 were prepared using the
route shown in Scheme 4-1. First, KIT-6 was ground together with cobalt nitrate, then the
composite was calcined to give a SiO2/Co3O4 material. Etching of the silica with NaOH(aq)
afforded Comp10. In a second step, the pores of the Comp10 were infiltrated with CeO2 by
dissolving Ce(NO3)3⋅6H2O in EtOH and injecting it into a Schlenk flask containing Comp10
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under vacuum. Samples were also prepared with CeO2 enriched with La or Mn using a
similar procedure.

Scheme 4-1: Synthesis of mesoporous Co3O4-based materials using KIT-6 as a template. a) (i) 2.075 g of
KIT-6 ground with 4.016 g of Co(NO3)2⋅6H2O; (ii) calcination at 500 ˚C; (iii) etching in 2M NaOH(aq). b)
(i) 0.220 g Ce(NO3)3⋅6H2O in 5 mL EtOH added to 0.400 g Co3O4 under vacuum; (ii) calcination at 500
˚C. c) (i) 0.198 g of Ce(NO3)3⋅6H2O and 0.022 g of La(NO3)3⋅6H2O in 5 mL of EtOH added to 0.400 g
Co3O4 under vacuum; (ii) calcination at 500 ˚C. d) (i) ) 0.198 g of Ce(NO3)3⋅6H2O and 0.013 g of
Mn(NO3)2⋅4H2O in 5 mL of EtOH added to 0.400 g Co3O4 under vacuum; (ii) calcination at 500 ˚C.
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Figure 4-1: a) N2 adsorption-desorption isotherm, b) BJH pore size distribution curves and c) TEM
image of KIT-6.

PXRD patterns of the calcined catalysts are shown in Figure 4-2. Diffraction peaks
associated with cubic Co3O4, space group Fd3m, were observed in all samples. Comp11,
Comp11-10%La and Comp11-10%Mn also display peaks corresponding to cubic CeO2
with fluorite-like cubic structure. There are no diffraction peaks of manganese or lanthanum
oxide, suggesting that Mn or La has entered into the CeO2 lattices rather than phase
separating. No shift in the ceria diffraction peaks that one would typically expect for a solid
solution were observed, but the peaks did become broader. This is consistent with previous
reports of doped ceria.207 Crystallite sizes were estimated using the Scherrer equation, as
shown in Table 4-1.
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Figure 4-2: PXRD patterns of a) Comp10, b) Comp11, c) Comp11-10%La and d) Comp11-10%Mn.
PXRD pattern of Co3O4 matches JCPDS-78-1969 for Co3O4 (!) and the PXRD pattern of CeO2 matches
JCPDS-34-0394 (!).

Table 4-1: Crystallite sizes estimated using the Scherrer equation for Comp10, Comp11, Comp11-10%La
and Comp11-10%Mn.

Crystallite size (Å)
Catalyst

Co3O4

CeO2

Comp10

134

-

Comp11

123

82

Comp11-10%La

133

72

Comp11-10%Mn

125

73

123

The

as-synthesized

materials

were

examined

by

nitrogen

adsorption/desorption

measurements to determine the Brunauer-Emmett-Teller (BET) surface areas and the pore
size distributions (Figure 4-3 and Figure 4-4). The BET surface area of the Comp10
decreases from 97 m2 g-1 to 68 m2 g-1 upon addition of Ce(NO3)3⋅6H2O followed by
calcination. This relatively small decrease in surface area is due to partial filling of the pores
with CeO2, which allows the surface area to remain relatively high. This is supported by
TEM images, which show both filled and empty pores (Figure 4-6c). The confinement of
most of the CeO2 within the Comp10 pores is thought to prevent the CeO2 from any
significant sintering upon calcination at 500 ˚C and allows the Co3O4 and CeO2 to maintain
intimate interactions in the solid state, interactions that are expected to be beneficial for
catalysis. Comp11-10%La and Comp11-10%Mn have similar surface areas of 67 m2 g-1 and
55 m2 g-1, respectively.

Figure 4-3 shows N2 adsorption curves for all of the materials, indicating that they all show
typical type IV isotherms, as defined by IUPAC.145 This shows that the materials do not lose
their mesoporous structure when some of the pores are filled with doped or undoped CeO2.
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Figure 4-3: N2 adsorption-desorption isotherms for a) Comp10, b) Comp11, c) Comp11-10%La and d)
Comp11-10%Mn. Solid lines represent adsorption and dashed lines represent desorption.
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Figure 4-4: BJH pore size distribution curves for a) Comp10, b) Comp11, c) Comp11-10%La and d)
Comp11-10%Mn.

PXRD measurements (Figure 4-5) show peaks at low angles for all synthesized materials due
to the ordered nature of the mesopores. KIT-6 itself has cubic Ia3d symmetry and this
ordered structure is retained in the templated products. The pore size distribution curves of
Comp10, Comp11, Comp11-10%La and Comp11-10%Mn are presented in . Comp10 has
an average pore size of 4.4 nm, while Comp11, Comp11-10%La and Comp11-10%Mn
have pore diameters of 4.8 nm, 7.0 nm and 7.3 nm, respectively. The doped CeO2 samples
have larger pore sizes and greater pore size distributions, possibly due to the dopant
disrupting the CeO2 lattice structure. Any CeO2 that does not enter the Comp10 forms small
particles with pore-like voids between them.
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Figure 4-5: Low angle PXRD spectra for a) Comp10, b) Comp11, c) Comp11-10%La and d) Comp1110%Mn.

TEM of the samples show that for Comp10 the inverse KIT-6 morphology is maintained
upon removal of the silica template, Figure 4-6. After addition of Ce(NO3)3⋅6H2O the
material is calcined under air for 5 h and again the mesoporous morphology of the Comp10
remains intact in Comp11, with some of the pores filled with CeO2.
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Figure 4-6: TEM images of a) KIT-6, b) Comp10, c) Comp10/Ce(NO3)3⋅6H2O d) Comp11 e) Comp1110%La and f) Comp11-10%Mn.

The chemical composition of the new materials was examined by energy dispersive X-ray
(EDX) spectroscopy. The EDX spectra from Comp10 show the elements cobalt and oxygen,
with a trace amount of silicon remaining from the KIT-6 template. After the CeO2 was added,
cobalt, oxygen and cerium are all observed by EDX of Comp11. Similarly, EDX
measurements indicate that cobalt, oxygen, cerium and lanthanum or manganese are present
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in Comp11-10%La and Comp11-10%Mn respectively. EDX mapping (Figure 4-7 and
Figure 4-8) shows homogeneous dispersion of all elements present, which is expected as the
resolution is not high enough to image the individual mesopores.

Figure 4-7: EDX mapping images of Comp11-10%La.

129

Figure 4-8: EDX mapping images of Comp11-10%Mn.

X-ray photoelectron spectroscopy (XPS) was also used to determine the chemical
composition of the materials. Figure 4-9 shows the high resolution Ce 3d XPS spectra
collected from Comp11, Comp11-10%La and Comp11-10%Mn. Following convention,
two sets of multiplets u and v (3d3/2 and 3d5/2 spin–orbit components) have been labeled, with
splitting of 18.4 eV, in agreement with the literature.193,208 Three pairs of peaks denoted as
V/U, V’’/U’’, V’’’/U’’’ are assigned to Ce4+ species and arise from different Ce 4f electron
configurations in the final states (Table 4-2). The couple V’/U’ is attributed to the electron
configuration of the final state of the Ce3+ species.208–210
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Figure 4-9: High resolution Ce 3d XPS spectra of a) Comp11, b) Comp11-10%La and c) Comp1110%Mn.
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Table 4-2: High resolution Ce 3d XPS binding energies and peak assignments for Comp11, Comp1110%La and Comp11-10%Mn.

Binding energy (eV)
Catalyst

v

v'

v''

v'''

u

u'

u''

u'''

Comp11

882.9 885.3 889.1 898.7 901.3 903.7 907.5 917.1

Comp11-10%La

883.1 885.9 889.8 898.8 901.5 904.3 907.5 917.2

Comp11-10%Mn

883.1 885.6 889.1 898.8 901.5 904.0 907.2 917.2

*The small difference in the binding energies could be due to different metal ions’
environments near the cerium sites as various dopants are added as well as errors in the
fitting process.

