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Abstract
Ceria and ceria-based materials are a significant component of automotive three-way
catalyst washcoats. Fossil fuel-powered vehicles emit pollutants such as carbon
monoxide, nitrogen oxides, and unburnt hydrocarbons from fuel, and three-way catalysts
are a critical technology in reducing emissions of these pollutants. Air quality issues
around the world, particularly in urban areas with high vehicle density, are a major public
health concern, and improving three-way catalyst performance is a significant component
in addressing this concern. This thesis addresses two potential routes for improving the
performance of ceria-based catalysts – doped ceria for improved low-temperature
performance and graphene oxide-templated ceria to improve catalyst stability at high
temperatures.

The effect of doped transition metals on ceria nanorod catalysts has been examined and
tested in CO oxidation and NO reduction reactions, both relevant to three-way catalysis.
In particular, the use of copper and chromium as co-dopants is shown to have a
synergistic effect, with significant improvement in reducibility and oxygen storage
capacity compared with single-dopant and undoped ceria nanorod catalysts. Due to this,
enhanced low-temperature activity for both CO oxidation and NO reduction is seen,
beyond that of typical three-way catalyst designs which rely on platinum group metal
catalysts.

Graphene oxide has been utilised as a sacrificial template to synthesise two-dimensional
ceria nanoflakes. Due to this morphology, ceria nanoflakes demonstrate improved
resistance to sintering at high temperatures compared to untemplated ceria particles and
retain higher levels of reducibility and oxygen storage capacity. This correlates with a
higher catalytic performance for CO oxidation. Additionally, using ceria nanoflakes as a
catalyst support for metal particles results in a more stable catalyst than using
untemplated ceria. This is demonstrated for copper/ceria catalysts with CO oxidation and
nickel/ceria catalysts for dry reforming of methane.
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Thesis Structure
Chapter 1
This chapter provides an overview of three-way catalysis and the importance of catalytic
converters for maintaining air quality standards, the shortcomings of present-day
three-way catalyst designs, and the importance ceria plays as a component in catalyst
formulations. The influence of oxygen vacancies, and how nanomorphology and doping
can affect oxygen vacancy concentration, is also reviewed. The mechanism of three-way
catalysis, particularly the Mars-van Krevelen mechanism, is reviewed. Finally, the
performance of various doped ceria catalysts for CO oxidation, NO reduction, and
hydrocarbon oxidation is assessed and compared.

Chapter 2
The article in Chapter 2 was written to review recent advances in three-way catalyst
washcoat formulations. The effect of different ratios of ceria, zirconia, and alumina on
three-way catalyst performance, as well as that of rare earth and alkaline metal promoters,
is considered. The use of zeolites as a cold trap for pollutants at ambient temperatures is
also reviewed. Platinum, palladium, and rhodium loading levels and ratios are examined,
and the design of more efficient monoliths is also briefly considered. The data collected
in this literature review was used to design a research project with an automotive OEM,
with the goal of identifying better low-temperature catalyst formulations.

Chapter 3
The research objectives of this thesis are outlined in this chapter.

Chapter 4
This chapter provides the materials and methods used in this thesis. Synthetic techniques
and characterisation methods are outlined, and the background theory behind each
characterisation technique is briefly reviewed.
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Chapter 5
In this chapter, the experimental results of doping ceria nanorods with transition metals
(Mn, Cu, or Cr) are examined. These doped ceria catalysts demonstrate enhanced
low-temperature activity for CO oxidation and NO reduction. The synergistic effect of
co-doping ceria with two dopants simultaneously is also studied. These materials are
fully characterised (TEM, XRD, Raman, XPS, H2-TPR, N2 adsorption) to relate their
physical and chemical properties to their performance as catalysts.

Chapter 6
The use of graphene oxide as a sacrificial template for the synthesis of ceria nanoflakes is
reported in this chapter. Compared to unstructured ceria particles, these nanoflakes are
shown to demonstrate an improved resistance to sintering and retention of reducibility
after exposure to high temperature calcination. Due to this, they show improved catalytic
activity for CO oxidation and NO reduction. Ceria-zirconia mixed oxide nanoflakes are
also synthesised to investigate if further improvements in thermal stability are possible,
and copper-loaded ceria nanoflakes are tested as catalysts as well.

Chapter 7
In this chapter, nickel-loaded ceria nanoflakes are used as catalyst for the dry reforming
of methane. The catalysts are characterised both pre- and post-reaction to examine
changes between the fresh and spent catalyst materials and to identify the source of
catalyst deactivation during long-term stability tests. It is shown that ceria nanoflakes
inhibit sintering of the loaded nickel particles compared with nickel loaded onto
untemplated ceria.
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Chapter 1
Introduction
Outdoor air pollution is a major public health concern, particularly in urban areas. In the
United Kingdom, 23,500 – 40,000 early deaths per year are attributed to exposure to
outdoor air pollution, and exposure to airborne pollutants is estimated to reduce UK life
expectancy by six months. The cost to UK health services, businesses, and society at large
is estimated to be over £20 billion per year. [1,2] Worldwide, over 3.5 million deaths per
year are attributed to outdoor air pollution, a figure which is increasing. Exposure to air
pollution leads to increased risk of a range of health issues, including stroke, heart disease,
lung cancer, and respiratory diseases such as asthma. [3]

Vehicle emissions account for approximately 50% of the health impact of air pollution in
OECD countries, making this the single largest negative influence on air quality. [3]
Vehicle exhaust contains a range of pollutants detrimental to human health – these
include carbon monoxide, which is poisonous, and unburnt hydrocarbons from fuel and
nitrogen oxides, which react with sunlight to form photochemical smog. Uncontrolled,
these pollutants are typically be emitted at levels up to 90 g CO/mile, 15 g HC/mile, and
6 g NOx/mile from a typical passenger vehicle. Particulate matter emissions from diesel
vehicles is also a concern. [4]

Today, vehicle emissions are controlled with a catalytic converter, located downstream of
the engine. Modern petrol vehicle catalytic converters are also known as three-way
catalysts (TWCs). A TWC simultaneously oxidises carbon monoxide and hydrocarbons
to carbon dioxide and water, and reduces nitrogen oxides to nitrogen gas (Equations 1-3).

2CO + O2 → 2CO2

(1)

C𝑥 H2𝑥+2 + (1.5𝑥+0.5)O2 → 𝑥CO2 + (𝑥+1)H2 O

(2)

2NO𝑥 → 𝑥O2 + N2

(3)
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However, even with modern control measures in place, 56% of major cities in
high-income nations do not meet World Health Organization air quality guidelines. This
rises to 98% of cities in low- and middle-income nations. [5] Clearly, current catalytic
converter designs are not sufficient.

Modern three-way catalysts consist of a metal foil substrate or extruded cordierite
monolith, which supports a washcoat of alumina and ceria-based oxygen storage
material, and the active metal nanoparticle catalyst. The oxygen storage component of the
three-way catalyst consists of a ceria-based mixed oxide. Ceria helps stabilise the alumina
at high temperatures, stabilises platinum group metal (PGM) nanoparticle dispersion,
and, most importantly, provides oxygen storage capacity – storing and releasing oxygen
under ‘rich’ and ‘lean’ exhaust conditions. This material is usually a mixed
oxide; generally ceria-zirconia and other promoters such as yttrium or lanthanum. [6–8]

The alumina component has several roles – it binds the catalyst layer to the substrate,
absorbs poisons such as sulphur dioxide, and helps the catalyst maintain surface area
when exposed to high temperatures. Platinum group metal nanoparticles are dispersed
on top of the washcoat, and act as the active catalyst. Generally, Pt/Rh or Pd/Rh
formulations are used. [6] A typical vehicle incorporates approximately 2.5-5 g of PGM
content. [7,9] However, reliance on PGMs for three-way catalysis has led to a number of
performance, economic, and sustainability-related drawbacks that must be overcome to
improve TWC design.

Performance-wise, TWCs suffer at both very low and very high temperatures. From a
cold engine start, petrol vehicle exhaust is approximately 250-300°C when it reaches the
catalytic converter. However, TWCs do not become active until they reach 300°C. Because
of this, there is a period of approximately two minutes when an engine is first started in
which the catalytic converter is not active. [7] Higher emissions during this ‘cold start’
account for between 10-30% of total automotive emissions, and this figure may rise to 50%
in dense urban areas, where shorter trips are the norm. [10]
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At very high temperatures, the metal nanoparticle catalysts sinter and agglomerate over
time – this leads to loss of surface area and activity. [8,11] Catalytic converters are
routinely exposed to exhaust temperatures of up to 850°C, and temperatures can rise to
over 1000°C. [7,8,12] Furthermore, over the lifetime of a catalytic converter, metal leaches
out of the system and is lost to the environment. Because of this, modern catalytic
converters become less effective over the lifetime of a vehicle. Loss of metals over time is
also a potential health concern – the health risks of long-term exposure to environmental
PGM particulate matter in urban areas are not well-understood. [13]

The sustainability and economic issues with TWC designs are mainly due to the relative
scarcity of PGMs worldwide. Annual platinum demand has risen every year since 1980,
mainly driven by catalytic converter production – 40% of platinum production and 76%
of palladium production is dedicated to automotive catalysts. [14,15] The rising number
of vehicles operated worldwide and increasingly restrictive emissions legislation mean
that this trend is likely to continue. Because catalytic converters are such a large
percentage of a relatively small PGM market, they are highly exposed to what are often
highly volatile prices – for example, ruthenium spiking in price from $1000/ounce to
$12000/ounce. Furthermore, given that PGMs are several thousand times more expensive
than common metals, there is a clear economic incentive to reduce dependence on PGMs.
[16] By some estimates, there are about five decades of remaining reserves, but this
assumes that there will be no increased demand from other growing industries (which
include wind turbines, fuel cells, and electronics). [9,17]

Therefore, new catalytic converter designs need to meet three requirements: increased
low-temperature performance, higher resistance to sintering and loss of activity at very
high temperatures, and reduced dependence on platinum group metals. Achieving this
has the potential to significantly improve outdoor air pollution and save thousands of
lives annually in the UK and millions worldwide.
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1.1 Overview of ceria
Using ceria as a direct catalyst in the relevant TWC reactions – carbon monoxide
oxidation, hydrocarbon oxidation, and nitrogen oxide reduction, has been examined in
the literature, but pure ceria alone is not active enough at low temperatures to match the
performance of PGM catalysts. Formulating ceria to act as the catalyst would allow for
the removal of PGMs from catalytic converter designs. However, this will require a very
good understanding of ceria’s physical and chemical properties.

Ceria (CeO2) is a rare earth oxide with a fluorite cubic crystal structure (Figure 1). It
consists of a face-centred cubic unit cell of Ce4+ cations with eight O2- anions in the
interstitial sites. [18]

Figure 1. (a) Ceria unit cell, where blue circles are cerium atoms and red circles are oxygen atoms.
(b)-(d) (100), (110), and (111) crystal planes of ceria, respectively. Reprinted with permission from Ref. [19].
Copyright 2003 American Chemical Society.

Ceria is well-known for its ability to easily undergo repeatable reduction-oxidation cycles.
Ceria can be reduced by the removal of an oxygen atom from the lattice structure, creating
an oxygen vacancy which is accompanied by two Ce 3+ cations. [20] This may be written
in Kröger-Vink notation, as shown in Equation 4:

Oo + 2CeCe → 0.5O2(g) + Vo.. + 2Ce'Ce

(4)
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Where Oo is an oxygen atom in the crystal lattice, CeCe is Ce4+ in the lattice, Vo.. is an oxygen
vacancy in the lattice, and Ce’Ce is the reduced Ce3+ ion. Depending on the environmental
conditions, ceria can rapidly undergo reduction-oxidation cycles in which oxygen
vacancies are formed and healed, providing an oxygen storage capacity. [18,21]
Depending on the partial pressure of oxygen, the lattice structure of pure ceria can
accommodate a reduction of CeO2-x with x up to a value of 0.25. [20] In a three-way
catalyst, this means ceria can provide oxygen for carbon monoxide and hydrocarbon
oxidation and take up oxygen from nitrogen oxide reduction (Figure 2).

Figure 2. Ceria's reduction-oxidation cycle within a three-way catalyst.

Ceria’s unique redox capabilities and high oxygen storage content are the key to its role
in a wide variety of applications. In addition to automotive catalysts, these include solid
oxide

fuel

cells,

oxygen

sensors,

glass

polishing,

and

various

biomedical

applications. [22–26] Other catalytic applications which rely on ceria’s redox properties
such as methane reforming, photocatalytic generation of hydrogen via water splitting,
and photodegradation of pollutants in wastewater have been reported as well. [27–30]

1.2 Synthesis of ceria
Numerous synthetic methods for the production of ceria have been reported in the
literature. Different synthesis procedures may be employed for better control of the final
nanostructure, selective exposure of different crystal faces, ease of doping, or more ‘green’
methods which use less harsh solvents and lower synthesis temperatures. [31,32]
Methods can be divided into various approaches: oriented growth of nanoparticles
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directed by crystallographic structure, oriented nanoparticle growth directed by capping
agents, particle growth dictated by a template, and other methods. [33] Some of the more
common synthesis methods reported in literature are briefly outlined below.

1.2.1 Precipitation and co-precipitation synthesis

Precipitation and co-precipitation syntheses are amongst the simplest methods for the
production of nanoscale ceria. Typically, a base is used to precipitate a cerium salt (often
cerium nitrate), followed by heat treatment. [34] Reaction parameters such as the choice
of base, precipitation time, reaction temperature, and aging temperature can be
manipulated to adjust the morphology of the final product. [31] While this method is
widely used in industry, the obtained ceria nanoparticles are often non-uniform in size
and easily aggregate upon heat treatment. [33] Co-precipitation syntheses may be used
for the production of mixed oxides, such as ceria-zirconia. Precipitation may be combined
with other synthetic methods, such as hydrothermal synthesis. [35]

1.2.2 Hydrothermal and solvothermal synthesis

Hydrothermal and solvothermal methods for the production of ceria and ceria-based
materials allows for a simple, one-pot batch synthesis procedure of template-free
nanostructured ceria. Torrente-Murciano et al and Mai et al report similar shape-selective
hydrothermal methods, in which variations in the base concentration and reaction
temperature result in the production of ceria nanopolyhedra, nanorods, or nanocubes
(Figure 3). While the nanopolyhedra mainly exposed (111) facets, the nanorods selectively
exposed ceria’s (110) and (100) facets, and nanocubes (100) facets. [36,37] Other
morphologies reported in the literature include hollow nanospheres and “flower-like”
particles. [38,39] The reaction may be further controlled by varying or changing the
reaction medium, which can affect crystal growth and improve dispersion to avoid
particle agglomeration. [40] Hammond et al report a solvothermal synthesis using the
deep eutectic solvent reline to control the morphology and porosity of ceria
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nanowires. [41] While morphological control is generally improved compared with
precipitation techniques, size distribution is usually poor.

Figure 3. TEM images of hydrothermally synthesised ceria nanoparticles, nanorods, and nanocubes.
Reprinted from Ref. [37] with permission from Elsevier.

1.2.3 Sol-gel synthesis

In sol-gel synthetic methods, a starting material is converted into a colloidal solution, the
‘sol’, which further forms into a gel. The gel is then dried and heat applied to form the
final metal oxide product. [42] Similarly to hydrothermal methods, good shape selectivity
can also be achieved with sol-gel. Yu et al report a procedure for the selective production
of ceria nanospheres, nanowires, or ‘tadpole-shaped’ nanowires, while Laberty-Robert
et al report the production of porous nanoarchitectures. [43,44]

1.2.4 Template synthesis

A wide variety of ceria morphologies may be achieved using templating agents.
Templates such as carbon spheres (Figure 4) or nanotubes, polystyrene spheres, and silica,
amongst others, have been used to produce ceria with varying morphology. [33,45] Some
of the more novel templates used to synthesise ceria are natural polymers or biologically
derived structures such as DNA, chitosan, or tobacco leaves. [46–48] ‘Soft’ template
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methods employing surfactants such as CTAB or PVP may also be used to promote the
formation of ceria rod, sphere, flower, cube, and plate morphologies. [33] While
templated synthesis methods offer good control of morphology, the addition of a
template removal step in the synthesis may result in a more complicated procedure than
other methods.

Figure 4. Hollow ceria nanospheres synthesised with a carbonaceous sphere template. Republished with
permission of the Royal Society of Chemistry from Ref. [49]; permission conveyed through Copyright
Clearance Center, Inc.

1.2.5 Combustion synthesis

In combustion synthesis, also known as self-propagating high-temperature synthesis,
heat is applied to precursor materials to trigger a self-propagating exothermic reaction,
leading to the formation of the final product. [50] While this may be done with solid state
precursors, this method does not easily allow for the controlled production of
nanoparticles. [51] Therefore, solution combustion synthesis has been developed and
reported for the production of nanoscale ceria. [52,53] While these methods are quite
simple in comparison to others such as template or hydrothermal synthesis, control of
final morphology is much more limited.
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1.3 Oxygen vacancies and oxygen storage capacity
The creation and healing of oxygen vacancies within ceria is directly related to its oxygen
storage capacity. This plays a key role in its potential as both a catalyst and catalyst
support. Ceria oxygen vacancies can form in both the bulk crystal structure and at the
surface. The formation and healing of these vacancies is affected by a range of variables,
including the presence of other elements within the crystal structure and which crystal
planes are exposed at the surface. [18,54,55] Much of the literature regarding oxygen
vacancies in ceria focuses on improving its reducibility – while the rate of ceria oxidation
(healing of vacancies) proceeds very quickly, ceria reduction (creating vacancies) in pure
ceria does not. [12]

While there is some variation in the literature regarding the calculation of the energy of
oxygen vacancy formation, there is general consensus about the mechanism – in which
the removal of an oxygen atom from the lattice structure results in the closest two Ce ions
reducing from a 4+ to 3+ oxidation state. [56,57]

1.3.1 Nanostructured ceria and oxygen vacancies

The quantity of oxygen vacancies in a ceria-based material is strongly influenced by its
morphology, particularly at the nano scale. Simply decreasing the size of ceria
nanoparticles can lead to more oxygen vacancy formation, due to the higher
surface-to-volume ratio. This has been employed, using ceria nanoparticles of 3-4 nm, to
directly utilise ceria as a catalyst for CO oxidation, and also as a catalyst support to supply
more reactive oxygen to metal nanoparticle catalysts. [21]

Depending on nanomorphology, different crystal planes may be exposed on the surface
of a ceria nanoparticle – three of the most commonly reported are the (111), (110), and
(100) surfaces, shown in Figure 1. These crystal planes have different oxygen vacancy
formation energies and consequently, different reactivities when employed as a catalyst.
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The relative stability of these three surfaces is generally acknowledged to be (111) > (100)
> (110), due to how the bulk lattice structure terminates at each surface (Figure 5). [54]

Figure 5. Bulk ceria truncated at the (111), (110), and (100) surfaces. Large circles represent cerium atoms
and small circles represent oxygen atoms. Reprinted from Ref. [54] with permission from Elsevier.

There are a number of computational reports in the literature regarding how different
ceria surfaces affect oxygen vacancy formation. Sayle et al investigated the surface
stability and oxygen vacancy formation at the (111), (110), and (310) ceria surfaces. In
addition to finding that oxygen vacancy formation is more thermodynamically
favourable at the surface than in the bulk, Sayle determined that the (111) surface was the
most stable, followed by (110) and then (310). Lower surface stability correlated with a
lower energy of reduction and lower vacancy formation energy – calculated to be
16.06 eV, 15.65 eV, 14.56 eV, and 13.59 eV for bulk, (111), (110), and (310) oxygen
vacancies, respectively. When calculated together with the adsorption of CO and
oxidation to CO2 using an oxygen atom from the ceria lattice, the overall reaction energy
was shown to be exothermic for the (110) and (310) surfaces. Sayle concluded that ceria
morphologies that selectively exposed those surfaces would result in the highest
oxidative activity. [56]

A number of different groups have reported DFT investigations of the (111), (110), and
(100) surfaces of ceria. Generally, these calculations involved vacancy formation energies
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of a single vacancy on different ceria surfaces. Nolan et al showed that the removal of an
oxygen atom led to some surface distortion and the reduction of two cerium atoms from
4+ to 3+. This surface distortion was lowest for the stable (111) surface. Vacancy formation
energies were calculated to be 3.30 eV, 2.69 eV, and 2.97 eV for the (111), (110), and (100)
surfaces, respectively. [57] Mayernick et al calculated the vacancy formation energies to
be 2.76 eV, 2.10 eV, and 2.26 eV for the (111), (110), and (100) surfaces. [58] Yang et al
calculated oxygen vacancy formation energies of 3.39-3.98 eV for the (111) surface and
2.48-3.17 eV for the (110) surface. The large variation was attributed to the calculated
surface energy being strongly dependent on the size of the CeO2 cluster used for
calculations. [59] Fabris et al calculated the vacancy formation energies to be 2.15-2.92 eV
for the (111) surface and 1.57-2.33 eV for the (110) surface. [60] In general, while there is
some disagreement amongst different groups about the values of vacancy formation
energy, the overall trend is the same: oxygen vacancy formation energy is lowest for
ceria’s (110) surface, followed by (100) and then (111).

Experimentally, ceria of various nanomorphologies has been synthesised to selectively
expose different crystal faces and assess the resulting catalytic activity. Zhou et al report
that ceria nanorods were shown using high-resolution TEM to expose (110) and (100)
surfaces, compared with ceria nanoparticles exposing the (111) surface. Despite having a
lower BET surface area, the nanorods demonstrated a significantly higher CO oxidation
activity than the nanoparticles. Furthermore, the nanorods demonstrated greater stability
than the ceria nanoparticles upon calcination at 600°C. [61] These results were
corroborated by Tana et al. [62]

Mai et al and Torrente-Murciano et al report that ceria nanoparticles expose (111) and (100)
crystal surfaces, ceria nanorods expose (110) and (100) crystal surfaces, and ceria
nanocubes expose the (100) surface. Both groups synthesised their ceria samples with
similar untemplated hydrothermal methods. [36,37] Mai et al calculated the oxygen
storage content of ceria nanorods, nanocubes, nanoparticles, and bulk ceria to be 554, 353,
318, and 109 µmol O/g respectively. Normalised to BET surface area, this became 5.1, 9.1,
and 10.6 µmol O/m2 for nanoparticles, nanorods, and nanocubes, respectively. Mai
concluded that (110)/(100) dominated ceria morphologies such as nanorods and
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nanocubes are idea for catalysing oxidation reactions. [36] Torrente-Murciano et al used
XPS to determine the surface oxidation state of different ceria morphologies, correlating
this to the level of surface oxygen vacancies. The percentage of Ce3+ on ceria’s surface was
calculated to be 16.4%, 13.9%, and 13.6% for nanorods, nanocubes, and nanoparticles,
respectively. The total oxidation of naphthalene was used to assess catalytic activity
– nanorods were shown to be the most active, followed by nanocubes and then
nanoparticles. [37]

In contrast, using the same hydrothermal synthesis procedure to produce ceria nanorods,
Agarwal et al found that although ceria nanorod growth is along the (110) direction, only
(111) facets were observed on the nanorod surface. [63] Silva et al corroborate this,
reporting that fresh, hydrothermally synthesised nanorods mainly expose (111) facets,
while a post-synthesis comminution process results in the exposure of (110) facets, which
improves catalytic activity. [64] Therefore, post-synthesis treatment may be necessary to
achieve the best morphology.

Zhang et al report that ceria nanorods exposing the (110) surface have a surface
area-adjusted catalytic activity three times as high as (111)-exposing nanooctahedra and
four times as high as (100)-exposing nanocubes for the oxidative coupling of ketones and
primary alcohols. [65] Bezkrovnyi et al report the synthesis of ceria nanocubes with (100)
faces, but small (110) and (111) faces at the edges and corners, representing <10% of the
total surface area. Upon calcination at 500 °C in a reducing atmosphere, these (110) edges
were reconstructed into (111) edges. This was accompanied by a significant loss in activity
for CO oxidation, showing the importance of the (110) surface in oxidation reactions. [66]

In addition to being more active, nanorods have been shown to be more selective for full
oxidation to CO2 than other morphologies. Zhou et al report that ceria nanorods
demonstrate both higher conversion rates and CO2 selectivity at low temperatures for the
oxidation of ethanol than ceria nanocubes. Zhou attributes this to the greater availability
of active oxygen species on the (110) surface of the nanorods. [67]
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Overall, the trend is clear – ceria morphologies, particularly nanorods, that selectively
expose the (110) crystal surface enhance surface reducibility and oxygen vacancy
formation. This has been shown to correlate with higher catalytic activity for a range of
oxidative reactions. However, there is some disagreement with regard to the particular
crystal facets exposed by hydrothermally synthesised ceria.

1.3.2 Doped ceria and oxygen vacancies

Another strategy for improving oxygen vacancy formation in ceria is introducing other
elements into the crystal lattice. The replacement of cerium atoms with elements of lower
valence can lead to oxygen vacancies being created to compensate for the charge
difference. [18] Alternatively, the presence of other elements can lead to lattice distortions
and defects, which can also result in oxygen vacancies. [55] There have been many
computational studies reported in the literature regarding how different dopant
properties affect oxygen vacancy formation and thus catalytic activity of the final
ceria-based material.

Nolan has reported a DFT study examining how dopant ionic radius affects the energy of
oxygen vacancy formation on the (110) surface of doped ceria. Al, Sc, In, Y, and La (ionic
radii of 0.39, 0.75, 0.80, 0.96, and 1.16 Å, respectively) were examined. In comparison, the
ionic radius of Ce4+ is 0.97 Å. Nolan found that dopants with radii close to that of cerium
were easily accommodated within the crystal lattice. However, aluminium, with a much
smaller ionic radius, and lanthanum, with a much larger ionic radius, both strongly
distorted the lattice structure. The formation energy of charge-compensating oxygen
vacancy formation was calculated to be -0.13, 0.00, -0.18, +0.47, and +0.65 eV for Al, Sc, In,
Y, and La, respectively, meaning that dopants with ionic radii smaller than cerium had
the most favourable vacancy formation energies. However, it was noted that these
calculations were performed at 0 K and that under more realistic environmental
conditions, oxygen vacancy formation was likely to be favourable for all of the dopants
in question. [68]
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Balducci et al also looked at the effect of dopant ionic radius – this time with regard to
how it affects the reducibility of cerium atoms within the bulk crystal structure. Mn2+,
Zn2+, Ca2+, Mn3+, Sc3+, Y3+, Gd3+, and La3+ were chosen as sample dopants. They determined
that larger ionic radii resulted in a lower energy of reduction for reducing Ce 4+ to Ce3+.
This was rationalised by the larger dopant ionic radii assisting in relieving the stress of
lattice expansion accompanied by the reduction of Ce 4+ to Ce3+ (in which cerium’s ionic
radius expands from 0.97 to 1.143 Å). [69] Although this appears to contradict Nolan’s
results, this study did not specifically look at oxygen vacancy formation energies, only
the Ce4+ reduction energy.

Krcha et al report a comprehensive DFT study in which the first three rows of transition
metals in the periodic table from groups IV – XII are examined as ceria dopants. This
study looked at how different dopants affected oxygen vacancy formation as well as
catalytic activity for dissociative methane adsorption. In general, it was found that
transition metals in groups IV and V altered the reducibility of cerium atoms, while
dopants from groups X – XII became reduction centres themselves, reducing from 4+ to
2+ upon surface reduction and oxygen vacancy formation. This matches the results of
Balducci’s experiments, in which dopants with larger ionic radii tended to be better at
reducing cerium in the lattice. Gold was a partial exception to this trend, instead reducing
to 3+ upon oxygen vacancy formation, with a single cerium atom also reducing from 4+
to 3+ to compensate for the charge. The calculated oxygen vacancy formation energy
decreased when moving from left to right across the periodic table, when moving up a
column in the periodic table, and with lower atomic radii. [70] (Figure 6) This trend is the
same as that identified by Nolan. [68]

Figure 6. Energy of oxygen vacancy formation vs periodic table group number (left) and atomic radius
(right). Reprinted from Ref. [70] with permission from Elsevier.
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Because dopants that decrease the energy of oxygen vacancy formation will
correspondingly increase the energy of oxygen vacancy healing, Krcha et al propose that
dopants that reduce oxygen vacancy formation energies to between -0.5 eV and 1.0 eV
(from pure ceria’s 2.76 eV) provide the best balance between improved oxygen vacancy
formation and easily healing those vacancies to complete the TWC catalytic cycle. They
suggest the use of Ag, Au, Ni, Co, Pt, Pd, and Mn as potential ceria dopants. [70]

In another DFT study, Gupta et al report that doping ceria with transition metals and rare
metals (Mn, Fe, Co, Ni, Cu, Pd, Pt, Ru) significantly enhance the reducibility of ceria and
oxygen storage capacity, while rare earth dopants (La and Y) do not improve oxygen
storage capacity. This is attributed to how the dopants are incorporated into the lattice
structure – when a transition or rare metal dopant replaces a cerium atom in the lattice
structure, significant lattice distortion occurs. This results in the formation of ‘long’ and
‘short’ dopant-oxygen bonds, where the longer bonds lead to weakly bound oxygen
atoms with a bond valence of approximately -1.5 instead of -2. Because these oxygen
atoms are ‘underbonded,’ they are more reactive, meaning the overall system is more
reducible. This phenomenon was not seen with La- or Y-doped ceria – here, only minimal
lattice distortion was observed. [55]

Experimental trends have been reported as well, with a wide range of dopants being
reported in the literature – mainly transition metals or other lanthanides. [71–73] Hegde
et al corroborate Gupta’s DFT results by attributing increased oxygen mobility in Zr- and
Ti-substituted ceria to lattice distortion leading to long and short cation-oxygen bond
lengths. In contrast, pure ceria does not show any variation in cerium-oxygen bond
length. [74] Sugiura reports that the inclusion of Zr within the ceria lattice structure
improves overall oxygen storage capacity because Zr has a smaller ionic radius than Ce 4+,
which gives neighbouring cerium ions ‘space’ to expand when they reduce to Ce 3+. [75]
Min et al also report that smaller dopant ionic radii improve oxygen vacancy
concentrations in ceria, testing Hf and Sn dopants. [76]

Liu et al propose a correlation between dopant electronegativity and CO oxidation
activity. They note that both redox potential and ionic radius, both shown to be relevant
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to oxygen vacancy formation in computational studies, are related to the ability of an
atom to attract or lose electrons. Furthermore, electronegativity strongly influences a
transition metal oxide’s metal-oxygen bond intensity. Liu et al examined ceria doped with
Cu, Co, Mn, Ti, Zr, and Tb. They report that dopants with higher Pauling electronegativity
values resulted in ceria materials with higher active lattice oxygen (the oxygen active in
the CO oxidation), as well as higher catalytic activity at lower temperatures. (Figure 7)
Higher dopant electronegativity resulting in a more distorted lattice structure, and
therefore more oxygen vacancies, is given as the explanation for this phenomenon. [71]

Figure 7. Active lattice oxygen vs. Pauling electronegativity for ceria dopants. Reprinted with permission
from Ref. [71]. Copyright 2010 American Chemical Society.

Xiao et al report improved CO oxidation activity for ceria doped with Sn or Pr, but
reduced CO oxidation activity for ceria doped with Y, Zr, La, or Gd. They propose this is
due to dopants with stable valence states ‘dampening’ the Ce4+/Ce3+ redox cycle and thus
adversely affecting oxygen vacancy formation. In contrast, Sn and Pr have a variable 4+/2+
oxidation state, which can promote ceria reduction and higher oxygen storage content.
[73]

Shehata et al report that doping ceria with 3+ lanthanides (Sm, Nd, Ho, Er) does not
necessarily aid in oxygen vacancy concentration within ceria. Here, the quantity of
reduced Ce3+ was correlated with the measured bandgap. Sm and Nd were found to
reduce the bandgap compared with undoped ceria, resulting in a higher ratio of Ce 3+ to
Ce4+ atoms and thus more oxygen vacancies. The opposite effect was found for Ho and
Er. [72]
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There is some agreement amongst these computational and experimental results. The
reported computational experiments are in relatively good agreement. Liu’s proposed
relationship between dopant electronegativity and oxygen vacancy formation agrees well
with Gupta’s DFT results. However, the results of Xiao et al and Shehata et al do not
necessarily agree with Gupta’s, as they demonstrated that at least some lanthanide
dopants were able to improve oxygen vacancy formation in ceria. Overall, some of the
proposed trends – such as the electronegativity/vacancy formation relationship and
taking more careful consideration of dopant valence states – will likely be useful for
guiding future experimental investigations. Nevertheless, much more work will be
necessary to strongly identify dopant trends.