The position of the Co 2p3/2 and 2p1/2 peaks in the XPS spectra for all samples confirms the
presence of Co3O4, as illustrated in Figure 4-10 and Table 4-3.211,212 An extremely weak
satellite structure symptomatic of shake-up from the minor Co2+ component can be seen in
Co3O4, but it is completely absent from Comp11, Comp11-10%La and Comp1110%Mn.213,214 These peaks are not strong enough to be assigned as the shake-up peaks
characteristic of the Co2+ in CoO and it is likely that they arise from the very small amount of
Co2+ present in mixed-valence Co3O4. XPS data for Comp11-10%La and Comp11-10%Mn
also confirms the presence of La and Mn, respectively (Figure 4-11 and Figure 4-12).
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Figure 4-10: High resolution Co 2d XPS spectra of a) Comp10, b) Comp11, c) Comp11-10%La and d)
Comp11-10%Mn.

Table 4-3: High resolution Co 2p XPS binding energies for Comp10, Comp11, Comp11-10%La and
Comp11-10%Mn.

Catalyst

Binding energy
(eV)

Comp10

780.9

796.2

Comp11

780.6

795.8

Comp11-10%La

780.5

795.7

Comp11-10%Mn

780.6

795.9
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Figure 4-11: High resolution La 3d XPS spectrum of Comp11-10%La.

Figure 4-12: High resolution Mn 2p XPS spectrum of Comp11-10%Mn.
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All of the materials prepared were investigated for LT-MOX catalytic activity. Interestingly,
when tested for catalytic activity for L-T MOX, one batch of Comp10 reproducibly showed
substantial activity at ~175 ˚C during the first catalytic test (45% methane conversion, Figure
4-13). This activity returned to 10% before rising again to 100% complete methane
conversion at 475 ˚C. When the measurement was repeated with the same sample, this initial,
low temperature peak was no longer present.

Figure 4-13: TPO curve of fresh Comp10 (blue) and used (purple).

Comp10 does not undergo any change in structure due to heating up to 200 ˚C (confirmed by
variable-temperature PXRD, Figure 4-14) that could be causing this surprising catalytic
activity. Subsequent analysis of these results showed that there was more carbon in the
reactor exit gas than in the feed gas at 175 ˚C. Examination of the reactor did not reveal any
sources for this carbon and, due to the fact that the peak was reproducible, it is assumed it is
not due to any leaks in the reactor. However, the catalyst only lost mass due to water during
TGA analysis up to 900 ˚C in air and no carbon was detected by elemental analysis. The
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source of this carbon has not yet been identified, but it is an issue that should be noted in case
it is encountered in future experiments.

Figure 4-14: Variable-temperature PXRD patterns of Comp10.

A second batch of Comp10 was synthesized and, when tested for catalytic activity for L-T
MOX, showed high activity at low temperatures with 50% complete methane conversion
(T50%) at 390 ˚C and the activity seen at low temperatures in the previous sample was not
present (Figure 4-15; compared to T50% of 250 °C for a conventional precious metalcontaining catalyst (7.7 wt% Pd/SiO2) tested under the same TPO reaction conditions215).
While the complete sequence of elementary steps governing hydrocarbon oxidation on metal
oxide surfaces is not completely understood, it is thought to occur through C---H activation
with a simultaneous reduction of metal oxide surface sites.190,216 As seen by the very weak
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nature of the Co2+ satellite peaks in the XPS spectrum, there is almost no Co2+ on the surface
of the catalysts. Therefore, I propose that Co3+ sites on the surface of the Comp10 are
reduced to Co2+ by activation of CH4, and may generate surface hydroxide ions. This is
similar to the mechanism proposed for hydrocarbon oxidation over other metal oxides. 216,217

Figure 4-15: TPO curve of Comp10.

Comp11, Comp11-10%La and Comp11-10%Mn show high catalytic activity for materials
that do not contain noble metals as seen in Figure 4-16 and Table 4-4, with the T50% at 400 ˚C
for Comp11-10%La and 445 ˚C for Comp11-10%Mn. The weight hourly space velocity
(WHSV) of 180,000 mL/g/h is significantly higher than most literature examples of similar
catalysts, indicating that the materials described here are much more active for L-T MOX. At
100% conversion, the only products were CO2 and H2O. It is probable that the reduction in
surface area associated with the addition of CeO2 or doped CeO2 causes the slight decrease in
catalytic activity. It is also possible that Co3O4 catalysts containing CeO2 have metal-metal
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interactions between the Co and Ce that alter the redox properties of the materials, with
electron transfer between the two metal oxides preventing the reduction of the Comp10
surface at low temperatures. While the introduction of CeO2 and doped CeO2 did not have
any significant effect on catalytic activity, it is important to note that doping was successful
and the high catalytic activity maintained. This will allow the catalysts to be more easily
modified to increase chances of success in various applications for which L-T MOX is
required. These catalytic materials could also serve as active supports for noble metals.

Figure 4-16: TPO curves for Comp11 (yellow), Comp11-10%La (blue) and Comp11-10%Mn (pink).
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Table 4-4: Catalytic performance of the materials described in this chapter and materials from the literature.
Composition

Preparation method

T50%

Catalyst mass

WHSV

CH4 in feed gas

(mg)

(mL/g/h)

(Vol.%)

Reference

Comp10

As described

390 ˚C

100

180,000

0.1

This work

Comp11

As described

407 ˚C

100

180,000

0.1

This work

Comp11-10%La

As described

400 ˚C

100

180,000

0.1

This work

Comp11-10%Mn

As described

445 ˚C

100

180,000

0.1

This work

30%Co3O4–CeO2

Co-precipitation

400 ˚C

50

12,000

0.3

218

25%Co-Ce-O

Modified Citrate Sol–Gel

401 ˚C

100

30,000

1.0

193

composite

Method

40%La/CeO2

Hydrothermal

<500 ˚C

100

30,000

1.0

114

MnCo2O4

Fast heating Mn/Co

405 ˚C

200

7,020

1.0

219

alkoxyacetate precursors
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4.4 Chiral nematic mesoporous cobalt oxide

Given that the templation of cobalt oxide with a porous silica template was successful, the
feasibility of templating chiral cobalt oxide with chiral nematic mesoporous silica previously
developed in the MacLachlan group was tested (Figure 4-17).206 This silica was produced
through templating with chiral nematic nanocrystalline cellulose and the resulting films have
a helical pitch distance of several hundred nanomaters. Chirality has been introduced into
other materials by templation with this chiral nematic silica, including carbon and titanium
dioxide, however, a solid-liquid route such as used for the synthesis of Comp10 has not been
used before. The template was ground with Co(NO3)2⋅6H2O and heating slowly in a muffle
furnace to 500 ˚C in a similar manner to Comp10. The silica template was then removed by
stirring in 2 M NaOH to give Comp12.

Figure 4-17: SEM images of chiral nematic silica films. a) Side view of a cracked film shows the stacked
layers that result from the helical pitch of the chiral nematic phase (scale bar = 3!µm). b) Higher
magnification reveals the helical pitch distance to be of the order of several hundred nanometres (scale
bar = 2!µm). Reprinted by permission from Macmillan Publishers Ltd: Nature, reference 206, copyright
2010.
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Comp12 is Co3O4 by PXRD analysis, as shown in Figure 4-18. SEM images before removal
of the silica template (Figure 4-19a and b) shows no distinct morphology, and the fact that
chiral nematic ordering cannot be seen suggests that the cobalt oxide has infiltrated the pores.
Upon removal of the silica, sections of Comp12 appear to have a layered structure with
possible chiral nematic ordering, however it is not as highly ordered as the silica, as shown in
Figure 4-19c and d. Comp12 has a BET surface area of 86 m2/g and a type IV isotherm with
a type H2 hysteresis loop, reflecting that of the mesoporous silica template used.

Figure 4-18: PXRD pattern of Comp12. Pattern matches JCPDS-78-1969 for Co3O4 (!).
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Figure 4-19: SEM images of a and b) Comp12 before silica removal and c and d) after silica removal.

Figure 4-20: N2 adsorption-desorption isotherms for Comp12. Solid lines represent adsorption and
dashed lines represent desorption.
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The black colour of cobalt oxide prevents iridescence and so it is difficult to deduce whether
Comp12 has chiral nematic ordering. However, SEM images suggest that the template has
imparted a layered structure on the cobalt oxide. Further investigation is needed to determine
the true structure of Comp12, but initial results are encouraging and suggest that this
technique will successfully lead to the first example of chiral nematic metal oxides obtained
through a solid-liquid technique and the first example of chiral nematic cobalt oxide.