1.3.3 Creation of oxygen vacancies – other methods

In Sections 1.3.1 and 1.3.2, selectively exposing ceria crystal faces and doping ceria with
other metals to create ceria-based materials with higher intrinsic levels of oxygen
vacancies than pure cerium oxide have been discussed. However, it is also possible to
induce higher oxygen vacancy concentrations in ceria via chemical or thermal methods.
For instance, Lan and Sohn report that the high-temperature treatment of ceria
nanoparticles in hydrogen results in the creation of oxygen vacancies and the formation
of a Ce2O3 phase, compared with ceria nanoparticles treated in air. [77] This is due to the
consumption of oxygen from the ceria lattice by hydrogen, a phenomenon which can be
replicated with other reducing agents as well. However, the effect of particle size,
discussed in Section 1.3.1, can have a stronger effect due to sintering at high temperatures.
Wan et al report that while heating ceria nanoparticles under hydrogen up to 445 °C,
reduction of Ce4+ to Ce3+ by hydrogen takes place, but is entirely mitigated by the growth
in particle size at high temperatures, leading to a net decrease in Ce3+ levels and oxygen
vacancy concentration. [78]

A low partial pressure of oxygen can also affect oxygen vacancy levels in ceria, without
the presence of a reducing atmosphere. Choudhury et al report that annealing ceria
nanoparticles in air at 200 °C reduces oxygen vacancy concentration and lattice strain, but
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annealing in vacuum at 200 °C sharply increases oxygen vacancy levels and lattice strain.
[79]

Qiu et al have reported that Ar+ ion sputtering or irradiation of ceria with x-rays can
induce the creation of oxygen vacancies and reduction of Ce4+ to Ce3+. [80] Because of this,
characterisation techniques such as XPS (x-ray photoelectron spectroscopy) have the
capacity to reduce ceria samples, depending on the beam strength. [81]

1.3.4 Quantification of oxygen vacancies in ceria

Spectroscopic and chemical methods may both be used to characterise ceria. XPS is
commonly used to analyse the oxidation state of ceria and ceria-based materials due to
the ability to distinguish between Ce4+ and Ce3+ ions in the Ce 3d spectra, although
deconvolution of overlapping peaks is complex. [82] However, this technique is only
useful for surface measurements. The use of synchrotron radiation, as opposed to the
typical Al Kα or Mg Kα radiation sources, has also been reported for XPS analysis,
providing a higher photon flux and tuneable excitation energy. X-ray absorption
spectroscopy (XAS) also utilises synchrotron radiation to identify surface adsorbates on
ceria materials, although infrared spectroscopy can also be used to identify surface
species. [83]

Raman spectroscopy may be used to examine oxygen vacancy concentration. Ceria
Raman spectra typically show a main band at 465 cm-1, attributed to vibrations in the Ce-O
bonds in the fluorite-type lattice structure. In pure ceria, shifts in this bond may be
attributed to oxygen vacancy levels and quantified. [77,84] Additionally, a second band
at approximately 595 to 600 cm-1 is related to higher levels of oxygen vacancy
concentration.

Due to the difference in mass between CeO2 and CeO2-x, the bulk oxygen deficiency in a
ceria sample can be determined using thermogravimetric methods. By measuring the gain
in mass while heating the sample under an oxidising atmosphere, the quantity of oxygen
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taken up by the sample can be measured. A reducing atmosphere may also be used to
determine the reductive capacity of a ceria material. [85]

1.4 Three-way catalyst reaction mechanisms
The Mars-van Krevelen (MvK) mechanism is commonly reported in the ceria-catalysed
oxidation of carbon monoxide to carbon dioxide. [71,86,87] The oxidation of various
hydrocarbons in exhaust gas is also thought to proceed via a MvK mechanism. [88–91] In
general, the characteristic feature of a MvK-catalysed heterogeneous reaction is that a
reactant adsorbs to the surface of a catalyst, and the reaction product leaves the catalyst
surface containing a constituent of the catalyst lattice structure. [92] In contrast, in other
surface-catalysed reaction models such as Eley-Rideal or Langmuir-Hinshelwood, the
reaction occurs between two elements originally in the gas phase. [93]

According to the MvK mechanism, for CO and hydrocarbon oxidation, oxygen atoms are
removed from the lattice to oxidise the reactants. This forms an oxygen vacancy and can
be shown in equation form:

CO + • → CO•

(5)

CO• + OL → COOL •

(6)

COOL • → • + CO2 + VL

(7)

0.5O2 + VL → OL

(8)

Here, CO adsorbs to the surface of the ceria lattice at adsorption site • and reacts with a
surface oxygen OL to form an intermediate, COOL•. This intermediate desorbs from the
surface as CO2, leaving behind an oxygen vacancy VL, which can be healed by
atmospheric oxygen. To complete the catalytic cycle, the oxygen vacancy left by CO or
hydrocarbon oxidation may also be healed by the reduction of a nitrogen oxide. [94]

Although this is a surface-catalysed reaction, internal oxygen vacancies within ceria’s
bulk lattice structure can also contribute to the reaction. This is possible because oxygen
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atoms are able to migrate through the lattice structure via a vacancy hopping mechanism
between neighbouring oxygen sites. This phenomenon is very rapid, allowing bulk
oxygen to migrate to the surface of ceria to aid in catalytic oxidation reactions. There are
a wide range of possible activation energies of oxygen diffusion through the lattice,
dependent on sample, morphology, and the exact stoichiometry. [95,96] Lattice distortion
and higher quantities of oxygen vacancies contribute to higher oxygen mobility
throughout the lattice. [97]

1.4.1 CO and HC oxidation: the Mars-van Krevelen mechanism

The MvK mechanism is a somewhat general description – consequently, various
computational experiments have been conducted to gain a more detailed understanding
of CO oxidation on ceria’s surface. Nolan and Watson report a DFT study that looks at
the surface dependence of CO oxidation on different crystal planes, focussing on the (111),
(110), and (100) crystal surfaces. They found that CO only weakly interacts with the (111)
surface, with an adsorption energy of -0.26 eV. For both the (110) and (100) surfaces, the
CO molecule formed a bond with two adjacent surface oxygen atoms, forming a
carbonate-like intermediate. For the (110) surface, the CO adsorption energy was -1.95 eV,
with an overall CO→CO2 energy gain of -1.17 eV. For the (100) surface, the CO adsorption
energy was higher (-3.21 eV), but the energy gain of the overall reaction was lower
(-0.87 eV). Only physisorption was observed for the (111) surface, while chemisorption
was observed for the (110) and (100) surfaces. [98]

This difference is attributed to the different atom configurations on each crystal plane.
Oxygen atoms in the (111) surface are three coordinate and relatively far apart – for a CO
molecule to bond to two surface oxygens, the oxygen atoms would need to be displaced
by 0.90Å. For the (100) surface, the oxygen atoms are displaced by 0.65Å, and for the (110)
surface, they are displaced by 0.25Å. Therefore, the (110) surface is most favourable to CO
adsorption and oxidation to CO2. [98] A separate DFT study by Huang and Fabris confirm
these results for the (111) and (110) surfaces.[99] Scanlon et al separately confirm the CO3
intermediate adsorption process for the (110) surface. [100]
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CO oxidation on doped ceria surfaces has also been investigated. Nolan et al report a DFT
study of CO adsorption and oxidation on Au-doped ceria (110) and (100) surfaces. The
adsorption energies were calculated to be -4.70 eV and -3.90 eV for the (110) and (100)
surfaces, respectively. These compare favourably with the adsorption energies calculated
for undoped ceria. [101] In other experiments, Nolan reports that the adsorption energy
for CO adsorbed on doped ceria’s (110) surface is -4.30, -4.31, -4.10, and -2.42 eV for ceria
doped with Ti, Zr, Hf, and La, respectively. [102,103]

Shapovalov and Metiu also examined CO oxidation with gold-doped ceria, comparing an
undoped and gold-doped ceria (111) surface. As with Nolan’s study, CO oxidation on the
gold-doped ceria surface was much more favourable than on the undoped ceria
surface. [86] Chen reports that Ru-doping improves CO adsorption on the ceria (111)
surface, allowing for chemisorption in addition to the physisorption seen on the pure
ceria (111) surface. [104] X-S. Liu et al report that Fe doping also improves CO adsorption
and CO2 formation on the (111) surface. [105] Yang et al report that CO adsorption and
CO2 formation is more favourable on the (110) surface of a Ce-Zr mixed oxide than pure
ceria. [106]

B. Liu et al report a modified carbonate-mediated MvK mechanism for the (110) surface
of cobalt-doped ceria. (Figure 8) Here, CO (1) adsorbs onto a surface cobalt site, (2) reacts
with an adjacent lattice oxygen to form a ‘bent’ CO2 intermediate, (3) interacts with
another adjacent lattice oxygen to form a carbonate intermediate, and (4) the carbonate
intermediate reacts with another adsorbed CO and desorbs as two linear CO2 molecules,
leaving behind two oxygen vacancies. In contrast, a conventional MvK mechanism was
reported for cobalt-doped (111) and (100) surfaces, in which CO is adsorbed on the site of
a lattice oxygen, forming a linear CO2 intermediate which can readily desorb, leaving
behind a single oxygen vacancy. [107]
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Figure 8. Convention and carbonate-mediated Mars van Krevelen mechanisms for the oxidation of CO to
CO2. Republished with permission of the Royal Society of Chemistry from Ref. [107]; permission conveyed
through Copyright Clearance Center, Inc.

Computational studies have also been reported that look at ceria-catalysed hydrocarbon
oxidation. Knapp and Ziegler look at the oxidation of methane to water and carbon
dioxide on the ceria (111) surface. This reaction is more complicated than CO oxidation,
involving disassociation of the methane molecule’s hydrogen atoms and adsorption at
surface oxygen sites and conversion of the carbon atom to CO. While the disassociation
of methane on the surface was found to be exothermic (-1.86 eV), desorption of the
hydrogen atoms as H2 or H2O was calculated to be highly endothermic (+4.47 eV). [108]

Krcha et al report dopant trends in regard to the disassociative adsorption of methane on
doped ceria’s (111) surface. The first three rows of transition metals in the periodic table
from groups IV – XII are examined as potential dopants. They report that the methane
activation energy and energy of oxygen vacancy formation are correlated. For doped ceria
materials with the lowest (most favourable) vacancy formation energies, hydrocarbon
oxidation is only limited by the refilling of oxygen vacancies. For doped ceria with
unfavourable vacancy formation energies, methane activation is the rate-limiting step.
The potential dopants identified as the most promising for hydrocarbon oxidation were
Ag, Au, Ni, Co, Pt, Pd, and Mn. [70]
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Mayernick and Janik report a DFT study looking at methane activation over the (111),
(110), and (100) surfaces of Zr- and Pd-doped ceria. Both Zr-doped ceria and Pd-doped
ceria were calculated to have more favourable adsorption energies than undoped ceria,
for all three surfaces. For the (111) surface, adsorption energies were -0.76, -1.00,
and -1.93 eV for CeO2, Zr-CeO2, and Pd-CeO2, respectively. For the (110) surface,
adsorption energies were -1.22, -1.60, and -2.50 eV for CeO2, Zr-CeO2, and Pd-CeO2,
respectively. For the (100) surface, adsorption energies were -1.52, -1.67, and -2.05 eV for
CeO2, Zr-CeO2, and Pd-CeO2, respectively. [58]

Wu et al use DFT to examine the oxidation of formaldehyde on the (111) surface of
undoped and Mn-doped ceria. They report that for stoichiometric ceria (doped or
undoped), the reaction proceeds with a MvK pathway – the formaldehyde adsorbs and
interacts with surface lattice oxygen atoms, and post-oxidation and desorption of CO2, the
oxygen vacancy is healed by atmospheric oxygen. The presence of Mn dopant reduces
the adsorption energy from -0.86 eV to -1.98 eV. However, under typical conditions,
Mn-doped ceria will contain numerous oxygen vacancies. For nonstoichiometric
Mn-doped ceria with oxygen vacancies, Wu et al instead report a Langmuir-Hinshelwood
reaction mechanism, in which atmospheric O2 adsorbed on the site of an oxygen vacancy
interacts with an adjacent adsorbed formaldehyde molecule. They report that overall, this
reaction pathway is more favourable than the MvK mechanism of the stoichiometric ceria
surface. [109]

Overall, these results correlate well with both the computational and experimental
oxygen vacancy formation energy results. Papers that look at different crystal facets are
in general agreement that the (110) surface is most favourable for oxidative catalysis.
Regarding dopants, while there are still many areas that need investigation, the oxygen
vacancy trends identified in Section 1.3 seem to hold true in the DFT studies discussed
here.
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1.4.2 NOx reduction: oxygen vacancy healing

Nitrogen oxides react with reduced ceria to heal oxygen vacancies. Yang et al report a DFT
study in which they examine the adsorption of NO on ceria (111) and (110) surfaces. For
stoichiometric, unreduced ceria, NO only weakly interacts with either surface, and will
not disassociate to form N2. When an oxygen vacancy is present, NO adsorbs much more
strongly, with adsorption energies of -1.82 and -1.33 eV for the (111) and (110) surfaces,
respectively. For both surfaces, the oxygen adsorbs at the vacancy site, resulting in a
lengthening of the N-O bond. If two NO molecules adsorb on adjacent oxygen vacancy
sites, their nitrogen ends will interact to form a N-N bond as an intermediate to
disassociating as a free N2 molecule. This overall interaction resulting in a healed ceria
surface and free N2 is thermodynamically favourable, with a calculated energy gain
of -2.73 eV for both the (111) and (110) surfaces. [110]

Mihaylov et al report different adsorption behaviour for the interaction between NO and
the reduced ceria (111) surface. They report that this interaction can lead to the ‘deep
reduction’ of NO to form N3- azide species, which are intermediates in the conversion of
NO to nitrogen gas. This process is highly exothermic as it involves the simultaneous
healing of three oxygen vacancies. These findings were supported by both DFT
calculations and experimental data, using FTIR spectra of adsorbed NO species on
commercially provided ceria powders. [111]

Nolan et al report a DFT study of the interaction between NO2 and reduced ceria (111),
(110), and (100) surfaces. In all cases, the NO2 adsorption proceeds by one of its oxygen
atoms adsorbing at and occupying the oxygen vacancy site, resulting in an elongated N-O
bond (from 1.21 Å to 1.36, 1.31, and 1.44 Å, respectively). The adsorption energy was
calculated to be -2.40, -2.25, and -2.32 eV for the (111), (110), and (100) surfaces,
respectively, while the overall reaction energy (resulting in NO and a healed oxygen
vacancy) was calculated to be -1.52, -0.93, and -1.20 eV, respectively. This is an expected
result – the ease of oxygen vacancy formation on these surfaces is (110) < (100) < (111), as
discussed in Section 1.3.1, so it is logical that the easy of vacancy healing is the opposite.
Nevertheless, all surfaces showed an exothermic reaction. But despite this being the case,
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spontaneous decomposition of the adsorbed NO2 to NO and a healed oxygen vacancy
were not observed on any surface, implying a necessary energy cost to break the N-O
bond. [112]

Scanlon et al report a slightly more complicated model of NO2 adsorption on the reduced
ceria (110) surface. They report two possible modes of adsorption. NO2 can adsorb to the
surface via an oxygen atom at the site of an oxygen vacancy in the ceria lattice.
Alternatively, the two NO2 oxygen atoms coordinate to the reduced Ce3+ atoms around
an oxygen vacancy, with neither actually occupying the vacancy site. Both options are
exothermic and favourable, with adsorption energies of -1.83 and -1.94 eV, respectively.
However, the ‘split’ adsorption mode is more favourable. The overall reaction energy gain
for reducing NO2 to NO and healing the oxygen vacancy was calculated to be -0.44 eV;
significantly smaller than that calculated by Nolan et al but still exothermic. [100]

While ceria doping is a good strategy for oxidative reactions because it improves
reducibility and oxygen vacancy formation, the trade-off is reduced favourability for
reoxidising and healing of the oxygen vacancies. Complementing Nolan’s previous study
on NO2 adsorption and reduction on different ceria surfaces, further work was
undertaken looking at the adsorption energy of NO2 at an oxygen vacancy on the (110)
and (100) surfaces of Au-doped ceria. Here, the adsorption energy was calculated to
be -1.46 and -1.97 eV for the (110) and (100) surfaces, respectively (compared with -2.25
and -2.32 eV for the undoped surfaces). So while doping ceria with gold somewhat
reduced the favourability of NO2 adsorption, the interaction was still favourable. [113]

Koizumi et al report a mechanism for the reduction of NO with CO using a Cu and Cr
co-doped ceria (111) surface (Figure 9). Similarly to previous experiments, they report a
MvK mechanism for CO oxidation. Here, CO adsorbs on the surface near a Cu site,
followed by reaction with a surface lattice oxygen, desorption as CO2, and the creation of
an oxygen vacancy. DFT experiments show that the presence of Cr enhances the
adsorption of NO on Ce sites, followed by interaction with neighbouring oxygen
vacancies. This exposes the N to interaction with another adsorbed NO molecule,
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allowing for formation of N2 and the healing of the oxygen vacancy. Koizumi et al also
use FTIR experiments to support their DFT results. [114]

Figure 9. Reaction mechanism for CO-NO reaction with a Cu-Cr/CeO2 catalyst reported by Koizumi et al.
Republished with permission of the Royal Society of Chemistry from Ref. [114]; permission conveyed
through Copyright Clearance Center, Inc.