4.4.1

Conclusions

Mesoporous Co3O4 and Co3O4/CeO2 based catalysts that have excellent activity for L-T MOX
was discovered. These materials are formed using a simple KIT-6 templating method
followed by impregnation. Comp10 on its own shows unusually high L-T MOX activity with
a light-off temperature of 390 ˚C. Comp11, Comp11-10%La and Comp11-10%Mn show
high activity for total oxidation of methane, with Comp11-10%La having a light-off
temperature of 400 ˚C. The ability to modify these materials without significantly affecting
their catalytic activity means they have the potential to be used for a number of applications
in which L-T MOX would be an advantage, as well as used as active supports for noble
metals. The wide availability of silica combined with the simplicity of this approach makes it
plausible that large quantities of these materials could be produced for commercial uses.
Future work will aim to further improve the catalytic activity of these materials by altering
the ratio of Ce to Co as well as the type and ratio of dopant cation. It is also possible that the
metal oxides could be substituted for other materials that show promise as L-T MOX
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catalysts and that the materials described in this chapter could be used to support precious
metals such as Pt or Pd. Finally, the stability of these materials during repetitive LT-MOX
testing requires investigation.
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Chapter 5: Surface-assisted Reduction: A New Method for the Preparation
of Noble Metal/Ceria Catalysts1

5.1 Introduction

To date, no transition metal catalysts have high enough activity for low-temperature methane
oxidation (L-T MOX) to completely eliminate the use of expensive noble metals in natural
gas vehicles (NGVs). However, reducing the amount of noble metals in catalyts through
judicious choice of support as well as catalyst composition, morphology, synthetic route and
precursors used has the potential to lead to inexpensive, effective catalysts for use in NGVs.

Pd/CeO2 catalysts are amongst the most promising materials for L-T MOX in vehicle
engines.134,220,221 As shown previously in this thesis, ceria is an active support for methane
oxidation catalysts due to its accessible Ce3+/Ce4+ redox cycle, which results in high oxygen
storage capacity (OSC) and high oxygen mobility. Electron and oxygen transfer studies on
model Pt/CeO2 catalysts show favorable interactions on nanostructured ceria that enhance
activity222 and the hydrophobic nature of ceria may help stabilize it under the harsh
conditions found in exhaust streams.223 Many methods are available for the synthesis of

1

Portions of this chapter have been submitted for publication as: Gomathi, Anandhanatarajan, Susan M.

Vickers, Rahman Gholami, Mina Alyani, Renee W. Y. Man, Mark J. MacLachlan, Kevin J. Smith and Michael
O. Wolf, “Nanostructured Materials Prepared by Surface-Assisted Reduction: New Catalysts for Methane
Oxidation”.
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Pd/CeO2 materials including wet impregnation, co-precipitation, deposition-precipitation,
specific adsorption, and combustion synthesis.134,224–227 However, the structure of the
material is difficult to fine tune using these methods and they often lead to catalysts with
relatively high light-off temperatures (T50%) for L-T MOX, as demonstrated for wet
impregnation in section 2.3.5 of this thesis. Pd@CeO2 core shell particles on alumina have
resulted in catalysts with complete oxidation of methane at temperatures below 400 ˚C.135
The high activity of these materials was mainly attributed to strong interactions between Pd
and ceria, as well as high dispersion of the Pd@CeO2 nanostructures. However, reaching
T50% of less than 300 °C for L-T MOX remains a formidable challenge and new methods for
synthesizing catalytic materials are highly desirable.

Given the wide range of reactions for Pd/CeO2 based catalysts, the discovery of new
preparation methods could lead to more efficient catalysts for a large number of processes.
Additionally, ceria is commonly used as a support for other noble metals, furthering the
importance of new methods for synthesizing noble metal/ceria composite catalysts. For
example, Au/ceria catalysts have been reported to have activity for CO oxidation,228,229
hydrocarbon oxidation,228 and the water-gas shift reaction.230,231 Ag/ceria catalysts have been
used for CO oxidation,232,233 formaldehyde oxidation,234,235 and hydrocarbon oxidation.233

In this chapter the synthesis of novel cerium formate (CF) and cerium hydroxy carbonate
(CHC) nanostructures is described. These new materials are then used as precursors in a new,
straightforward and scaleable method for synthesizing Pd/ceria catalysts, termed surfaceassisted reduction (SAR). The new catalytic materials have exceptional activity for L-T
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MOX, with T50%’s below 300 ˚C. The scope of SAR is investigated and Au/ceria, PdAu/ceria
and Ag/ceria materials are successfully formed.

5.2 Experimental
5.2.1

General

All solvents and reagents were purchased from commercial sources and used without further
purification. Powder X-ray diffraction (PXRD) data were recorded on a Bruker D8 Advance
X-ray diffractometer in the Bragg-Brentano configuration, using Cu Kα radiation at 40 kV,
40 mA. X-ray photoelectron spectroscopy (XPS) was carried out on a Leybold Max200
spectrometer using a magnesium Kα X-ray source for all other samples, operating at a base
pressure of 1 × 10−9 Torr. Initial survey scans were acquired with a pass energy of 192 eV,
while higher resolution scans were acquired with a pass energy of 48 eV. XPS spectra were
deconvoluted using the XPSPEAK program by curve fitting with a mixed GaussianLorentzian function after the Shirley-type background subtraction. Gas adsorption studies
were performed using a Micromeritics Accelerated Surface Area & Porosity (ASAP) 2020
system. All samples were degassed for two hours under vacuum at 120 °C immediately prior
to analysis. Barrett-Joyner-Halenda (BJH) pore size distributions were all calculated from the
adsorption branch of the isotherm. FT-IR (Fourier transform infrared) spectra were recorded
on powdered solids on a Thermo Scientific Nicolet 4700 spectrometer.
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5.2.2

Microscopy

Transmission electron microscopy (TEM) images were collected on a Hitachi H7600
electron microscope operating at an accelerating voltage of 100 kV. Samples were prepared
by suspending the powders in ethanol and then dropcasting them onto a carbon-coated
copper TEM grid and air-drying. SEM images were obtained with a Hitachi S-4700 field
emission scanning electron microscope. Samples were prepared using double-sided carbon
tape or dropcasting the dispersion directly onto aluminum stubs. The samples were then
sputter coated with 5 nm of gold. Energy dispersive X-ray analysis (EDX) was collected on a
Hitachi S-2600N variable pressure scanning electron microscope (SEM) equipped with an Xray detector coupled to Quartz Imaging Systems Xone software. Samples were analyzed
without sputter coating.

5.2.3

Preparation cerium formate hollow spheres via a solvothermal method

Ce(NO3)3!6H2O (1.300 g, 3.000 mmol) was added to ethylene glycol (EG) (15 mL) in a 23
mL Teflon lined stainless steel autoclave. The reaction vessel was heated at 145 ˚C for 15 h
then cooled to room temperature. The resulting violet product was collected by centrifugation
(10 min, 4500 rpm), washed with ethanol (3 × 20 mL) and dried overnight at 50 ˚C to give a
pale violet coloured powder. These samples are referred to as Comp13-CF.
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5.2.4

Preparation of cerium hydroxycarbonate rods

Ce(NO3)3!6H2O (0.870 g, 2.000 mmol) was added to EG (15 mL) in a 23 mL Teflon lined
stainless steel autoclave. The reaction mixture was maintained at 180 ˚C for 48 h and was
then cooled to room temperature. The product, a pale yellow gel, was collected by
centrifugation (10 min, 4500 rpm), washed with ethanol (3 × 20 mL), and dried at 50 ˚C to
give a tan coloured powder. These samples are referred to as Comp13-CHC-f.

5.2.5

Preparation of cerium hydroxycarbonate stacked sheets

Ce(NO3)3!6H2O (0.870 g, 2 mmol) was added to EG (15 mL) in a 23 mL Teflon lined
stainless steel autoclave. The reaction mixture was maintained at 200 ˚C for 24 h and was
then cooled to room temperature. The product, a white gel, was collected by centrifugation
(10 min, 4500 rpm), washed with ethanol (3 × 20 mL), and dried at 50 ˚C to give a white
powder. Yield = 0.429 g. These samples are referred to as Comp13-CHC.

5.2.6

Surface-assisted reduction of Pd(NO3)2 with ceria precursors

In a typical reaction, calculated quantities of ceria precursor were added to the appropriate
amount of Pd(NO3)2 dissolved in distilled water. The solid was collected by centrifugation
(10 min, 3000 rpm) washed with 20 mL of distilled water and dried at 60 ˚C overnight. The
grey powder was calcined at 400 ˚C to give the dark grey, 1wt%Pd-ceria samples. Table 5-1
gives the quantities of reagents used for each sample.
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Table 5-1: Quantities of reagents used in the Pd SAR experiments.

Sample ID
Comp14-CHCf/Pd(1mM)
Comp14CF/Pd(1mM)
Comp14-CF/Pd
(0.4mM)
Comp14-CF/Pd
/Pd(0.3mM)
Comp15-CF/Pd

5.2.7

Mass of
Pd(NO3)2 used
(mg)

Volume of H2O
(mL)

Quantity of
CHC-f used
(mg)

Quantity of CF
used (mg)

4.3

20

250

-

4.3

20

-

320

4.3

50

-

320

4.3

70

-

320

4.3

20

-

320

Non-hydrothermal route to cerium formate

Ce(NO3)3!6H2O (1.310 g, 3.000 mmol) was added to EG (15 mL) and heated to 155 ˚C in a
round bottomed flask with a condenser. After 40 h the purple reaction mixture was left to
cool to room temperature before being collected by centrifugation (10 min, 4500 rpm),
washed with ethanol (3 × 20 mL), and dried at 50 ˚C to give a pale violet powder. Yield =
0.620 g. These samples are referred to as Comp15-CF.

5.2.8

Surface-assisted reduction of HAuCl4 with ceria precursors

In a typical reaction, quantities of ceria precursor were added to the appropriate amount of
HAuCl4!xH2O in distilled water. The reaction mixture was stirred at room temperature for 4
h. The solid was collected by centrifugation (10 min, 3000 rpm) washed with 20 mL of
distilled water and dried at 60 ˚C overnight. The powder was calcined at 400 ˚C to give the
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red or violet 1wt%Au/ceria samples. Table 5-2 gives the quantities of reagents used for each
sample.

Table 5-2: Quantities of reagents used in the Au SAR experiments.

Sample ID
Comp16CF/Au(0.5mM)
Comp16CF/Au(1mM)
Comp16CHC/Au(0.5mM)
Comp16CHC/Au(1mM)
5.2.9

Mass of
HAuCl4 used
(mg)

Volume of
H2O (mL)

Quantity of
CHC used
(mg)

Quantity of
CF used (mg)

6.9

20

-

633

6.9

40

-

633

6.9

20

500

-

6.9

40

500

-

Simultaneous surface-assisted reduction of Pd(NO3)2 and HAuCl4 with ceria

precursors

Pd(NO3)2 (4.3 mg, 0.02 mmol) and HAuCl4 (2.0 mg, 0.006 mmol) were each dissolved in 10
mL of distilled water then both solutions were added to Comp13-CHC-f (0.252 g). The
reaction mixture was stirred at room temperature for 4 h. The solid was collected by
centrifugation (10 min, 3000 rpm), washed with 20 mL of distilled water and dried at 60 ˚C
overnight. Grey powder was calcined at 400 ˚C to give the dark grey solid 1%wtPd0.5wt%Au/ceria samples, referred to as Comp17-PdAu-sim.
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5.2.10 Sequential surface-assisted reduction of Pd(NO3)2 and HAuCl4 with ceria
precursors

Pd(NO3)2 (4.3 mg, 0.02 mmol) was dissolved in 18.0 mL of distilled water then added to
Comp13-CHC-f (0.252 g). The reaction mixture was stirred at room temperature for 30 min
then HAuCl4 (2.0 mg, 0.006 mmol) dissolved in 2.0 mL of distilled water was added and the
mixture stirred for another 3.5 h. The solid was collected by centrifugation (10 min, 3000
rpm), washed with 20 mL of distilled water and dried at 60 ˚C overnight. Grey powder was
calcined at 400 ˚C to give the dark grey solid 1%wtPd-0.5wt%Au /ceria samples, referred to
as Comp17-PdAu-seq.

5.2.11 Surface-assisted reduction of AgNO3 with ceria precursors

Ag(NO3) (3.1 mg, 0.02 mmol) was dissolved in 20 mL of distilled water then added to
Comp13-CF (0.320 g). The reaction mixture was stirred at room temperature for 4 h. The
solid was collected by centrifugation (10 min, 3000 rpm) washed with 20 mL of distilled
water and dried at 60 ˚C overnight. Grey powder was calcined at 400 ˚C to give the pale grey
solid 1%wtAg/ceria samples, referred to as Comp18-Ag.

5.2.12 Methane oxidation testing

Temperature-programmed CH4 oxidation (TPO) done as described in section 2.2.11 of this
thesis.
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5.3 Results and discussion
5.3.1

Novel cerium-containing nanomaterials

A novel synthetic route to cerium hydroxycarbonate (CHC) and cerium formate (CF)
nanomaterials was discovered through collaboration with other members of the MacLachlan
lab. This route utilized ethylene glycol (EG), which is known to be a reducing agent that is
itself oxidized to aldehydes then acids and finally CO2, in a solvothermal reaction. By
altering the reaction temperature, different morphologies were obtained, as illustrated in
Figure 5-1. At 120 ˚C cerium nitrate and EG reacted to produce CeO2. At 145 ˚C the
Comp13-CF nanospheres formed were composed of CF by PXRD and FT-IR analysis
(Figure 5-2). The FT-IR spectrum shows an intense band at 1570 cm-1 that is characteristic of
the asymmetric COO stretching mode and a band at 776 cm-1 that arises from δ(OCO) of the
formate group, along with bands due to residual EG (~1040-1080 cm-1). PXRD and FT-IR
analysis of the Comp13-CHC-f nanorods and Comp13-CHC stacked sheets, formed at 180
˚C and 200 ˚C, respectively, show that increasing the temperature of the reaction reduces the
amount of formate groups in the sample and increases the amount of carbonate groups until,
at 200 ˚C, the product is entirely CHC. The PXRD patterns of Comp13-CHC-f and
Comp13-CHC are both indexed to CHC. However, the FT-IR spectra of Comp13-CHC-f
contains peaks corresponding to formate in addition to those corresponding to carbonate and
residual EG while Comp13-CHC has comparably less residual formate and EG. Given that
formic acid and carbon dioxide are both known decomposition products of EG, it is proposed
that Comp13-CHC-f is composed of CHC with formate groups coating the surface.
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Figure 5-1: Synthesis of new nanostructured cerium-containing materials. Scale bars = 100 nm.
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Figure 5-2: PXRD patterns of Comp13-CF (purple), Comp13-CHC-f (green) and Comp13-CHC (orange).
Comp13-CF corresponds to CF (JCPDS-49-1245), and Comp13-CHC-f and Comp13-CHC correspond to
CHC (JCPDS-52-0352).

5.3.2

Surface-assisted reduction

These nanostructured cerium-containing materials were employed in the development of a
new method for creating Pd/CeO2 catalysts, termed surface-assisted reduction (SAR). The
addition of palladium nitrate to either formate-coated Comp13-CHC-f nanorods or
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Comp13-CF hollow spheres in water yielded a black precipitate, as shown in Scheme 5-1.
This colour change is suggestive of the reduction of Pd2+ to Pd0.

Scheme 5-1: The reaction of Comp13-CHC-f or Comp13-CF with or CHC-f with Pd2+ gives black
precipitates of as-synthesized Comp14-CHC-f/Pd or Comp14-CF/Pd.