There is some disagreement amongst these computational studies regarding the precise
mode of NOx adsorption and reduction on ceria’s surface. Nevertheless, they are in
general agreement that the overall reduction reaction is exothermic, and therefore
favourable. This remains true even when ceria is doped with elements that improve
oxygen vacancy formation and make vacancy healing less favourable.

1.5 Thermal resistance of ceria-based materials
Ceria exposed to high temperatures (800°C and above) experiences severe degradation of
its ability to easily reduce and reoxidise, which greatly impairs ceria’s ability to act as a
three-way catalyst or catalyst support. This is problematic for its use in three-way
catalysts, as under realistic driving conditions, catalytic converters are routinely exposed
to temperatures of up to 850°C and are occasionally heated to over 1000°C. [7,8] While
pure ceria was initially used as the oxygen storage support material in PGM-based
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three-way catalysts, this was replaced with ceria-zirconia mixed oxides in the 1990s
because of its improved performance after exposure to high temperatures. [12,115]

1.5.1 Ceria-zirconia mixed oxides

Pulse neutron diffraction and temperature programmed reduction experiments of ceria
and ceria-zirconia mixed oxides treated at up to 800°C by Mamontov and Egami show
that its high-temperature degradation is due to a permanent loss of oxygen vacancies. In
pure ceria calcined at 500°C, there are an equal quantity of detected oxygen vacancies and
interstitial oxygen atoms, an indication of a mobile, ‘active’ species of oxygen which is
only weakly bound to the lattice structure. This active oxygen, mainly located in the bulk
lattice structure, can migrate to the surface to participate in reactions. However, in the
course of heating ceria up to 800°C, the concentration of these defects irreversibly starts
to fall at approximately 760°C. This results in a permanent loss of activity. It is also an
indication that oxygen storage content is not necessarily connected to surface area – ceria
heated to 760°C has already lost most of its surface area, experiencing only minimal
changes between 760-800°C. However, this is the temperature range in which the loss of
oxygen vacancies is seen. [116]

This decline in oxygen vacancy concentration and loss of activity is not seen in a
Ce0.7Zr0.3O2 mixed oxide prepared with the same synthesis method. Here, a much higher
concentration of oxygen vacancies, up to 8%, was detected compared with interstitial
oxygen – this indicates that Ce3+ ions are present to balance the charge. Therefore, the
presence of zirconium in the lattice keeps the ceria in a slightly reduced state.
Furthermore, this higher concentration of oxygen vacancies compared with pure ceria is
maintained after treatment at 800°C. Mamontov and Egami speculate that, because
zirconium has a much smaller ionic radius than cerium, this creates ‘compressive stresses’
at the oxygen vacancy sites, making it more difficult for interstitial oxygen to recombine
with the vacancies. [116] These results indicate that the bulk properties of the mixed oxide
material, not just surface morphology or area, is important in maintaining a high OSC.
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These experimental results are supported by computational work by Balducci et al, who
report that incorporation of Zr4+ into the lattice decrease the Ce4+/Ce3+ reduction energy in
the bulk lattice structure. [117] The importance of the bulk structure, rather than surface
effects, is further emphasised with experimental work by Bozo et al and Balducci et al,
who report that calcined Ce-Zr samples with severe loss of surface area still maintain
oxygen storage capacity. [118,119] More recently, Fernandes et al examined a commercial
catalytic converter monolith loaded with Ce-Zr support and a Pd/Rh catalyst to examine
the effect of high temperature on deactivation and degradation of catalytic ability. Even
after calcination at 1200°C and degradation of BET surface area to ~1 m2/g, the catalyst
retained significant activity, with T50 values of 285 °C and 485 °C for CO oxidation and
propane oxidation, respectively. [120]

The ratio of cerium to zirconium in Ce-Zr mixed oxides affects the oxygen storage content,
and a wide range of different compositions have been reported in the literature that still
maintain the fluorite lattice structure. [121] Cuif et al show that oxygen storage capacity
is highest with a Zr content of 20-40%, while Graham et al report the best ratio is 70%
cerium, 30% zirconium (when used as a support for a Pd catalyst). [121,122] The difference
in OSC compared with pure ceria is quite significant. Hegde et al report that while
approximately 5% of pure ceria’s oxygen can be reversibly exchanged, this rises to 25-30%
for ceria-zirconia mixed oxides. [74]

Doping ceria-zirconia with small amounts of other metals can also improve thermal
stability. Li et al report a Ce0.67Zr0.33O2 sample doped with 3 wt. % NiO for use as a
palladium catalyst support. Upon calcination at 1000°C for four hours, the
Pd/nickel-ceria-zirconia material demonstrated improved oxygen storage content
compared with undoped Pd/ceria-zirconia. [123]

1.5.2 Ceria-zirconia-other mixed oxides

Ceria-zirconia mixed oxides experience a degree of phase separation at high
temperatures, and this is more likely for Zr-rich compositions. [122] Bozo et al report that
for all Ce-Zr mixed oxides with 16-83 mol % cerium content, strong phase separation
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occurs at 1200°C with the emergence of a tetragonal Zr-rich phase on the material surface.
[118] Chuang et al report phase separation in Ce-Zr mixed oxides at 1100°C, also noting
that high-temperature calcination results in a tetragonal, Zr-rich surface phase. They
attribute this to zirconium’s smaller ionic radius – smaller atoms can diffuse more easily
through the fluorite structure, and migrate to the surface to lower the overall surface
energy. [124]

Catalytic converter designs somewhat alleviate this problem by physically separating
individual Ce-Zr crystallites with alumina. By using alumina particles as a ‘diffusion
barrier’ phase between Ce-Zr particles, the Ce-Zr is prevented from sintering into larger
particles, as shown in Figure 10. [75] While it is not entirely clear if this strategy prevents
Zr phase separation within particles as well, Morikawa et al report that after treatment at
1000°C, oxygen storage capacity decreases for both Ce-Zr and Al/Ce-Zr materials, but is
much less significant for the material with incorporated alumina particles. [125]

Figure 10. Al2O3 diffusion barrier to prevent sintering and preserve oxygen storage capacity of Ce-Zr mixed
oxide. Reprinted from Ref. [125] with permission from Elsevier.

In a study by Chang et al, Johnson Matthey report an alumina-ceria-zirconia mixed oxide
for use as a catalyst support with improved thermal stability and improved oxygen
storage capacity. Also making use of the alumina diffusion barrier strategy, they report
the deposition of Ce/Zr particles on Al2O3 in solution. Compared with mechanically
blended Ce/Zr and alumina powders, this material demonstrated a higher thermal
stability (both in terms of maintaining surface area and resisting Ce/Zr phase separation)
and improved ease of reducibility. This material was developed as a support for a Pd
catalyst. [126]
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Recently, aluminium-doped Ce-Zr-Al mixed oxides have been reported. Dong et al report
a Ce0.5Zr0.5-xAlxOy solid solution with an improved thermal stability and oxygen storage
capacity after 1000°C calcination, compared with pure ceria and Ce 0.5Zr0.5O2. Unlike the
studies mentioned above, aluminium atoms were directly incorporated into the fluorite
lattice structure, demonstrated by XRD patterns only showing ceria peaks with a
decreased lattice parameter (proportional to the amount of Al included). [127]

The incorporation of other lanthanides (Y, Nd, Pr, or La) into the crystal lattice has also
been shown to improve the lattice stability, ‘delaying’ phase separation by 100-150 °C.
Rohart et al report a proprietary synthesis process for Ce-Zr mixed oxides with
incorporated La, Nd, or Pr which maintain a single fluorite phase when calcined up to
1100°C, while materials prepared according to a previous synthesis method, or without
La, Nd, or Pr doping, experience phase separation at 1000°C. These materials also
maintain BET surface areas of 14-23 m2/g after calcination at 1100°C and up to 6.5 m2/g
after calcination at 1200°C. [128]

1.5.3 Thermally stable PGM-free catalysts

Much of the work discussed in this literature review has been undertaken to develop
oxygen storage materials to support PGM catalyst designs, and have only been tested as
catalyst supports, not catalyst materials in their own right. Nevertheless, it is also useful
for informing future work in developing ceria-based, PGM-free three-way catalysts.
Various groups have reported the performance of doped and undoped Ce-Zr mixed oxide
materials in CO oxidation, hydrocarbon oxidation, and nitrogen oxide reduction
reactions. This will be discussed further in Section 1.6.

As discussed in Sections 1.3.1 and 1.4.1, it is advantageous for ceria-based catalysts to
selectively expose ceria’s (110) crystal plane for the best performance in oxidative
reactions. However, much of the work undertaken on Ce-Zr mixed oxides does not focus
on this, as PGM ceria support materials are usually unstructured nanoparticles, with no
focus on specific morphology. There is limited work investigating doped Ce-Zr materials
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with a structured morphology, compared with the broad range of literature investigating
different ceria morphologies.

Xiao et al report the synthesis of a mesoporous ‘flowerlike’ Ce 0.9Zr0.1Oy material – these
‘flowers’ are particles 2 µm in diameter with a surface that has the appearance of tightly
packed, wrinkled petals. [73] Zhang et al report the synthesis of Ce0.6Zr0.3Y0.1O2 materials
with a nanorod, microsphere, micro-‘bowknot’ or micro-octahedral morphology,
dependent on the reaction conditions and surfactant used in an assisted hydrothermal
synthesis. However, for all morphologies, the authors determined that the dominant
exposed surface was (111), based on lattice spacing measurements from HRTEM images.
[129]

1.6 Doped ceria catalyst performance in TWCs
There is a large body of literature regarding the performance of doped, PGM-free ceria
materials for catalytic CO oxidation or hydrocarbon oxidation. However, the number of
reports that look at doped ceria for nitrogen oxide reduction is much smaller. In a Web of
Science search of ‘doped ceria catalyst’, 93 papers published between 1995 and 2018 were
found that examined the performance of PGM-free, doped ceria used as a catalyst (and
not catalyst support for a separate metal phase) for at least one TWC reaction. Of these,
71 papers reported results for CO oxidation, 22 for oxidation of hydrocarbons, and 8 for
reduction of NOx. Additionally, only one (Mei Li et al) examines the simultaneous TWC
performance of doped ceria materials simulated exhaust. [130] A potential reason for this
discrepancy may be the difficulty in performing HC oxidation or NO reduction using
PGM-free ceria catalysts. Compared with CO oxidation, the HC oxidation and NO
reduction reactions in three-way catalysis depend more strongly on the PGM content in
catalytic converters. Due to this, much higher light-off temperatures are typically reported
for HC oxidation or NO reduction with doped ceria catalysts.

Mei Li et al report the doping of CexZr1-xO2 with La, Y, or Pr, and subsequent catalytic
activity with varying air-fuel ratios to assess simultaneous CO, hydrocarbon, and NOx
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conversion. [130] Samples were aged at 900°C or above, demonstrating thermal stability.
Compared with an undoped Ce0.7Zr0.3O2 sample, ceria-zirconia catalysts doped with Y or
La exhibited lower light-off temperatures (up to 28°C lower), and slightly higher
conversion rates of CO, HC, and NOx at 450°C at all the air-fuel ratios tested. A sample
simultaneously doped with Y, La, and Pr demonstrated an even lower light-off
temperature, but lower reactant conversion rates at 450°C. These results show that Y, La
and Pr doping of ceria-zirconia can improve catalytic activity, but obvious improvements
compared with traditional PGM-loaded catalysts are not seen, as even the best reported
catalyst did not achieve full conversion of reactants at 450°C.

Shanlong Li et al report the catalytic performance of a Cu-doped ceria porous
nanostructure for both CO oxidation and NO reduction in the presence of CO. However,
these reactions are examined separately and simultaneous CO oxidation/NO reduction
activity is not reported. Their catalyst demonstrated very good CO oxidative activity; with
a T10 value of 50°C and full conversion by 110°C. For the reduction of NO in the presence
of CO, activity was poorer, with full conversion not reached until 450°C. [131]

Other than this, papers for doped ceria catalytic activity generally examine single-reaction
performance. This area of literature is somewhat lacking, as simultaneous TWC catalytic
assessment with simulated exhaust is commonly reported for PGM-loaded ceria materials
(and ceria loaded with other metal particles). [132–134]

1.6.1 Doped ceria: CO oxidation

CO oxidation is the most commonly tested TWC reaction for literature reporting doped
ceria catalysts. These papers cover a wide variety of dopants, morphology (nanoscale or
otherwise), and synthesis methods. While examining the details of every single paper
goes beyond the scope of this report, some general trends can be drawn from the collated
results.

Shown below in Figure 11 is a graph of T10 values (temperature at which 10% conversion
of CO to CO2 is achieved) vs. dopant Pauling electronegativity for single-dopant ceria
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catalysts. A lower T10 value means a catalyst has higher activity at lower temperatures.
Each point represents the best reported value for ceria doped with that element.
[48,71,73,135–145] While there is a loose correlation between higher electronegativity
values and lower T10 values, the R-squared value is below 0.5. It should be noted that large
differences in preparation methods and experimental parameters can account for much
of the difference in reported catalyst performance. Nevertheless, these results may
support the relationship between electronegativity and dopant effectiveness proposed by
Liu et al, discussed in Section 1.3.2, as well as trends in ionic radius identified by Krcha
et al and Nolan. [68,70,71,146,147] In general, lanthanide-doped ceria materials were less
effective at improving CO oxidative activity, while transition metal-doped ceria showed
more significant improvement. This is in agreement with the DFT study by Gupta et al
discussed in Section 1.3.2. [55]

Figure 11. CO oxidation T10 values vs. Pauling electronegativity for various single-dopant ceria compounds,
showing the best T10 value reported in literature for each dopant.

It should be noted that these results come from papers that use different synthesis
techniques and calcination temperatures and products with a wide range of
morphologies. A further drawback of making comparisons across several papers like this
is that the catalyst test conditions are not always very directly comparable. Different
research groups will use widely differing CO flowrates, CO/O2 ratios, catalyst loadings,
and catalyst bed configurations. While it is better to directly compare the turnover
frequency (s-1) or rate (mol g-1 s-1) of catalyst samples, which will show the quantity of
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converted reactant per mass of catalyst or number of active sites, papers often do not
report enough experimental data to calculate this. Therefore, direct comparisons are often
not possible, with the exception of materials made by the same research group using the
same experimental conditions.