It is believed that the formate groups present in both Comp13-CF and Comp13-CHC-f are
responsible for the reduction of Pd2+. It is known that sodium formate can act as a reducing
agent in the synthesis of Pd nanoparticles, however, the use of formate groups on the surface
of a support material has not been reported. The amount of formate groups on the surface of
the Ce3+ precursor correlates with the rate of Pd2+ reduction. The reaction mixture turns black
in less than 5 minutes when Comp13-CF, the precursor with the largest amount of formate,
is used as the reducing agent. When Comp13-CHC-f (CHC with formate groups on the
surface) and Comp13-CHC (the precursor with the least amount of formate) are used the
reaction takes 1 hour and 12 hours, respectively, to turn black. The formate peaks present in
the Comp13-CF FT-IR spectra are replaced with peaks characteristic of carbonate (1385 and
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847 cm-1) in Comp14-CF/Pd, meaning the reduction of Pd2+ by formate yields carbonate as
a by product.

The PXRD patterns of Comp14-CF/Pd and Comp14-CHC-f/Pd do not show peaks relating
to crystalline palladium or palladium oxide (Figure 5-3). We have not been able to index the
peaks into a unit cell, but the patterns are similar to those obtained by layered metal oxide
structures.236,237 Interestingly, Comp13-CHC-f stirred in water for 12 hours without added
palladium nitrate also transformed into the same crystalline structure. When the Comp13-CF
or Comp13-CHC was treated with water there was no indication of the layered structure
forming.
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Figure 5-3: PXRD patterns of Comp14-CF/Pd (purple) and Comp14-CHC-f/Pd (green). Both patterns
indicate a layered structure.

Based on these results it is proposed that the formation of the layered structures in water is
facilitated by carbonate and residual EG from the precursor synthesis. Comp13-CF has
residual EG but no carbonate while Comp13-CHC has carbonate but no residual EG and so
neither forms the layered structure in water. However, during reduction of Pd2+, carbonate is
formed as a by-product and Comp14-CF/Pd also has the layered structure.

The reduction of Pd2+ was conducted at various concentrations of Pd(NO3)2. Comp13-CHCf successfully reduced Pd2+ in a 1 mM solution, while Comp13-CF was successful at
reducing Pd2+ at concentrations as low as 0.3 mM. At lower concentrations the reaction
mixture took a longer time to turn black, indicating that the reaction time is inversely
dependent on Pd2+ concentration.

These samples were calcined under air to give catalysts with 1 wt% Pd supported on ceria.
The PXRD patterns of the calcined samples show CeO2 with no peaks relating to Pd or PdO,
probably due to the particles being too small to be detected by PXRD. EDX and XPS
analysis was collected by A. Gomathi and confirmed the presence of Pd in all samples.

Comp14-CF/Pd(0.3mM) and Comp14-CHC-f/Pd(1mM) show remarkably high activity of
L-T MOX, with T50%’s of well below 300 ˚C and complete methane oxidation by 400 ˚C. As
far as we are aware, this activity is better than all other Pd/CeO2 samples reported in the
literature. Comp14-CF/Pd(1mM) and Comp14-CF/Pd(0.4mM) both show lower activity
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for L-T MOX than Comp14-CF/Pd(0.3mM). Slower reaction times for Pd2+ reduction give
rise to slower nucleation of Pd0. This leads to less aggregation of Pd0 and so better dispersion
and more active sites. For this reason, Comp14-CF/Pd(0.3mM) and Comp14-CHCf/Pd(1mM) exhibit the highest catalytic activity. It is thought that the excellent activity of
these materials is a result of the formate groups on the surface of the precursors reducing the
Pd2+, leading to high dispersion of the Pd nanoparticles and enhanced metal-support
interactions.

Figure 5-4: L-T MOX for Comp14-CF/Pd(0.3mM) (red), Comp14-CF/Pd(0.4mM) (blue), Comp14CF/Pd(1mM) (purple), and Comp14-CHC-f/Pd(1mM) (green).
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5.3.3

Scale up of surface-assisted reduction

In order for PdO/CeO2 synthesized by SAR to be a viable option for use in commercial
vehicles powered by natural gas, the reaction needs to be easily scalable. Several test
reactions were performed in order to determine how scalable SAR is. SAR is very sensitive
to the concentration of Pd(NO3)3, and so the amount of water had to be scaled proportionately
with the amount of precursor. However, with larger volumes of water, stirring becomes more
uneven throughout the reaction mixture and the solid cerium precursors cannot be as evenly
distributed as with smaller volumes. To scale up Comp14-CHC/Pd by 8 times, 2 g of CHC
was used to reduce 34.4 mg of Pd(NO3)2 in 80 mL of water. No reduction took place after 12
hours, so the mixture was then gently heated to 40 ˚C. However, still no reaction occurred
after 24 hours at 40 ˚C indicating that the synthesis of Comp14-CHC/Pd is not scalable in its
current form and further work will have to be done if the material is to be used commercially.
Advanced stirring apparatus or differently shaped glassware may help to distribute the
reactions more evenly and allow the reaction to proceed. The synthesis of Comp14CF/Pd(1mM) was successfully scaled by 8 times in 160 mL of water to give a dark grey
product similar in appearance to the small scale product. CF reduces Pd2+ more readily on a
smaller scale than CHC and so this result is not unexpected. XPS analysis for the scaled up
product is similar to the small scale product (Figure 5-5a). Two sets of multiplets, u and v,
(3d3/2 and 3d5/2 spin–orbit components) have been labeled, with splitting of 18.4 eV.193,208 The
pairs of peaks denoted as V/U, V’’/U’’, V’’’/U’’’ are assigned to Ce4+ species and the couple
V’/U’ is attributed to the Ce3+ species.208–210 The high resolution Pd 3d XPS spectra shows the
Pd to be in the form of PdO, with binding energies of 336.9 eV and 342.2 eV (Figure 5-5b).
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The T50% measured for Comp14-CF/Pd(1mM) produced when the reaction is scaled up is
329 ˚C, which is comparable to the small-scale reaction and is encouraging for possible
commercial uses of Comp14-CF/Pd.

Figure 5-5: High resolution a) Ce 3d and b) Pd 3d XPS spectra of scaled up Comp14-CF/Pd(1mM).
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Figure 5-6: TPO of Comp14-CF/Pd(1mM).

5.3.4

Non-hydrothermal route to cerium formate for surface-assisted reduction

In order to be able to scale up the production of Pd/CeO2 for commercial uses it is also
important to create more straightforward routes to the precursors. To develop a nonhydrothermal route to CF, Ce(NO3)3!6H2O was stirred in EG for 40 h at 155 ˚C to give
Comp15-CF. The resulting material was CF by PXRD, as seen in Figure 5-7a. The FT-IR
spectrum is similar to that of Comp13-CF, with peaks corresponding to formate groups and
residual EG. The CF has no distinct morphology, in contrast to the CF formed by
hydrothermal synthesis (Figure 5-8).
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Figure 5-7: a) PXRD pattern and b) FT-IR spectrum of Comp15-CF. " = cerium formate (JCPDS 491245).
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Figure 5-8: TEM image of Comp15-CF. Scale bar = 100 nm.

The reaction between Comp15-CF and Pd(NO3)2 in water to give Comp15-CF/Pd turned
black and so, based on previous results, was assumed to have successfully reduced Pd2+ to
Pd0. The PXRD pattern, shown in Figure 5-9a is similar to that of Comp14-CF/Pd,
indicating that the lamellar structure formed from carbonate and residual EG has formed.
TEM images are also indicative of this layered structure (Figure 5-9b). Unfortunately, this
material has not yet been tested for L-T MOX due to limited availability of the TPO setup.
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Figure 5-9: a) PXRD pattern indicating a layered structure and b) TEM image of Comp15-CF/Pd scale
bar = 100 nm.

5.3.5

Surface-assisted reduction of Pd using CF hollow spheres

Section 3.3.5 of this thesis describes the synthesis of cerium formate hollow spheres via a
non-hydrothermal EG-mediated route. Given that these hollow spheres are composed of CF
and synthesized in EG, it was proposed that they would also be able to reduce Pd2+ to form
Pd/ceria catalysts. The PXRD pattern, shown in Figure 5-10a, is similar to the pattern
collected for Comp14-Cf-Pd with an additional large, very broad peak usually associated
with amorphous material. TEM images show some of the material has a layered structure,
however, surprisingly, a large amount of the sample is still hollow spheres (Figure 5-10b),
which explains the amorphous region in the PXRD. This was unexpected as the morphology
of all other SAR precursor materials fully transformed to a layered structure. It is possible
that only some of the spheres participated in SAR, however, a deeper understanding of the
nature of SAR is needed before a reason for this can be proposed.
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Figure 5-10: a) PXRD pattern indicating a layered structure and b) TEM image of Comp15. Scale bar =
500 nm.