Widely varying results have been reported for the same dopants. For instance, ceria
materials doped with lanthanides such as La, Gd, or Pr are commonly reported to
demonstrate decreased catalytic activity for CO oxidation compared with undoped ceria
[148–151], while other reports show improved activity. [136,152,153] Venkataswamy et al
report a comparison of sol-gel, coprecipitation, and hydrothermal synthesis methods for
the production of Mn-doped ceria nanoparticles, with widely varying results. They report
that the hydrothermal synthesis resulted in a final Mn-doped ceria catalyst with smaller
pores, a larger surface area, and higher surface concentration of reduced Ce 3+ than
catalysts produced via sol-gel or coprecipitation methods with the same quantity of Mn.
Regarding CO oxidation, the hydrothermally synthesised material demonstrated a T 10
value of 290 °C, compared with 347 and 371 °C for the sol-gel and coprecipitation
synthesis products, respectively. [154]

Several papers report the comparison of catalyst performance after calcination at two
different temperatures, generally 500 °C and 800 °C. Ceria doped with Zr, La, Eu, Sm, Mn,
Fe, La, and Tb have been reported by Reddy et al and Katta et al with an average
performance reduction (in terms of T10) of approximately 18% when calcined at the higher
temperature. [135,148,155–160]

1.6.2 Doped ceria: hydrocarbon oxidation

Fewer dopants and ceria morphologies have been reported for doped ceria catalysts
tested for hydrocarbon oxidation in comparison with CO oxidation catalytic activity.
Furthermore, a wide range of model hydrocarbons are used, meaning results are often
not comparable. Ceria-catalysed oxidation reactions of methane, ethane, ethene, propane,
propene, butane, hexane, benzene, toluene, naphthalene, methanol, and acetone have all
been reported. [161–169]
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The best T10 results per dopant for the more commonly reported reactants, methane and
propane, are shown below in Figure 12. [138,161,163,170–174] However, these results are
much less comprehensive than the CO oxidation T10 results shown in Figure 11. Unlike
the CO oxidation results, many of the dopants shown here are only reported in one or
two papers, and often only a single dopant level is reported. As it is unlikely that many
of the reported materials have optimised dopant levels, these results should be considered
preliminary. Because of this, while it appears that, as with CO oxidation, dopant
electronegativity appears to (at least weakly) correlate with lower T10 values, more
experimental results should be published to support this.

In certain cases, dopants reduced HC oxidative activity in comparison with identically
prepared pure ceria materials. Zhao et al report that Sm-doped ceria performs more
poorly than pure ceria for the oxidation of n-butane. For the oxidation of methane, the
results were more ambiguous – Sm-doped ceria had a higher T10 value but lower T50 and
T90 values. [170] This matches the trends identified in previous sections – as a lanthanide,
Sm is much less electronegative than most of the dopants reported.

Figure 12. Methane (left) and propane (right) T10 values vs. Pauling electronegativity for various
single-dopant ceria materials, showing the best T10 value reported in literature for each dopant.
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1.6.3 Doped ceria: NOx reduction

Only eight papers were found that report testing PGM-free doped ceria for nitrogen oxide
reduction. [131,171,175–180] Similarly to CO and HC oxidation, the best results are shown
(T10 vs. electronegativity) in Figure 13. Results here are very limited - nevertheless, some
preliminary trends may be identified.

Interestingly, the same trend of improved catalytic activity for dopants with higher
electronegativity is seen, as with CO and HC oxidation. This was not necessarily an
expected result, as it has been proposed that improving oxidative activity in a catalyst
material may be associated with reduced performance in reduction reactions. [113] The
best-performing dopants for NOx reduction – Sn, Mn, and Cu, have also been previously
shown to improve oxidative activity in ceria, meaning that catalytic activity for both
reactions can simultaneously be improved with the same dopant.

Figure 13. NOx reduction T10 values vs. Pauling electronegativity for various single-dopant ceria materials,
showing the best T10 value reported in literature for each dopant.

Overall, the reported catalysts generally required higher temperatures to achieve
acceptable conversion rates for removal of NOx, compared with CO oxidation.
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1.7 Current state of literature and further investigation
While the available literature concerning ceria-based materials for three-way catalysis is
extensive, there are still many areas which would benefit from further investigation.

The present-day understanding of how ceria crystal planes affect catalytic performance is
fairly comprehensive. Both the reported computational and experimental literature is in
general agreement that the (110) ceria surface aids in oxidation reactions, and that
morphologies that selectively expose this surface, such as nanorods, show higher catalytic
activity for oxidation reactions. However, while the surface chemistry has been
well-investigated computationally for nitrogen oxide reduction, this area is lacking in
experimental data.

A wide range of lanthanides, transition metals, and other elements have been reported as
successful ceria dopants, and many have been catalytically tested, at least for CO
oxidation. General trends in dopant properties have been identified – however, a more
complete understanding that could guide ceria-based catalyst design is still lacking. More
work is needed, particularly a focus on reactions beyond CO oxidation. There are fewer
papers that report hydrocarbon oxidation compared with CO oxidation papers, and fewer
still for the reduction of nitrogen oxides with PGM-free doped ceria catalysts.
Furthermore, as with research into PGM- or precious metal-loaded ceria catalyst
supports, more experimental work should be conducted using simulated exhaust streams
to assess simultaneous three-way catalytic activity.

Thermal stability of ceria-based catalysts is another area which should be studied more.
Many papers reporting catalytic performance only include a 500-600°C calcination step
Occasionally calcination at 800°C is included for comparison. While this is useful, much
more research is necessary in this area, and at higher temperatures, to gain a better
understanding of how these materials will behave when exposed to ‘real-world’
high-temperature conditions.
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Ceria-based catalysts show great promise as a replacement three-way catalyst technology.
Materials have been reported that show a significantly improved light-off temperature (at
least for CO oxidation) that also eliminate or reduce dependence on platinum group and
other precious metals. Moving forward, experimentally demonstrating improved thermal
stability and simultaneous three-way catalytic performance will be vital in improving the
sustainability and performance of PGM-based catalysts.

48

Chapter 2
Literature Review – TWC Washcoats and PGM
Loading
The following work has been adapted from the accepted manuscript of the literature
review titled “Recent Advances in Gasoline Three-Way Catalyst Formulation – A
Review”.

2.1 Commentary
This chapter contains a review of recent published automotive catalyst literature, with a
focus on washcoat formulations for gasoline three-way catalysts. The purpose of this
literature review was to identify options for improving low-temperature reactivity of
catalytic converters to reduce light-off times and thus lower overall vehicle emission
during testing. Reducing the light-off time and improving low-temperature performance
is important because a large percentage of total pollutant emissions during vehicle testing
occur during the first few minutes after a cold start. [10] This work has been used to guide
research into new catalyst washcoat formulations to develop improved three-way catalyst
designs.

The literature review is divided into three main sections. First, variations in washcoat
composition are considered. Typically, three-way catalyst washcoats are predominantly
synthesised from alumina, ceria, and zirconia, with additional promoters such as barium
and lanthanides included to improve performance or stability. [181] An unlimited
number of possible material variations exist, so recent literature on this topic is reviewed
to identify the best formulations and ratios, in terms of light-off temperature. The
inclusion of zeolites in washcoat compositions as a low-temperature trap for
hydrocarbons and NOx is also briefly examined. Second, PGM catalyst loading rates and
ratios are reviewed. Modern TWC designs often utilise a Pt/Rd or Pd/Rd formulation,
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with cost and performance both dictating the choice in elements. [6] The performance of
bimetallic alloys and the inclusion of Ir are also examined in this section. Third, the design
of monoliths – cordierite, metallic, and extruded zeolite – is briefly reviewed.
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2.3 Article
2.3.1 Abstract

Development of three-way catalyst (TWC) technology has been critical in maintaining air
quality regulations for gasoline engines via the conversion of pollutants from the internal
combustion engine exhaust. The development of improved TWC formulations is an
important challenge for automotive industry. Indeed, in order to meet increasingly
stringent environmental regulations around the world, the development of more efficient
catalysts depends on a complete understanding of the many parameters related to TWC
design. In this review paper, some of these parameters are examined in relation to TWC
performance, and especially low temperature activation performance, with a focus on
more recently published work. In particular, washcoat composition, platinum group
metal ratios and loading, and substrate design are considered. The effect of these
parameters with regard to the conversion efficiency of carbon monoxide, unburned
hydrocarbons, and nitrogen oxides pollutants is summarised.

2.3.2 Introduction

Global air pollution caused by human activities and industries has been a major public
health concern, particularly in urban areas. The impact to health services and society at
large is significant, and the majority of cities worldwide do not meet World Health
Organization (WHO) air quality guidelines. [2,5] Recognition of this problem led to the
introduction of legislations controlling and imposing limitations on pollutant emissions
at the exhaust of vehicles. These legislations led to the development of catalytic converter
technology in the 1970s to control and treat these pollutants. While gasoline engine
exhaust composition can vary based on design and driving conditions, typical operating
conditions are 0.5 vol. % CO, 3500 ppm HC, 900 ppm NOx, 0.17 vol. % H2, 10 vol. % H2O,
10 vol. % CO2, 0.5 vol. % O2, and the balance N2. [182] Initially, Pt/Pd or Pt/Rh oxidation
catalysts were developed to limit hydrocarbon and carbon monoxide emissions, later
developing into three-way catalysts (TWCs) which also convert NOx emissions. [6]
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While carbon monoxide levels are controlled because of its very high toxicity,
hydrocarbons and NOx are dangerous because they react to form photochemical smog in
the presence of sunlight:

HC + NO𝑥 + ℎ𝑣 → O3 + other

(9)

Satisfactory emission control is achieved within a three-way catalyst via the simultaneous
oxidation of carbon monoxide and hydrocarbons to carbon dioxide and water, and the
reduction of nitrogen oxides to nitrogen gas. [6] However, other reactions, such as the
water-gas shift reaction or reaction of pollutants with water or hydrogen, can occur as
well. [182]

2CO + O2 → 2CO2

(10)

C𝑥 H𝑦 + O2 → CO2 + H2 O

(11)

2NO → O2 + N2

(12)

Three-way catalyst design consists of a monolith substrate, high surface area washcoat
with oxygen storage promoter materials, the active catalyst (platinum-group metals, or
PGMs), and promoter materials. The substrate has a honeycomb structure and is usually
made from cordierite, but metallic foil substrates have been developed as well. The
washcoat contains a doped alumina-based material (Al2O3) due to its high surface area
and good thermal stability and resistance to sintering. Ceria (CeO2) or ceria-based
materials are used as a promoter due to ceria’s oxygen storage capacity (OSC). Without
any OSC function, the ratio of oxygen to fuel needs to be tightly controlled with a specific
stoichiometric ratio to achieve the best conversion rates, typically an air-to-fuel ratio of
14.7:1 (Figure 14). [181,182] This is because while CO and hydrocarbons are converted to
CO2 under oxidising conditions, the reduction of NOx to N2 only shows good conversion
efficiency under reducing conditions. However, cerium ions can easily switch between 3+
and 4+ oxidation states via the creation and regeneration of oxygen vacancies, which
allows the ceria-containing catalyst material to store oxygen from the exhaust stream
when it is in stoichiometric excess, promoting conversion of NOx, as well as release
oxygen to the exhaust stream when it is deficient, promoting conversion of CO and
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hydrocarbons to CO2. This expands the air-to-fuel ratio ‘window’ under which acceptable
catalyst performance is achieved for all three reactants. [82] Typically, a CeO2-ZrO2 blend
is used to improve thermal stability. Pt or Pd are used as the active phase, with Rh
included for the reduction of NOx to N2.

Figure 14. Three-way catalyst performance in terms of CO, HC, and NOx performance as a function of
air/fuel ratio. Reproduced from Ref. [183] with permission from Elsevier.

In addition to promoting reducibility, ceria stabilises the noble metal catalysts in a
dispersed state, hindering sintering at high temperatures via the formation of oxidised
Pt-O-Ce bonds in presence of oxygen. Because cerium can easily cycle between oxidation
states, it allows the Pt to return to a more catalytically active metallic state during
stoichiometric conditions (Figure 15). In contrast, a similar mechanism does not exist for
Pt/alumina systems. [184]

Figure 15. Sintering inhibition on Pt/ceria compared with Pt/alumina support. Reproduced from Ref. [184]
with permission from Springer.
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A significant shortcoming in modern TWC design is cold-start performance during the
initial minutes of a vehicle journey. TWCs depend on the elevated temperatures provided
by the engine exhaust to operate with satisfactory conversion rates. During this start-up
period, the low engine exhaust temperature (typically <250 °C) only slowly raises the
temperature of the catalyst itself. [8] However, good conversions are typically only
achieved at temperatures > 300 °C. [115] Cold-start emissions can account for a high
proportion of total trip emissions – sometimes up to 50% in urban areas where shorter
trips are the norm. [10,185] Therefore, strategies to either enhance low-temperature
catalytic performance or heat the three-way catalyst more quickly will have the largest
impact on improving overall TWC performance.

The focus of this review will be on the design of three-way catalysts to enhance light-off
temperatures and low-temperature catalytic performance. In particular, the effect of
washcoat composition, precious metal catalyst loading (Pt, Pd, and/or Rh), and substrate
design will be examined.

2.3.3 Washcoat composition

Alumina (Al2O3) is the main material in most TWC washcoat formulations due to its
stability at high temperatures. A ceria (CeO2)-based material is typically dispersed over
or incorporated into the alumina layer to provide oxygen storage capacity to the TWC,
enhancing conversion rates. Generally, a ceria-zirconia (CeO2-ZrO2) solid solution is used
instead of pure ceria – the inclusion of zirconium ions into ceria’s crystal lattice can
enhance the material’s oxygen storage capacity and improve thermal stability. [115] This
is important because TWCs can be exposed to extremely high temperatures (800-1000 °C)
for extended periods of time. Exposure of ceria to these temperatures leads to severe
sintering phenomena. This can cause a number of issues that affect TWC performance:
loss of surface area, loss of available reactive oxygen within the ceria lattice, further
sintering of the active metal catalyst, and reduction in contact area between the ceria and
alumina washcoat. However, using ceria-zirconia somewhat mitigates these issues.
Additionally, the ‘controlled deposition’ of ceria-zirconia onto alumina can prevent its
transformation from high surface area γ-alumina to its low surface area α form. [181,182]
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Thermal stability of TWC materials can be further improved by the addition of other
‘promoter’ elements, such as alkaline earth metals or any of the trivalent rare earth metals.
[186] While CexZr1-xO2 solid solutions with a composition of x = 0.4-0.6 have been shown
to have good OSC values compared with other Ce/Zr ratios, these materials also undergo
phase separation after long-term (>100 h) aging at 1000 °C. However, the introduction of
trivalent rare earth metals (Y, La, Pr, Nd) can stabilise the material – resulting in an
improved surface area and higher OSC value after long-term aging. Dopants can also
improve ceria’s oxygen storage capacity. [187]

The type of oxide support can influence the oxidation state and dispersion of Pt, Pd, or
Rh catalysts, and thus affect performance. This can inform which washcoat layer a
particular metal catalyst will be deposited onto. For instance, ceria and titania supports
improve the reducibility of Pd particles to form metallic Pd, which generally provides
better low-temperature performance than Pd/Al2O3. [188] On the other hand, Rh has the
potential to interact too strongly with Ce-rich supports, forming Rh-O-Ce bonds. ZrO2 has
been reported as a more beneficial support for preserving catalytically active metallic Rh
after aging in air. [189]

Below, various aspects of washcoat composition are discussed, and results from literature
are summarised in Table A11 in the Appendix. Results are shown in terms of light-off
temperature (T10 and/or T50) for conversion of CO, HCs, and NOx. T10 and T50 are defined
as the temperatures at which 10% and 50% conversion are achieved, respectively.
Experimental parameters are summarised in Table A12 in the Appendix, with select
values shown in Figure 16.
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Figure 16. Select T50 values of CO oxidation, hydrocarbon oxidation, and NO reduction
for catalysts with various washcoat compositions.