166

5.3.6

Surface-assisted reduction of HAuCl4 with ceria precursors

Gold nanoparticles supported on redox active oxides have been shown to have high catalytic
activity for many oxidation reactions. To develop new Au/CeO2 catalytic materials via SAR,
The synthesis of 1wt%Au/CeO2 was attempted by reacting chloroauric acid with a
hydrothermally synthesized cerium containing precursor. Comp13-CF and Comp13-CHC
were both used to reduce 0.5 and 1 mM choroauric acid solutions to give Comp16. After 4
hours the reaction mixtures had all turned purple. Purple is generally associated with
colloidal suspensions of larger Au nanoparticles, while spherical colloidal suspensions of Au
nanoparticles less than 100 nm are usually red. However, metal-support interactions may
change the plasmon resonances of nanoparticles.

PXRD patterns of as-synthesized Comp16, shown in Figure 5-11, are similar to those
obtained when Pd2+ is reduced by CF and CHC-f. This indicates that the layered structure
formed by carbonate and residual EG in water has been formed. No peaks corresponding to
Au are seen, as in the Pd samples. TEM images, shown in Figure 5-12, also show a material
with a layered structure similar to that obtained previously. FT-IR analysis confirmed that the
characteristic peaks of formate have disappeared and peaks characteristic of carbonate (1385
and 857 cm-1) appear or are enhanced.
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Figure 5-11: PXRD patterns of as-synthesized a) Comp16-CF/Au(0.5mM) (red) and Comp16CF/Au(1mM) (green), and b) Comp16-CHC/Au(0.5mM) (purple) and Comp16-CHC/Au(1mM) (blue).
All patterns indicate a layered structure.
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Figure 5-12: TEM images of as-synthesized a) Comp16-CF/Au(0.5mM) , b) Comp16-CF/Au(1mM), c)
Comp16-CHC/Au(0.5mM), and d) Comp16-CHC/Au(1mM). Scale bars = 100 nm.

All Comp16 samples were calcined under air, resulting in CeO2 by PXRD. No peaks
assigned to Au can be seen, suggesting that the Au is highly dispersed over the ceria support.
XPS analysis confirms the presence of Au with binding energies around 84.0 eV and 87.7 eV
(Figure 5-14 and Table 5-3). Interestingly, both Comp16-CF/Au samples are pale purple
while both Comp16-CHC/Au samples have a more red appearance (See Appendix Figure C1). While the dielectric constant of the environment can change the surface plasmon
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resonance of gold nanoparticles, all samples are composed of ceria and so it is expected that
the nanoparticles experience similar environments. Aggregation of nanoparticles can cause
colour transitions from red to purple due to plasmonic coupling between particles,238
suggesting the Au in Comp16-CF/Au has aggregated more than in Comp16-CHC/Au. This
is consistent with the observation during Pd2+ reduction that slower reduction by precursors
with less formate groups leads to higher dispersion of the precious metal.

All Comp16 samples have been sent to collaborators to be tested for catalytic activity in a
number of oxidation reactions, however to date no results have been obtained.

Figure 5-13: PXRD patterns of calcined Comp16-CF/Au(0.5mM) (red), Comp16-CF/Au(1mM) (green),
Comp16-CHC/Au(0.5mM) (purple) and Comp16-CHC/Au(1mM) (blue). "= CeO2 (JCPDS-34-0394).
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Figure 5-14: High resolution Au 4f XPS spectra for calcined a) Comp16-CF/Au(0.5mM), b) Comp16CF/Au(1mM), c) Comp16-CHC/Au(0.5mM) and d) Comp16-CHC/Au(1mM).

Table 5-3: High resolution Au 4f XPS binding energies for Comp16-CF/Au(0.5mM), Comp16CF/Au(1mM), Comp16-CHC/Au(0.5mM), and Comp16-CHC/Au(1mM).
Catalyst

Binding energy (eV)

Comp16-CF/Au(0.5mM)

83.6

87.3

Comp16-CF/Au(1mM)

83.8

87.4

Comp16-CHC/Au(0.5mM)

83.9

87.6

Comp16-CHC/Au(1mM)

84.0

87.6
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5.3.7

Surface-assisted reduction of Pd(NO3)2 and HAuCl4 with ceria precursors

Gold is known to increase the catalytic activity of supported Pd for a number of reactions.
For example Kapoor et al. demonstrated increased activity for AuPd/ceria compared to
Pd/ceria for methanol decomposition.239 The addition of small amounts of gold led to a
dramatic increase in catalytic activity, which leveled out with the addition of larger amounts
of gold. Therefore, it is proposed that AuPd clusters are highly active for methanol
decomposition, with a rise in activity stopping once the Pd particles are saturated with Au.
The authors suggest that Au may contribute to the reaction by adsorbing molecular hydrogen,
however, further investigation is needed to determine a mechanism for the increased activity.
In addition, Au has an affinity with sulfur compounds and so the presence of Au in a
automotive catalyst can protect Pd from being poisoned.240

1wt%Pd-0.5wt%Au/ceria catalysts were prepared using Comp13-CHC-f via both a
simultaneous and a sequential route. In the simultaneous route Pd(NO3)3 and HAuCl4, each
dissolved in 10.0 mL of water, were added to Comp13-CHC-f at the same time to give
Comp17-PdAu-sim. In the sequential route Pd(NO3)3 dissolved in 18.0 mL of water was
added to Comp13-CHC-f then, once the reaction mixture had turned black after 30 minutes,
HAuCl4 dissolved in 2.0 mL of water was added to give Comp17-PdAu-seq. The
simultaneous reaction is more likely to form AuPd mixed metal nanoparticles while the
sequential reaction is more likely to form separate Au and Pd nanoparticles.
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As expected, both reactions led to a layered structure, confirmed by PXRD (Figure 5-15a).
After calcination in air, only peaks corresponding to CeO2 were seen in the PXRD pattern for
both samples, again suggesting that Pd and Au are highly dispersed on the surface of the
support. EDX mapping of Comp17-PdAu-sim and Comp17-PdAu-seq reveals both Pd and
Au distributed evenly over the surface of the ceria support (Figure 5-16). This means that
after the reduction of Pd2+ onto the surface of the CHC-f there were still formate groups
available for the reduction of Au3+ in the sequential reaction. If the gold had not been
reduced during the reaction it is expected that it would remain in solution and so not appear
in EDX mapping.
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Figure 5-15: PXRD pattern of a) as-synthesized Comp17-PdAu-sim (green) and Comp17-PdAu-seq
(purple), indicating a layered structure and b) calcined Comp17-PdAu-sim (green) and Comp17-PdAuseq (purple). "= CeO2 (JCPDS-34-0394).
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Figure 5-16: EDX mapping images of a) Pd and b) Au for Comp17-PdAu-sim, and c) Pd and d) Au for
Comp17-PdAu-seq. Scale bars = 100 µm.

Comp17-PdAu-sim and Comp17-PdAu-seq were tested for L-T MOX, as shown in Figure
5-13. The T50% for the product of simultaneous reduction is 301 ˚C while the T50% for the
product of sequential reduction is 290 ˚C. These results are very similar to those obtained by
the corresponding Pd/ceria catalyst by SAR and suggest that Au does not have an effect on
the catalytic oxidation of methane by Pd/ceria catalysts produced via SAR. However, the
potential benefits of Au reducing sulfur poisoning of Pd in an automotive catalyst have not
been tested, and so further testing is required in order to determine if PdAu/ceria catalysts
would be superior to Pd/ceria catalysts in NGV engines.
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Figure 5-17: TPO curve for calcined Comp17-PdAu-sim (green) and Comp17-PdAu-seq (purple).

5.3.8

Scope of surface-assisted reduction

Catalysts synthesized by SAR show high catalytic activity for L-T MOX, likely due to high
dispersion of the precious metal on the support. This property is desirable for most supported
heterogeneous catalysts and so SAR has the potential to lead to a new class of catalytic
materials. Therefore, it is important to investigate the scope of SAR to pave the way to new,
highly active catalytic materials. Test reactions were run on a small scale using 2.0 mL of 2
mM solutions of Co(NO3)2, Cu(NO3)2 or AgNO3 and a spatula tip of Comp13-CF. After 24
hours only the reaction mixture containing AgNO3 had undergone any changes. As seen in
Table 5-4, Au3+, Pd2+ and Ag+ have higher reduction potentials than Cu2+ and Co2+ and so
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have a higher tendency to be reduced. The reduction potential for CO2 to formate is -0.42 V.
Therefore, the sum of the half-reactions for Au3+, Pd2+ and Ag+ reduction by formate is
positive and the reactions are spontaneous, while the sum of the half reactions for Cu2+ and
Co2+ reduction by formate is negative.