Addition of ceria-zirconia to washcoat

Compared with pure alumina washcoats, ceria-zirconia shows many improvements for
three-way catalysis. Lang et al examined the effect of using either CeO2-ZrO2 or Al2O3 as
a support material for a Pd catalyst, finding that for CO oxidation, the Ce-Zr catalyst
showed clear improvements in terms of light-off temperature. [190] For HC oxidation,
while light-off performance was similar, the Ce-Zr catalyst was able to achieve full
conversion at a lower temperature than the alumina catalyst. Zheng et al performed a
similar study, using commercial BASF washcoat materials and a Rh-based catalyst. [191]
They found that Rh and alumina had strong metal-support interactions, leading to the
formation of rhodium aluminate and catalyst deactivation, while Rh-CeZr interactions
were weaker and more reversible, allowing the Rh to remain in its catalytically active Rh0
state. For both metals, deposition on CeZr was advantageous compared with deposition
on Al2O3 due to prevalence of oxygen vacancies (Figure 17). Because CeZr can create
oxygen vacancies by releasing oxygen from its lattice structure, it can quickly provide this
oxygen to react with CO and hydrocarbons, allowing them to oxidize to CO2. In contrast,
Al2O3 does not have the capability to generate oxygen vacancies, so reactions proceed
more slowly by reacting directly with oxygen adsorbed on the surface of Pd.
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Figure 17. Oxidation of CO on Pd/Al2O3 vs. Pd/CeO2-ZrO2. Reproduced from Ref. [190]
with permission from Elsevier.

Ozawa et al looked at modification of alumina with ceria, producing three catalysts:
Pt/Al2O3, Pt/(CeO2+Al2O3), and Pt/(Ce0.8Zr0.2O2+Al2O3). [192] Here, the incorporation of
ceria and zirconia into the washcoat material improved light-off performance for HC and
NO oxidation. The ceria-zirconia both inhibited sintering of Pt and provided additional
OSC. While this study looked at the addition of CeZr materials to already-synthesised
alumina, Chen and Chang developed a novel Al2O3/CeO2/ZrO2 mixed oxide material, in
which Ce, Zr, and Al precursor materials were simultaneously coprecipitated into a single
material. [193] This was compared as a washcoat material for a Pd-based catalyst with a
more traditional CeO2/ZrO2 mixed oxide physically blended with Al2O3. They found that
the Al2O3/CeO2/ZrO2 washcoat was more thermally stable – inhibiting sintering of both
the Pd particles and the ceria-zirconia component of the washcoat, which improved
low-temperature catalytic performance. In a ‘real-world’ test, Chen and Chang attached
the catalysts to a 3.5 L GTDI engine on a 2010 model vehicle with low-temperature
exhaust. Here, while both materials showed similar performance for NOx removal, the
Al2O3/CeO2/ZrO2 was superior in terms of HC conversion.

The choice of where to deposit PGM catalysts on the washcoat can have a significant
influence on TWC performance. Yamamoto and Tanaka explored this by designing a
TWC containing both Al2O3 and a CeZr component, but only depositing Pd particles on
either the alumina or ceria-zirconia, not both. [194] They found that under static operating
conditions, the Pd-Al2O3 catalyst performed better due to improved dispersion of Pd
particles on the washcoat, but under dynamic conditions (more realistic – with fluctuating
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concentrations of O2, H2, and CO), the Pd-CeZr catalyst showed better performance
because it had enhanced resistance to sintering.

Ceria-zirconia ratio

Many different ceria-zirconia ratios have been employed in TWC designs. [75,195] In the
first generation of CeZr-based washcoat materials developed in the late 1980s, Zr was
introduced in quantities up to 20 mol % to provide thermal stability. This limitation was
due to the chosen production method – impregnation of already-synthesised ceria
powders in an aqueous zirconium nitrate solution. Several years later, second-generation
CeZr materials were developed in which any molar ratio of ceria and zirconia could form
nearly perfect solid solutions. In 1998, third-generation alumina-ceria-zirconia materials
were developed, using Al2O3 particles interspersed amongst CeZr particles to inhibit
sintering (Figure 18). This design uses the more thermally stable Al2O3 particles as a
‘diffusion barrier’ between CeZr particles, preventing them from sintering and
agglomerating into larger particles at high temperatures. This preserves the oxygen
storage capacity of the washcoat material, which would otherwise decrease with sintering
and loss of surface area upon high temperature exposure.

Figure 18. Sintering behaviour of CeZr and CeZr/Al2O3 particles upon aging.

Typically ceria-zirconia materials with approximately 40-60% ceria content are
considered to have the highest OSC, and thus enhanced catalyst performance. [186,196]
Priya et al find that Ce0.6Zr0.4O2 has the highest OSC, while Madier et al report that
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Ce0.63Zr0.37O2 has the highest OSC. [197,198] In a more complex mixed oxide experiment,
Priya et al also synthesised a series of Ce0.6Zr(0.4-x)Al1.3xO2 oxides (x = 0, 0.1, 0.2, 0.3, and 0.4),
finding that Ce0.6Zr0.2Al0.26O2 had the highest oxygen storage capacity. [199]

However, such materials can undergo phase separation into separate Ce-rich and Zr-rich
particles at high temperatures. Lan et al examined this phenomenon by synthesising
Ce0.2Zr0.8O2, Ce0.5Zr0.5O2, Ce0.8Zr0.8O2, and a physical mixture of Ce0.2Zr0.8O2+Ce0.8Zr0.2O2, as
a support for a Pd-based TWC. [200] They found that using a physical mixture of Ce-rich
and Zr-rich particles from the beginning was advantageous compared with the 50-50
CeZr material (which would separate into Ce-rich and Zr-rich phases anyway). This
material contained numerous interfacial boundaries between different crystallites, which
both hindered high-temperature sintering and provided more lattice defects, improving
OSC.

Other design considerations can inform Ce-Zr ratio choice as well. For instance, while
materials with higher Ce levels can store and release the most oxygen, they do so more
slowly than Zr-rich materials, which release smaller amounts of oxygen, but more
quickly. Aoki et al proposed a system in which the front half of a TWC contains a Zr-rich
washcoat and the rear half a Ce-rich formulation. [201]

Rare earth and alkaline metal promoters

In addition to Ce, Zr, and Al, rare earth and alkaline earth metals are often used as
promoters to further improve OSC and thermal stability. Guo et al synthesised a series of
Ce0.35Zr(0.65-x)NdxO2 supports for use with a Pt-Rh catalyst. [202] The inclusion of Nd in the
washcoat improved OSC and catalytic activity up to 15 mol % Nd – with higher levels of
Nd, performance declined. Ce0.35Zr0.5Nd0.15O2 was shown to be the best-performing
washcoat material out of those tested.

Wang et al examined the addition of Nd, Pr, La, Sm, or Y dopants in a Zr-rich
Pd/Ce0.2Zr0.8O2 catalyst (3-10 wt. % dopant levels). [203–206] In agreement with Guo et al,
Nd improved catalyst performance, although here 5% Nd-Ce0.2Zr0.8O2 was the washcoat
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material with the best low-temperature performance. The addition of La (5 wt. %) and Pr
(8-10 wt. %) also improved catalytic activity, but Sm and Y-doped catalysts performed
poorly, resulting in higher light-off temperatures than the undoped Pd/CeZr catalyst. Of
the materials examined in these studies, the Pr-doped Pt/CeZr catalyst showed the best
performance – with fresh catalyst light-off temperatures (T50) of 152, 200, 174, and 157 °C
for CO, HC, NO, and NO2 removal, respectively. After calcination at 1100 °C for 4 h,
light-off temperatures were 203, 332, 336, and 203 °C for CO, HC, NO, and NO2,
respectively.

The same group also examined the same dopants for a Ce-rich Pd/Ce0.67Zr0.33O2 catalyst
(molar ratio of dopant to Ce – 1:8). [207] All dopants improved catalytic activity compared
to the undoped Pd/CeZr, due to improved interactions between PdO and the catalyst
support. Out of the five dopants, Pr and Nd showed the best low-temperature activity.
This was attributed to a more homogeneous solid solution being formed, compared with
the La, Sm, or Y-doped materials. The T50 of aged catalysts was as low as 267 °C for HC
oxidation, 267 °C for NO reduction, and 186 °C for NO2 reduction (Figure 19).

Zhou et al also looked at the effect of Y, Nd, and Pr dopants, synthesising a series of
Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05M) catalysts (M = Y2O3, Nd2O3, or Pr2O3). [208]
Light-off temperatures achieved were slightly higher than those reported for the
ceria-rich Nd- or Pr-containing catalysts of Wang et al, despite a higher Pd loading
(1 wt. % vs. 0.5 wt. %). This is potentially due to higher zirconia content reducing OSC in
the washcoat material.

The effect of Y or La dopants on a Pt+Rh/CeO2-ZrO2-MxOy/(3 wt. % La2O3/Al2O3) catalyst
was investigated by Jiaxiu et al. [209] The catalysts were hydrothermally aged for 5 h at
1000 °C. In agreement with Wang et al’s study on Ce-rich washcoat materials, both
dopants improve metal dispersion and low-temperature catalyst performance,
particularly after aging. This study shows that the beneficial effect of rare earth dopants
is maintained even with alumina included in the washcoat composition.
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Figure 19. Conversion rates of HC, NO, and NO2 for aged Pd/CeZrM catalysts (M = Nd, Pr, La, Sm, Y)
under stoichiometric conditions. Reproduced from Ref. [207] with permission from Elsevier.
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Pt/Al2O3/Ce0.4Zr0.5La0.1O1.95 catalyst with a commercial Pt-Rh TWC. [210] The synthesised
catalyst had a Pt loading of 0.5 wt. %, while the commercial catalyst’s metal loading was
2.25 wt. %. In this study, two versions of synthetic exhaust were used – one without H2O
and CO2, as is often reported in the literature, and one with 10% each H 2O and CO2 to
simulate a more realistic ‘real-world’ exhaust. For the experiment including H2O and CO2,
the synthesised Pt/AlCeZrLa catalyst showed better low-temperature performance than
the commercial catalyst, despite a much lower metal loading. However, the opposite was
true for the experiment without H2O and CO2 in the exhaust stream, underlining the need
to make such experiments mirror real-world conditions as closely as possible (Figure 20).
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Figure 20. Light-off temperatures (T50) of fresh and aged Pt/Al-Ce-Zr-La and commercial catalysts, under
simulated exhaust conditions (with or without H2O and CO2). Reproduced from Ref. [210] with permission
from Elsevier.

Zirconia-based oxides can be used to support Rh particles to avoid unfavourable
interactions between Rh and ceria. Haneda et al examined the use of 5 mol % doped ZrO2
as a support for a Rh catalyst. [211,212] La, Pr, Nd, Y, Ce, Sm, Gd, Tb, and Dy were chosen
as potential dopants. In contrast to the ceria-based formulations discussed above, Haneda
et al report that the inclusion of La, Pr, and Nd reduce catalyst performance for the
Rh/ZrO2 system. However, Y, Ce, Sm, Gd, Tb, and Dy improve catalytic activity. The
best-performing catalyst support was Y-doped ZrO2. The level of improvement compared
with undoped Pd/ZrO2 was correlated with the level of Rh dispersion. In particular, Rh
interactions with Y2O3 helped stabilise the Rh particles in a dispersed state and prevent
sintering, thus improving catalytic activity. Haneda et al have also reported that adding
5 mol % CeO2 to the Rh/Y-ZrO2 catalyst system further improves performance due to
enhanced catalyst reducibility. [213] However, higher levels of Ce reduce performance by
allowing for excessively strong Rh-ceria interactions which create stable, inactive oxidised
Rh particles.

Yang et al and Lan et al looked at the addition of BaO to Pd/CeO2-ZrO2 and
Pd/CeO2-ZrO2-Al2O3, respectively. [214,215] Yang et al found that it was possible to
synthesise a homogeneous single-phase Ce/Zr/Ba solid solution with enhanced
reducibility. For catalysts aged in air for 4h at 1100 °C, the 5 mol % BaO catalyst showed
the best performance for HC and NO removal. However, CO oxidation was negatively
impacted due to the Ba doping inhibiting Pd-CO interactions, which decreased the
number of active sites for CO oxidation on the catalyst surface. Including alumina in the
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washcoat composition, Lan et al found that with lower (4-6 wt. %) BaO levels, the Ba
would preferentially combine with Al2O3, acting as a stabiliser. At 8 wt. % BaO, some of
the Ba enters the Ce/Zr phase, forming a solid solution with enhanced oxygen mobility,
reducibility, and thermal stability. However, at 10 wt. % and above, segregation of a
separate BaO phase occurs, which distorts the catalyst’s physical structure and has a
negative impact on catalytic activity. 8 wt. % was determined to be the ideal BaO level in
the Pd/CeO2-ZrO2-Al2O3 system.

Lan et al also looked at the impact of incorporating SrO into a similar Pd/CeO2-ZrO2-Al2O3
TWC. [216] Similarly to BaO, SrO strongly interacts with the alumina phase to improve
thermal stability. A two-phase Ce0.5Zr0.5O2-SrO/Al2O3 nanostructure is formed, improving
reducibility, stability, and Pd dispersion. However, while improvements in catalytic
activity were seen compared to a Pd/CeZrAl catalyst, the SrO-doped TWC did not
outperform the BaO-doped system in terms of light-off temperature. Yang et al also
looked at other alkaline metal dopants, synthesising Mg, Ca, Sr, and Ba-doped
Pd/CeO2-ZrO2 TWCs. [217] In agreement with Lan et al, they found Ba was the
best-performing dopant, while the inclusion of Mg actually reduced thermal stability and
catalyst performance.

Alternative washcoat materials – zeolites as a HC and NOx trap

Zeolites can be included as a washcoat component as a ‘cold trap’ for reactants –
adsorbing them in ambient conditions and releasing them at higher temperatures.
Zeolites are a group of microporous, Al and Si-containing materials. Their large network
of mesopores and micropores provide them with a good adsorption ability. HC trap
designs utilising zeolite materials have been in use since the 1990s, with various systems
demonstrating improved low-temperature performance. [218] Factors that can limit
zeolite HC trap effectiveness include thermal stability, desorption below 200 °C (below
light-off temperatures), reversibility of adsorption process, and different behaviour for
different HCs. For instance, while higher molecular weight HCs (such as toluene) are
taken up by zeolite materials to a high degree, lighter molecules such as propene are only
lightly adsorbed, and can desorb from the trap at temperatures far below light-off. [219]
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Kustov et al looked at using Li, Na, and K-modified ZSM-5 zeolite materials for toluene
adsorption (Figure 21). [220] They found that Li or Na doping (to 5 wt. % and 2.5 wt. %,
respectively) provided the largest advantages for toluene storage, as well as hightemperature desorption (between 200 and 400 °C). ZSM-5 was chosen for this study due
to its higher thermal stability and good pore structure compared with many other
common zeolites.

Figure 21. Temperature-programmed desorption of toluene from ZSM-5 zeolites. Reproduced from Ref.
[220] with permission from Elsevier.

Design considerations for HC traps may need to take into account more than just
successful HC uptake. Bugosh and Harad looked at the use of a BEA zeolite as a dodecane
trap, as well as its performance incorporated into a Pt/Pd/BEA/Al2O3 TWC. [218] They
found that while higher levels of BEA improved hydrocarbon adsorption, as expected,
the adsorbed dodecane had an inhibitory effect of CO oxidation – higher levels of preadsorbed HCs shifted the light-off curve of CO to higher temperatures. Burke et al
examined the effect of water in the exhaust stream on HC adsorption in Na-BEA and
La-BEA zeolites. [221] They found that, compared with a H2O-free test run, the presence
of water significantly decreased the adsorption of propene and toluene, and adsorption
of water was favoured. The authors suggest the incorporation of a more hydrophilic
zeolite in combination with BEA may be a strategy for dealing with water in vehicle
exhaust.

64

There are a large number of possible zeolite materials, and many have been used as HC
trap materials, including Y zeolite, ZSM-5 (MFI), USY, BEA, mordenite, FAU, and FER
with varying SiO2/Al2O3 ratios of 1 to 150. [220] Therefore, a comprehensive examination
of zeolite properties, correlated to performance, is desired. Westermann and Azambre
looked at the effectiveness of six different zeolites for use in a HC trap: HY-15 and Hβ-12.5
(large pores), HZSM5-5.5 and 5A-2 (medium pores), HFER-10 (small pores with 2D
structure), and HMOR-10 (large pores but 1D structure). [222] They used decane, toluene,
and propene as representative heavy and light HC molecules. Their findings were that
HY-15, 5A-2, and Hβ-12.5 preferentially adsorbed decane over toluene, while HFER-10
was skewed toward propene adsorption. However, HMOR-10 and HZSM5-5.5 showed
less preferential ‘single-file’ adsorption behaviour and higher desorption temperatures,
more favourable for cold-start applications. The behaviour of different zeolite materials
was attributed to the quantity of acid sites, the Si/Al ratio, the degree of microporosity,
and the pore size – the optimum pore size was determined to be 5.5 to 6 Å for toluene and
4 to 5 Å for propene. The relationship between acidity and microporous volume on
hydrocarbon adsorption capacity is shown in Figure 22.