Table 5-4: Standard reduction potentials for selected half reactions in aqueous solution at 25 ˚C.
Oxidized form
Au

3+

+ 3e

2+

-

Pd + 2 e
+

Ag + e

-

-

Cu

2+

+2e

Co

2+

+ 2e

-

-

0

Reduced form

E volts

Au

1.50

Pd

0.92

Ag

0.80

Cu

0.34

Co

-0.28

The reduction of Ag+ with Comp13-CF was successful using a 1mM solution of Ag(NO3) to
produce 1%Ag/CeO2, Comp18-Ag. The PXRD pattern of the as-synthesized product was
analogous to other SAR products, showing a layered structure while the calcined product
showed only CeO2 with no peaks attributed to Ag (Figure 5-18). XPS analysis (Figure 5-19)
again reveals 4 pairs of peaks, indicating Ce3+ and Ce4+ oxidation states are both present. The
presence of metallic Ag is also confirmed with two peaks, one at 367.7 eV and one at 373.7
eV.
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Figure 5-18: PXRD pattern for Comp18-Ag as-synthesized (pink) and calcined (grey). "= CeO2 (JCPDS34-0394).
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Figure 5-19: High resolution a) Ce 3d and b) Ag 3d XPS spectra for calcined Comp18-Ag.

5.3.9

Conclusions

This chapter describes the synthesis and characterization of novel nanostructured ceria
containing materials. These materials were used as precursors for the synthesis of Pd/ceria
catalysts by a new method termed surface-assisted reduction. SAR employs formate groups
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on the surface of the precursor to reduce the noble metal, leading to high dispersion of the
metal and expected beneficial metal-support interactions. The Pd/ceria and PdAu/ceria
catalysts have exceptional activity for L-T MOX, with T50%’s below 300 ˚C. This activity is
higher than all other Pd/CeO2 catalysts reported in the literature. SAR is straightforward and
can be carried out with a variety of cerium-based precursors, provided formate groups and
residual EG are present. Furthermore, the reaction was shown to be scalable and these
materials have the potential to be used in catalytic converters of commercial NGVs.

SAR was also successfully utilized to produce Au/ceria, PdAu/ceria and Ag/ceria materials.
The wide scope of SAR has given rise to a new family of materials with the potential to have
outstanding activity for the large number of oxidation reactions that can be catalyzed by
ceria-supported noble metals.
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Chapter 6: Conclusions and Future Directions

6.1 Conclusions

Natural gas vehicles (NGVs) are a viable, more environmentally friendly alternative to
gasoline or diesel powered vehicles. However, a major obstacle to the widespread
implementation of NGVs is the unburned methane emitted in their exhaust. Methane is an
extremely potent greenhouse gas and the conventional three-way catalytic (TWC) converters
currently employed in gasoline and diesel powered vehicles do not break it down to carbon
dioxide and water due to the low temperatures (450-550 ˚C) present in NGV engines.

Ceria-based materials have been suggested as a possible solution to this problem as they
function as oxygen buffers during the cycling of oxygen rich and oxygen lean conditions in
an engine, making them active supports for noble metal catalysts. The aim of this thesis has
been to explore the synthesis, characterization and catalytic activity of ceria-based materials.

In Chapter 2, I adapted published synthetic routes to investigate how the synthesis,
morphology, surface area and doping of ceria affected the catalytic activity. It was
discovered that mixed metal oxides, where the second metal oxide is also redox active, have
higher catalytic activity for methane oxidation than ceria alone. Mixed metal oxides tended to
have a lower surface area than the analogous ceria-only material, but still had higher activity
when the second metal oxide was redox active. These findings were employed in Chapter 4
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to create catalysts with high activity for methane oxidation. In addition, 10 wt% palladium
was deposited onto one of the most active catalysts via wet impregnation. For this catalyst to
be commercially viable, however, the amount of palladium would have to be significantly
reduced, highlighting the need for new, more effective methods for palladium deposition.

In Chapter 3, I described the synthesis and characterization of several novel ceria-based
materials with various morphologies. Ceria was successfully deposited onto the surface of
hydroxyapatite spheres in the presence of CTAC surfactant. Unfortunately when the
hydroxyapatite template was removed the ceria spheres collapsed. Nevertheless, the ceria
product has a high surface area, likely due to the hydroxyapatite preventing significant
aggregation of the ceria particles during calcination. When this reaction was repeated without
the presence of hydroxyapatite nanorods of ceria were obtained, resulting in the first reported
route to ceria nanorods using CTAC as a soft template. Additionally, an ethylene glycolmediated route was used to synthesize cerium formate hollow, mesoporous nanospheres.
These spheres retained their morphology during calcination to give hollow, mesoporous
nanospheres of ceria. Doping with 10 mol% Fe3+ prevented the spheres forming, however
doping with 10 mol% Mn3+ produced non-hollow spheres, and mesoporous, hollow
nanospheres of 10 mol% La3+ doped ceria were successfully prepared. It is proposed that
these spheres are formed through a hollowing Ostwald ripening process. This synthetic route
is simple and less energy intensive than other published routes to hollow ceria nanospheres
and is the first reported non-hydrothermal synthesis of hollow, mesoporous ceria-based
nanospheres.
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In Chapter 4, I used the discovery from Chapter 2 that a combination of two redox active
metal oxides is a more efficient catalyst than one on its own to create mesoporous
ceria/cobalt oxide materials. Cobalt oxide was templated with KIT-6, a highly ordered
mesoporous silica using a solid-liquid route then cerium nitrate was introduced into the pores
by wet impregnation. The ceria was also doped with 10 mol% La3+ and Mn3+. After
calcination, these materials all showed high activity for methane oxidation, with 50%
methane conversion at around 400-450 ˚C without the use of any noble metals. Surprisingly,
mesoporous cobalt oxide alone exhibited the highest activity with 50% methane conversion
at 390 ˚C. This is very high for a catalyst with no noble metal. The slight decrease in activity
when ceria was added to the pores may be due to the associated decrease in surface area, but
further investigation is needed to fully understand the high activity of the cobalt oxide. In
addition, chiral nematic silica was used to template cobalt oxide via the same solid-liquid
route used for KIT-6 templated silica. While further investigation is required, initial results
indicate that the cobalt oxide has a chiral nematic structure, even after removal of the silica
template, producing the first report of a chiral nematic metal oxide prepared through a
templated, solid-liquid route.

Chapter 5 explores a new method for the deposition of noble metals onto ceria, termed
surface-assisted reduction. Palladium nitrate is reduced by formate groups on the ceria
precursor to give highly dispersed palladium on the surface. These materials, which contain
only 1 wt% Pd, have outstanding activity for methane oxidation, with 50% methane
conversion below 300 ˚C. These reactions have been successfully scaled up by eight times in
an effort to produce the catalyst for prototype catalytic converters if further testing is to take
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place. The scope of surface-assisted reduction was investigated, resulting in the successful
synthesis of silver or gold deposited on ceria. Cobalt and copper could not be reduced by the
ceria precursor and this could be explained by examination of the standard reduction
potentials of the metal ions. This means that one drawback to surface-assisted reduction is
that it is restricted to only a few metals with standard reduction potentials high enough to be
reduced by formate. Palladium and gold were reduced both sequentially and simultaneously
onto the ceria support. Catalytic testing showed that the resulting materials did not have a
higher activity for methane oxidation than the analogous materials without gold. However,
gold and palladium on ceria have shown activity for numerous oxidation reactions and this
bimetallic catalyst may have applications in reactions other than methane oxidation.