Figure 22. Influence of acidity and microporous volume on the total adsorptive capacity of various zeolite
materials for propene (C3), toluene (C7), and decane (C10). The absorptive capacity (mmol g-1) is represented
by the size of the circles. Reproduced from Ref. [222] with permission from the American Chemical Society.

65

More recent research has also focused on using zeolites as a NOx cold-start trap. Murata
et al report a study looking at 1 wt. % Pd, Pt, or Rh-loaded ZSM-5 zeolite for TWC use.
[223] They found that Pd/ZSM-5 adsorbed NO up to 0.4 gNO Lcat-1, compared with
approximately 0.03-0.04 gNO Lcat-1 for Pt/ZSM-5, Rh/ZSM-5, and Pd loaded on other
supports (Al2O3, ZrO2, CeO2). This adsorbed NO could be reduced to N2 while heated
under a slightly reducing atmosphere. In a real-world engine test using a traditional
close-coupled Pt/Rh TWC and a Pd/ZSM-5 underfloor catalyst, NOx emissions during the
initial cold-start period were reduced from 200 to 50 ppm.

2.3.4 Platinum group metal loading

Platinum, palladium, and rhodium are the common platinum group metals (PGMs)
employed as the active component in three-way catalyst designs. Pt and Pd are used for
the oxidative component of three-way catalysis, while Rh is necessary to control NOx
emissions. The choice of using Pt or Pd is mainly economic – in the 1990s, Pd was more
common because it was less expensive, but increasing demand for Pd led to a surge in
price, and Pt-based formulations were developed instead. [224] It should be noted that Pd
and Pt are not interchangeable without other design considerations – Pd is typically less
stable than Pt, which must be accounted for. [194] Rh is the most expensive of the three
metals, and 80% of global Rh demand is for TWC use. This has driven the development
of low-Rh formulations. While rhodium-free Pd-only TWCs have been produced, they
typically do not have very good NOx removal capabilities. [224,225] Recent results are
summarised below and in Table A13 in the Appendix.

PGM loading quantities and ratios

From Johnson Matthey, Cooper and Beecham reported a study comparing TWC activity
across a range of Pt, Pd, and Rh loadings and relative ratios (Figure 23). [226] All catalysts
tested were either Pd/Rh or Pt/Rh and were aged at 950 °C for 80 h (correlating to
160000 km of road use). Loadings were chosen to match the ‘lower end’ of PGM loadings
in commercial catalysts. Their findings were that increasing Pt or Pd loading only slightly
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improved the catalyst performance for HC and NOx removal and decreasing the amount
of Pt or Pd only slightly reduced catalytic activity. In contrast, increasing or decreasing
the amount of Rh had a more significant benefit in improved catalytic activity (in terms
of light-off temperature). Additionally, Pd slightly outperformed Pt under most testing
conditions. The authors note that while low-Rh formulations have become common due
to the high cost of rhodium, this may not make sense in terms of performance. Their
conclusions are that increasing Rh levels should boost TWC performance, while Pd or Pt
loadings can probably be decreased for cost savings, if necessary.
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Figure 23. T50 conversion values of hydrocarbons for a catalyst with different
Pt, Pd, or Pd loadings and ratios.

Alikin and Vedyagin examined different Rh loadings (0.01 to 1 wt. %) on a
CeO2-ZrO2-Y2O3-La2O3 washcoat material for three-way catalysis. [227] As expected, they
report that higher Rh loadings improve light-off temperatures. They also found that if the
Rh loading is too low (0.1 wt. % or below), strong Rh-ceria interactions upon
high-temperature aging lead to a loss of catalytic activity. For Rh levels higher than this,
performance improves because most of the Rh remains catalytically active.

Theis et al looked at varying Pd loadings on Al2O3 catalysts (0 to 4 wt. % Pd). [228] They
found that increasing the Pd loading from 0 to 2 wt. % led to an improvement in catalyst
performance for CO, HC, and NO removal. However, this improvement was not linear –
and the performance of the 4 wt. % sample was very similar to that of the 2 wt. % sample,
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suggesting that under the experimental conditions used, there are only diminishing or no
returns for adding Pd above 2 wt. %.

Kang et al also examined Pd loading’s impact on TWC performance, looking at
commercial catalysts with Pd loadings of 0.10 to 1.24 wt. % (20 to 240 g/ft3) Pd. [229] The
washcoats were alumina with 3% ceria and 1% each BaO and La2O3. Similarly to Theis,
Kang found that TWC performance increased nonlinearly with increasing Pd content,
finding only small differences in catalysts with more than 0.42 wt. % (80 g/ft3) Pd.

Jeong and Choi looked at different ratios of Pd, Pt, and Rh in a TWC with a double-layer
washcoat consisting of Al2O3 and an undisclosed amount of Ce, Zr, and La. (Figure 24)
[230] Unlike many other reports in the literature, real exhaust gas (from a 5 hp gasoline
engine) was used in this study. In agreement with Cooper and Beecham, they found that
Pd-based catalysts had better light-off temperatures than Pt-based catalysts. The
optimum Pd:Rh ratio in this study was 18:1 – this catalyst outperformed others with
equivalent levels of Rh, but either higher or lower Pd loadings. However, this result does
not necessarily contradict the results of Cooper and Beecham because catalysts with
higher Rh loadings with equivalent Pd levels were not tested.
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Figure 24. T50 conversion values of hydrocarbons for a catalyst with different Rh:Pd ratios.

In other studies in which only CO oxidation or NO removal with CO were considered,
Phan and Kureti report that in a Pd/Al2O3 system for CO oxidation, the light-off
temperature improves up to 2 wt. % Pd, with higher Pd levels not providing additional
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performance. [231] Martínez-Arias et al report that, between 0.05, 0.5, and 1.0 wt. %
Pd/Al2O3, increasing Pd provides improved performance for CO and NO removal.
However, CO desorption from Pd is a rate-limiting step due to strong CO-Pd interactions.
[232] Di Monte et al report that for a Pd/Ce0.6Zr0.4O2/Al2O3 catalyst, 2.8 wt. % Pd provides
better light-off performance for CO and NO removal than 0.7 wt. % Pd. [233] Finally,
Anderson et al report that loading more Pt in a Pt/Rh/Ce0.5Zr0.5O2 catalyst material
improves performance for CO oxidation. [234]

Additional considerations for TWC metal loading

Three-way catalysts may be designed with distinct washcoat layers, with separated active
metals either to improve activity or prevent sintering. Catalyst deactivation has been
partially attributed to the formation of Pd-Rh alloys at high temperatures in catalyst
formulations which originally had separate Pd and Rh particles. [235] For example, Rh
can be placed in a top layer where it is exposed to the various reductant species in the
exhaust gas, before the reactants diffuse to a lower Pt- or Pd-containing layer where
oxidation takes place. [224] Jeong and Choi’s TWC study, discussed in the previous
section, employed a double-layer washcoat with Pd/Pt and Rh components in different
layers. [230] In another experiment, Shinjoh et al reported a TWC in which Pt was
supported on a ceria-based oxide material and Rh was supported on a zirconia-based
oxide to prevent sintering after high-temperature aging. This was achieved through the
high level of interaction between metal and support, with Pt-O-Ce and Rh-O-Zr bonds
preventing high-temperature particle agglomeration. This design outperformed a
conventional catalyst design in terms of light-off temperature. [236] It also avoided
excessive Rh-Ce or Rh-Al interactions, which can cause the formation of a highly oxidised
inactive form of rhodium. [213,237]

In contrast to designs with separate metal components, other recent research has shown
that some bimetallic alloy designs can improve catalytic performance or stability, not just
cause deactivation. Vedyagin et al developed an alloyed 0.2 wt. % Pd-Rh/Al2O3 catalyst
(Pd:Rh ratio 3:2) which was more stable than an identical catalyst with separate Rh and
Pd particles. [238] Interactions between Pd and Rh in the alloyed metal particles
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prevented Rh from diffusing into the washcoat phase, a potential cause of rhodium
deactivation. However, despite improved stability, the bimetallic alloy catalyst showed
worse light-off performance than a similarly prepared Rh-only catalyst. This was
explored further in a following study, looking at different Pd:Rh ratios (3:2, 7:3, and 4:1).
[235] The catalyst with the highest level of Rh demonstrated the strongest Pd-Rh
interactions, and thus the highest level of stability after aging at 1000 °C. However, it
should be noted that in both studies, a similarly prepared Rh-only catalyst had better
low-temperature performance than any of the alloyed catalysts – their only advantage is
stability.

Figure 25. CO, HC, and NO conversion rates for Rh and Ir/Rh-based catalysts. Reproduced from Ref. [225]
with permission from the Royal Society of Chemistry.

The reason why such alloy catalysts perform more poorly than pure Rh, despite better
stability, is that Pt and Pd strongly interact with CO – adsorbing it to the point of
hindering the other TWC reactions by blocking reaction sites. This interferes with Rh’s
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catalytic activity in Pt-Rh or Pd-Rh alloys. To mitigate this, Haneda et al designed an
iridium-rhodium catalyst – Ir does not adsorb CO as strongly as Pt or Pd, so should not
hinder HC/NOx. [225] They found that the inclusion of Ir (unlike the Pd-Rh alloy catalysts
above) at a 1:9 Ir:Rh ratio improved activity beyond that of a Rh-only catalyst, as well as
enhancing stability (Figure 25). The authors state that the use of Ir could be a strategy to
reduce Rh levels in TWC design. This could be useful from an economic point of view –
Ir is less expensive than Rh. [239]

2.3.5 Monoliths

The two most common monolith designs for TWCs are cordierite ceramic or metallic foil.
Extruded cordierite monoliths are the most popular design on the market due to their
good thermal shock resistance, chemical resistance and low coefficient of thermal
expansion – cordierite’s melting temperature is approximately 1450 °C and it resists
oxidation. [240] This makes cordierite a good material to withstand the harsh conditions
TWCs are exposed to.

However, there are limits to how thin cordierite monolith walls can be manufactured. In
contrast, metallic monoliths can have a frontal open area of about 90%. [240,241] This
provides a higher geometric area per volume for catalyst deposition and allows lower
flow resistance and back pressure. While cordierite monoliths are more common, metallic
monoliths can be found in certain niche applications, such as large trucks or
high-performance sports vehicles in which the low pressure drop is more desirable. An
additional advantage of metallic monoliths is high thermal conductivity, allowing faster
heating of the catalyst. However, their coefficient of thermal expansion is also larger than
that of cordierite monoliths, meaning special bonding techniques must be employed to
ensure the washcoat material adheres to the monolith.

Santos et al find that with identically prepared ceramic and metallic substrates, the
ceramic monoliths provide better CO and HC conversions than metallic monoliths at low
space velocities (< 50000-70000 h-1). [240] However, at higher space velocities, metallic
substrates provide better conversions due to a larger surface area and improved mass
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transfer properties. This is because at higher space velocities the TWC reactions are
mass-transfer limited, providing an advantage to the metallic substrate.

Reducing the mass of a monolith can improve its performance. Otsuka et al developed a
‘super-light’ monolith with a 20% increase in porosity levels. [242] This monolith had the
same pressure drop and thermal stability as a conventional monolith, but provided extra
surface area for washcoat deposition while maintaining the same wall thickness (2 or
3 mil) and cell size. Overall, emissions were reduced by approximately 10% compared
with the conventional monolith. Kikuchi et al compared monoliths with 600, 900, and
1200 cells, with wall thicknesses of 4.3, 2.5, and 2.0 mil, respectively. [243] They found that
maximising the number of cells and minimising wall thickness and overall substrate mass
improved TWC performance.

Chang et al report a novel substrate made from an extruded zeolite material, instead of
cordierite or metal foil. [126] This was done in the investigation of zeolites as a ‘HC trap’
washcoat material, which have been shown to be able to adsorb and store HCs below the
light-off temperature and release them at a higher temperature. However, zeolites can
only be loaded to approximately 2 g/in3 on a traditional ceramic monolith because of
increasing back pressure and processing constraints if the washcoat layer is too thick.
Therefore, Chang et al developed an extruded zeolite-based monolith, containing about
4 g/in3 zeolite material. When combined with a Pd/Al2O3-ZrO2-CeO2 catalyst and
washcoat, TWC low-temperature performance was improved compared with a similar
catalyst with a ceramic monolith. Additionally, the zeolite monolith catalyst trapped
approximately 85% of HC emissions in a 30 second storage test, compared with 64% for
a more traditional zeolite-on-cordierite catalyst.

2.3.6 Conclusions

Three-way catalytic converters are essential for reducing gasoline engine powered vehicle
pollutants emissions to regulation levels. This review has shown the recent range of
research investigating the numerous factors that impact the three-way catalyst design.
One such factor is the design of washcoat formulations. Ceria-zirconia is added to
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alumina washcoats to improve oxygen storage capacity. While ceria-zirconia materials
with 40-60% ceria are typically used due to their high oxygen storage capacity, good
results have also been achieved with other formulations, such as a mixture of Ce-rich and
Zr-rich particles. An additional consideration is the use of Zr-rich formulations to avoid
unfavorable interactions between Rh and ceria. Oxygen storage capacity and thermal
stability of the washcoat can be further improved with the addition of low levels of rare
earth or alkaline metal promoters, and the inclusion of zeolites to act as a hydrocarbon or
NOx cold trap should be considered as well.

Another key factor in three-way catalyst design is the loading and ratio of platinum group
metals. Pt/Rh or Pd/Rh are the most commonly used metals – Pt or Pd for oxidative
reactions, and Rh for NOx reduction. While the use of Pt or Pd has often been based on
economic decisions, performance differences mean the two metals are not
interchangeable without other design considerations. While low-Rh designs have been
introduced due to the higher cost of Rh, this may have a larger negative impact on catalyst
performance than decreasing the loading of Pt or Pd. More novel catalyst designs such as
the use of bimetallic alloys show potential in reducing Rh loading without sacrificing
performance.

Monolith design choices also influence three-way catalyst performance. Metallic
monoliths may be chosen instead of the more common cordierite-based monoliths in
applications where a lower pressure drop is desirable. Highly porous cordierite monoliths
have been shown to improve performance by increasing the surface area available for
washcoat deposition, and novel zeolite-based monoliths offer a potential way to increase
the total zeolite loading in a catalyst beyond that of what traditional cordierite monolith
designs allow.

Overall, a good understanding of how various washcoat compositions, PGM particles,
and the monolith interact to form an effective catalyst is necessary for the further
development of three-way catalysts with better performance, particularly at low
temperatures where current catalyst designs are not very active. While the development
of this technology thus far has provided numerous environmental benefits, with
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increasingly stringent air quality and emissions regulations in the US, Europe, China, and
elsewhere, the need for further progress in emissions control technology is clear.
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Chapter 3
Research Objectives
The overall aim of this research project is to investigate alternative ceria-based catalysts,
primarily for automotive three-way catalysis applications. In particular, the areas of focus
will be: improvement of low-temperature catalytic activity in PGM-free catalysts and
enhancement of high-temperature stability. All materials synthesised will be fully
characterised (TEM, BET, XRD, Raman, TPR, XPS, EDX) to relate their physical and
chemical characteristics with their performance as catalysts.

The specific aims of this PhD thesis are:

(a) To hydrothermally synthesise transition metal-doped ceria nanorods to develop a
platinum group metal-free catalyst with enhanced activity at low temperatures.
These catalysts will be tested for both CO oxidation and NO reduction reactions
to determine their suitability for three-way catalysis and characterised to
understand how the dopants affect catalyst reducibility and performance.

(b) To investigate the use of graphene oxide (GO) as a template for ceria nanoflake
synthesis. GO-templated and untemplated ceria catalysts will be calcined at a
range of different temperatures and then tested for catalytic activity in CO
oxidation and NO reduction reactions to determine their resistance to sintering.