Taken as a whole, the work presented in this thesis has met the initial aim of developing new
catalysts for low-temperature methane oxidation. New materials both with and without noble
metals have been obtained that have some of the highest catalytic activities published to date.
These materials all employ simple synthetic routes and it is feasible that, with further testing
and modification, they could be used commercially in NGVs. This work will hopefully
inspire further investigation into catalysts for low-temperature methane oxidation, which will
eventually promote the widespread implementation of NGVs worldwide.
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6.2 Future directions

This thesis has described the synthesis of many new ceria-based materials, and, while
extensive characterization was carried out on all these materials, many unanswered questions
still remain. A fully understanding of the structure and composition of these materials will
help further understanding of the catalytic mechanism and aid in the rational design of new
catalysts.

Studying the location of dopant cations in ceria materials is challenging, especially in
nanomaterials when the PXRD peaks are too broad to observe peak shifting due to a change
in the lattice parameter. While it has been deemed unlikely that the dopant cation forms an
amorphous layer on the surface of the ceria, I was unable to fully eliminate this possibility.
TEM coupled with EDX could be used to search for any areas containing only the dopant
cation and eliminate the possibility of an amorphous layer, giving further indication that the
dopant cation had inserted into the ceria lattice. Additionally, nanoscale spatially resolved
electron energy loss spectroscopy could be employed to investigate if there are redox
differences between doped and undoped ceria, as would be expected with doping with
aliovalent ions.

The mechanism for the formation of the mesoporous, hollow nanospheres described in
Chapter 3 is still unclear. The synthesis of hollow metal oxide spheres remains a challenge,
and is usually undertaken using templating or hydrothermal methods. It would be interesting
to investigate the mechanism of formation for these nanoparticles and determine if it is
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possible to use this synthetic route for other lanthanide or non-lanthanide metal oxides.
Carrying out the reaction at a range of temperatures and monitoring it by TEM may help to
confirm or reject the Ostwald ripening hypothesis. Coupling TEM imaging with in situ IR
spectroscopy could help to identify how and when the cerium formate product is formed, as
the reaction is believed to proceed via ceria.

The materials described in Chapter 4 are a good starting point for the development of a
family of mixed metal oxide materials for methane oxidation. While only ceria and cobalt
oxide were tested, there are numerous combinations of metal oxides that could be used. Tin
oxide is also known to be active for low-temperature methane oxidation241,242 and, while it
was not used in this thesis, it would be interesting to replace ceria with tin oxide in these
mixed metal oxides and have them tested for catalytic activity. It is currently unclear why
cobalt oxide has higher activity for methane oxidation than mixed metal oxides, as this is
contrary to the results obtained in Chapter 2 with other metal oxides. The synthesis,
characterization and catalytic activity testing of other cobalt oxide materials would be
valuable to determine if the high activity is due to the pore structure, morphology or some
other property of the cobalt oxide. Temperature programmed reduction could also be used to
estimate the reducibility of the catalysts to determine if cobalt oxide alone is more easily
reducible compared to ceria/cobalt oxide mixed metal catalysts. Finally, if these materials are
to be used commercially, it is essential that methods for depositing palladium onto the
surface are developed to obtain high catalytic activity with small amounts of palladium. It
would be interesting to attempt to convert the cerium nitrate to cerium formate once it is
inside the pores of the cobalt by heating in ethylene glycol then deposit palladium onto the
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catalysts using surface-assisted reduction. However, it is possible that the cerium nitrate
would be washed out of the pores during this process. Wet impregnation and depositionprecipitation could also be tried.

Further development of the chiral nematic cobalt oxide synthesized in Chapter 4 is currently
underway. Different ratios of silica to cobalt are being tested and the removal of the silica
template with HF instead of NaOH will be tested to limit disruption of the cobalt oxide. It
would be advantageous if a film of chiral nematic cobalt oxide could be produced, however
this is very challenging using the solid-liquid route.

In Chapter 5 I described the development and scope of surface-assisted reduction. I believe
that this work has very positive prospects and should be further investigated in order to fully
elucidate the mechanism for surface-assisted reduction. The ability to quantify the formate
groups on the surface and develop a relationship between the dilution and rate of reduction is
important and could help to further explain the high activity of these catalysts. The gold/ceria
catalysts are currently being tested for a variety of oxidation reactions, including CO
oxidation, and it is anticipated that they will have high activity due to good dispersion of the
gold on the surface. Further analysis of these materials for a variety of oxidation reactions
could give rise to new, highly active catalysts for a variety of industrial processes.

Further work involving precursors to metal oxides other than ceria is already being explored.
One example of this is the synthesis of cobalt formate, which will hopefully give rise to
Pd/cobalt oxide via surface-assisted reduction. This will combine results from Chapters 4 and
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5 and extend the scope of surface-assisted reduction past ceria, opening up the possibility of
new catalytic materials for an even wider range of reactions.

The novel synthetic routes developed in this thesis may be applicable for other metal oxide
materials, especially lanthanide oxides, and it would be interesting to determine to what
extent they can be applied. While this thesis has focused on using the materials developed as
catalysts for low-temperature methane oxidation, ceria-based materials have been used for a
wide range of applications including CO oxidation,174 fuel cells122 and water treatment.115 It
would be exciting to explore applications beyond methane oxidation for the materials
developed in this thesis.
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Appendix A
Additional characterization for Chapter 1.

Figure A-1: PXRD patterns for Comp1 control experiments. a) 10 mol% and b) 20 mol% of
Mn(OAc)2!4H2O was added to preformed CeO2 in ethanol, dried at 60 ˚C then calcined at 400 ˚C. "=
MnO.
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Figure A-2: PXRD patterns of Comp1-10%La, (yellow), Comp1-20%La (blue), Comp1-50%La (green),
Comp1-80%La (red) and Comp1-100%La.

Figure A-3: PXRD patterns of Comp1-10%Cu, (yellow), Comp1-20%Cu (blue), Comp1-50%Cu (green)
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Figure A-4: a) SEM and b) TEM images of Comp1-50%La. SEM scale bar = 4 µm and TEM scale bar =
100 nm.
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Appendix B
Details of NMR spectroscopy from Chapter 3.

The residual liquid from the synthesis of Comp9 shows two major resonances in the d6DMSO 1H NMR spectrum, both are singlets, at 3.39 and 4.45 ppm. Gottlieb et al. have
reported that the CH proton of ethylene glycol resonates at 3.34 ppm in d6-DMSO (no value
was given for the OH resonance).243 This difference may be explained by the samples being
recorded at different concentrations or due to the presence of cerium salts, but to further
investigate this, we prepared a sample of “wet” ethylene glycol in d6-DMSO consisting of
19:1 v/v ethylene glycol:water. The 1H NMR spectrum of this showed a CH resonance at
3.39 ppm, the same as the residual liquid.

The relative areas of the two peaks integrate to 2.4:1 for the 3.39 ppm and 4.45 ppm peaks,
respectively. We would expect 2:1 for these peaks (4 CH protons and 2 OH protons); the
slight difference is probably due to water overlapping with the CH resonance, thus increasing
its intensity (water typically resonates around 3.3 ppm in d6-DMSO).

Several other compounds are clearly visible in the 1H NMR spectrum of the residual liquid
(Figure B-1), although their relative intensity is very low (all integrate to < 1% of the
ethylene glycol resonance at 3.39 ppm), and none could be immediately identified.

The

13

C NMR spectrum of the residual liquid has one singlet resonance at 62.9 ppm.

Gottlieb et al. report that ethylene glycol resonates at 62.8 ppm in d6-DMSO.243 The sample
206

of “wet” ethylene glycol shows one peak at 63.2 ppm, showing that concentration/water
content can cause small shifts in the position of this peak. Thus both the 1H and

13

C NMR

data are entirely consistent with the vast majority of the residual liquid consisting of ethylene
glycol, as well as some water and inorganic salts, and trace amounts of other organic
molecules.

Figure B-1: 1H NMR spectrum of residual liquid showing trace organic molecules in baseline of the
spectrum. The spectrum has been “zoomed in” to show these molecules truncating the two major peaks:
the resonance at 3.39 ppm extends approximately ten times the height of the image, while the resonance
at 4.45 ppm extends approximately four times the height of the image. Asterisk indicates the residual
DMSO solvent signal (300 MHz, 25 ˚C).
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Appendix C
Additional characterization for Chapter 5.

Figure C-1: Photographs of calcined a) Comp16-CF/Au(0.5mM), b) Comp16-CF/Au(1mM), c) Comp16CHC/Au(0.5mM, and d) Comp16-CHC/Au(1mM).
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