(c) To explore the potential use of these catalysts in other non-automotive
applications.
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Chapter 4
Materials and Methods
4.1 Syntheses
4.1.1 Doped ceria nanorods

Pure and doped ceria nanorods were synthesised via a hydrothermal method. [37] For
undoped ceria, a 15 mol L-1 aqueous solution of NaOH in deionised water was prepared.
120 mL of this solution was added to a Teflon-lined stainless-steel autoclave with a total
capacity of 150 mL. 1.8 g of Ce(NO3)3·6H2O was added to the autoclave, the solution was
stirred for approximately 30 s, and the autoclave was sealed and placed in an
air-circulating oven. The oven was heated to 100 °C at a ramp rate of 5 °C min-1, held at
this temperature for 10 h, and allowed to cool to room temperature.

To prepare doped ceria, a stoichiometric amount of the respective dopant precursor in
aqueous solution was added to the autoclave with the cerium nitrate to achieve the
desired wt. % of dopant. Dopant precursors were aqueous solutions of 0.25 mol L-1 CuSO4,
0.3 mol L-1 Cr(NO3)3, or 1 mol L-1 MnCl2.

Ceria-zirconia nanorods were prepared using the same procedure and a stoichiometric
amount of ZrO(NO3)2·6H2O partially replacing the Ce precursor to achieve the desired
Ce/Zr ratio.

Post-synthesis, the solid product was separated from the sodium hydroxide solution via
vacuum filtration and washed with 500 mL deionised water. The wet product was dried
in a vacuum oven at 80 °C overnight, and the resulting powder was gently ground in an
agate mortar and pestle.

77

4.1.2 GO-templated ceria nanoflakes

Graphene oxide was prepared by oxidising and exfoliating graphite using a modified
Tour et al synthetic method. [244,245] 24 g of 100-500 μm natural graphite flakes were
added to a concentrated acid solution (3 L H2SO4 : 0.3 L H3PO4) under vigorous stirring.
144 g of KMnO4 was added gradually, then the reaction mixture was vigorously stirred
for 18 h at 50 °C. After this, the reaction mixture was cooled to room temperature. 1.72 L
of 2 wt. % aqueous H2O2 was added dropwise to stop oxidation reactions from continuing.
The resulting suspension of GO was repeatedly isolated via centrifugation and
redispersed in distilled water until the pH of the supernatant matched that of the original
distilled water (typically after 16 washing cycles). Then, unexfoliated graphite particles
were separated from the GO with two further lower speed (<1000 rpm) centrifugation
cycles. The GO was stored as a 3 wt. % suspension in water.

Ceria nanoflakes were prepared with a room temperature precipitation reaction. [65]
3 mL of the GO solution described above was added to 600 mL of deionised water.
Aqueous ammonia solution (30 %) was added to adjust the pH to 11. 150 mL of
0.05 mol L-1 Ce(NO3)3·6H2O in deionized water was added to the GO/ammonia solution
while stirring. The reaction mixture was left to stir for 3 h under ambient conditions, after
which three cycles of centrifugation and redispersion in deionized water were performed
to wash the product. The wet powder was freeze-dried at -60 °C.

Post-synthesis, the product was calcined at 400 °C for 3 h to remove the GO. Different
samples were prepared by subsequent calcination at 600, 800, 900, or 1000 °C for 3 h.
Calcination was performed in air under static conditions with a ramp rate of 5 °C min-1.

Untemplated ceria particles were synthesised using the same procedure, without the
addition of GO prior to pH adjustment with ammonia.

Nickel-loaded ceria nanoflakes and ceria particles were prepared by dispersing bare ceria
catalysts (calcined at 400 °C) in ethanol with a corresponding amount of Ni(NO3)2·6H2O
to achieve a loading of 10 wt. % Ni. This mixture was stirred for 30 min, then the solvent
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was remove by drying under vacuum in a rotary evaporator. The product was dried in
an oven at 80 °C overnight, then calcined at 700 °C for 4 h in air under static conditions.

4.2 Characterisation and catalyst testing
Powder X-ray diffraction (XRD) was performed with a Bruker D8-Advance or X’Pert Pro
PANalytical instrument using Cu Kα radiation. Sample analysis was conducted in the 2θ
range of 20 to 90° with a step size of 0.0164° and 0.25 s per step, or 5 to 80° with a step size
of 0.05° and 0.16 s per step. Crystallite sizes were calculated using the Scherrer equation
and unit cell parameters were calculated using Bragg’s law.

Nitrogen adsorption measurements were performed with a Micromeritics 3Flex Surface
Characterization Analyzer. Samples were degassed under vacuum at 200 °C for 90 min.
Specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) method.

Thermogravimetric analysis (TGA) was performed in a TA Instruments Discovery TGA,
Q50. Approximately 3 mg of sample was combusted under 40 mL min-1 of air from 50 to
900 °C at 10 °C min-1.

Raman analysis was performed with a Renishaw inVia Raman Microscope with a 532 nm
green laser, and spectra were obtained with 2-10 s exposure time at 1-10% laser power.

Transmission electron microscopy (TEM) was performed with a JEOL JEM1200EXII or
JEOL JEM-2100Plus microscope. Samples were prepared for analysis by dispersing dried
powders in ethanol, letting 1-2 drops of the ethanol solution dry on the surface of a copper
TEM sample grid, and storing the TEM grids overnight under vacuum. Energy-dispersive
X-ray spectroscopy (EDX) analysis was performed with an Oxford Instruments large area
EDX detector integrated into the TEM instrument.

Temperature-programmed reduction (TPR) experiments were performed with a
Micromeritics AutoChem II 2920. 0.1 g of each sample was heated from room temperature
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to 900 °C at a rate of 10 °C min-1, under flow of 50 mL min-1 of 5 % hydrogen in argon. A
thermal conductivity detector was used to analyse the outlet gas.

X-ray photoelectron spectroscopy (XPS) analysis was performed using a Kratos SUPRA
XPS instrument with monochromated Al Kα x-rays (1486.69 eV). Survey scans were
recorded with a pass energy of 160 eV, while high resolution spectra were recorded with
a pass energy of 20 eV.

Catalytic activity experiments for CO oxidation and NO reduction were performed in a
U-shaped quartz tube reactor (10 mm ID). In a typical experiment, 15 mg of ceria particles
were dispersed in a catalytic bed of 4 cm3 silicon carbide particles. In the quartz tube
reactor, this bed was secured at both ends with high-temperature quartz wool. For CO
oxidation, the reactant feed consisted of 2000 ppm CO and 2000 ppm O2 in nitrogen, with
a total flow rate of 50 mL min-1, achieving a weight hourly space velocity (WHSV) of
200 L g-1 h-1. For NO reduction, the reactant feed consisted of 1667 ppm NO and 2667 ppm
CO in nitrogen, with a total flow rate of 45 mL min-1, achieving a WHSV of 180 L g-1 h-1.
For both reactions, the reactor was enclosed in a tube furnace and heated between room
temperature and 500 °C with a ramp rate of 2.5 °C min -1. The outlet gas, including CO2,
was measured with a Hiden mass spectrometer, and CO concentration was measured
with a Fuji Electric ZRH Infrared Gas Analyzer. The mass spectrometer and infrared
analyser were used simultaneously to allow the measurement of both CO and CO2 to
ensure a complete carbon balance. Data points shown in charts in this thesis are the mean
of ten continuously logged data points, and error bars shown represent the standard
deviation of these points. Therefore, error bars represent instrumental variation.

Blank reactor tests were performed to determine the non-catalytic contributions to
conversion, which was insignificant. A representative example is shown in Figure 26.
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Figure 26. Blank reactor test for CO oxidation.

Catalytic activity experiments for dry reforming of methane (DRM) were performed in a
tubular quartz reactor (10 mm ID). Prior to the reaction, catalysts were reduced in a H 2
atmosphere (10 vol. % H2 and 90 vol. % N2) at 850 °C for 1 h. In a typical experiment,
100 mg of Ni-ceria catalyst was loaded into the reactor on a bed of quartz wool. The
reactant feed consisted of a 1/1/6 ratio of CH4/CO2/N2, with a total flowrate of
100 mL min-1, achieving a WHSV of 60 L g-1 h-1. Reactants and products were monitored
with an on-line gas analyser (ABB AO2020) with both IR and TCD detectors. Catalysts
were tested between 550 and 850 °C. Long-term stability tests were performed at a
constant temperature of 800 °C for 20 hours.

4.3 Characterisation theory
4.3.1 Powder x-ray diffraction

Powder x-ray diffraction (XRD) is a technique used to analyse the structure of crystalline
materials. [246] Diffraction of light will occur if the wavelength of the light in question is
similar to the separation of the diffracting material. X-rays are electromagnetic waves
with a wavelength (λ) of 0.1 to 100 Å, which is a range comparable to the spacing between
atoms in many crystalline materials. The most common source of radiation in a powder
XRD machine is a Cu Kα x-ray tube, which produces x-rays with a wavelength of
1.5406 Å.
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In x-ray diffraction, x-rays are fired at a sample material and are scattered by electrons
bound to atoms. Depending on the spacing of atoms in the crystal lattice of the material
and the angle of interaction, some x-rays will positively interfere with each other,
producing a high intensity signal. The x-ray beam is rotated around the sample to change
the angle at which the x-rays interact with the sample material, producing a pattern of
diffraction angle vs. signal intensity. Bragg’s law (Equation 13) can be used to relate the
angle of diffraction with the lattice spacing. This is shown in Figure 27, where θ is the
angle of incidence, λ is the x-ray wavelength, d is the spacing between parallel crystal
lattice planes, and n is an integer value.

𝑛𝜆 = 2𝑑sin(𝜃)

(13)

Figure 27. Illustration of geometry used for Bragg's law.

The Scherrer equation is widely used to calculate sample crystallite size. [247] While this
equation actually relates peak broadening with the coherent diffraction domain size, the
phrase ‘crystallite size’ will be used in this thesis to maintain consistency with the majority
of the literature. [248] Shown in Equation 14, τ is crystallite size, K is a shape factor
(usually approximated as 0.9), λ is x-ray wavelength, β is the full width at half maximum
of the diffraction peak, and θ is the Bragg angle in radians.

𝐾𝜆

𝜏 = 𝛽cos(𝜃)

(14)

While this equation is widely used to approximate the crystallite size of powder samples,
it should be noted that other factors can also contribute to peak broadening in powder
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XRD patterns, such as experiment resolution and microstrain. As instrumental peak
broadening from the x-ray diffractometer can differ from machine to machine, this
broadening contribution can be determined for a particular instrument by measuring a
standard such as NIST Standard Reference Material 660b (LaB6 powder) and correcting
for this contribution in subsequent XRD measurements.

4.3.2 Nitrogen adsorption – BET surface area

The adsorption of nitrogen on the surface of porous materials at 77 K (nitrogen’s boiling
point) can be used to determine the specific surface areas of nanopowders and
mesoporous materials. [249,250] The Brunauer-Emmett-Teller (BET) method relates the
amount of adsorptive gas required to completely cover the external surface and any
accessible internal pores with a single monolayer of adsorbed gas. In a nitrogen BET
experiment, nitrogen gas is injected into a sealed sample container held at a constant 77 K.
The amount of nitrogen adsorption is measured in equilibrium with nitrogen pressure P
and plotted against relative pressure P/Po to provide an adsorption isotherm. IUPAC
classifies different isotherm shapes (types I – VI), which correspond to microporous
(type I), nonporous/microporous (types II, III, and VI), or mesoporous (types IV and V).

In the 1930s, it was discovered that the amount of nitrogen adsorbed at the beginning of
the plateau of a type I isotherm corresponded with completion of a monolayer of
adsorbed nitrogen. For type II and IV isotherms the beginning of this linear, nearly flat
section was found to be in good agreement with the changeover from monolayer to
multilayer adsorption, and thus could be used to determine the specific surface area of
measured samples.

4.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique used to measure the mass of a sample
over time, with changing temperature. This analysis can take place in air, or under the
flow of a different inert or reactive gas and can be used to quantify characteristics such as
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the loss of water, loss of solvent, oxidation, carbon content, or decomposition vs.
temperature. Typically, a TGA instrument will contain a highly sensitive microbalance
that continuously measures the mass of a sample as it is continuously heated.

4.3.4 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy technique that uses lasers in the visible,
near-infrared, or near-ultraviolet wavelength range to analyse materials. [251] While most
light is scattered elastically (with no loss of energy or change in wavelength), Raman
scattering relies on the very small percentage of photons which are inelastically scattered.
This phenomenon occurs because during the scattering process, some light interacts with
molecular vibrations, changing the energy. Therefore, Raman spectroscopy is used to
measure the nature of these molecular vibrations, which are sensitive to changes in the
structure and chemistry of crystal lattices.

In a typical setup, a monochromatic light source is focused and used to illuminate a
sample. Most of this light is scattered elastically, but this is filtered out using a notch filter,
which is designed to strongly adsorb radiation at the wavelength of the filter but transmit
all other wavelengths. The remaining radiation is Raman scattered light, which is detected
by a charge-coupled device (CCD), an array of silicon-based semiconductor pixels that
generate an electric charge when hit with photons. This signal is used to create a Raman
spectrum.

4.3.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopic technique that transmits a
beam of electrons through a sample to generate an image. [252] Due to the smaller
wavelength of electrons compared with photons, transmission electron microscopes can
achieve much higher resolution than traditional light microscopes, down to the
sub-nanometre level.
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Electrons are generated under vacuum by a filament, or electron gun, made from a
material such as lanthanum hexaboride (known for its high electron emissivity). The
beam of electrons is focused with an electromagnetic condenser lens into a thinner, more
coherent beam, and further restricted by an aperture, which restricts high angle electrons.
This beam of electrons hits the sample, and, depending on sample thickness and
transparency to electrons, parts of the beam transmit through the sample and hits a
detector. This creates an image which is enlarged through intermediate and projector
lenses, hits a phosphor screen, generating a visible light image.

4.3.6 Energy-dispersive x-ray spectroscopy

Energy-dispersive x-ray spectroscopy (EDX) is an elemental analysis technique that
identifies characteristic emitted x-rays from a sample specimen. [253] When a material is
bombarded with high-energy particles, it emits x-rays characteristic which can be
detected and assigned to specific elements. EDX analysis is often paired with electron
microscopy, because such characteristic x-rays are generated when the microscope’s
electron beam bombards the sample.

When a sample is bombarded by a high-energy beam of electrons, atoms have some of
their electrons ejected. This creates electron vacancies in the inner shell of the atom. These
vacancies are filled by electrons from a higher state, and this is accompanied by the
creation of an x-ray photon to balance the difference in energies. The energy of this x-ray
photon is characteristic to the element of the atom in question.

4.3.7 Temperature-programmed reduction

Temperature-programmed reduction (TPR) is a characterisation technique used to
determine the reduction conditions of a material. [254] In a typical procedure, an oxidised
material is subjected to a controlled temperature increase while under flow of a reducing
atmosphere – usually a mixture of hydrogen diluted in nitrogen or argon. At the outlet,
the decrease in hydrogen concentration is monitored and can be plotted vs. temperature.
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The detector used to measure hydrogen concentration is typically a thermal conductivity
detector (TCD). A TCD measures changes in the thermal conductivity of the gas flow.
When compared to a reference thermal conductivity value of the inlet gas, this can be
used to determine the change in hydrogen concentration.

4.3.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to analyse the surface chemistry of solid
materials. [255,256] Samples are analysed by bombarding the surface with
monochromatic x-rays in a vacuum. Al Kα or Mn Kα are commonly used as x-ray sources.
When an x-ray photon hits an atom, it can transfer its energy to a core electron, which is
ejected with a kinetic energy dependent on the x-ray’s energy and the binding energy of
its initial atomic orbital. These energies are determined by the photoelectric effect
(Equation 15), where Ek and Eb are the kinetic energy and binding energy of the electron,
respectively, and hv is the energy of the incident x-ray.

Ek = ℎ𝑣 − Eb

(15)

The energy of these emitted electrons can be used to identify different elements, and the
intensity of the signal at different energy levels can be used to quantify the relative
concentration of the elements present in a sample.

XPS is a surface technique, with a typical analysis depth of ~10 nm for Al Kα, because the
intensity of the x-rays decreases with increasing sample depth and ejected electrons near
the surface have a higher chance of escaping past the surface and reaching the detector.
In comparison to EDX, which is more of a bulk analysis technique, XPS provides
information about surface and near-surface chemistry and can provide additional
information about oxidation states.
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Chapter 5
Ceria-Based Catalysts for Low-Temperature
Vehicle Exhaust Conditions
This chapter reports on the synthesis, characterisation, and catalyst performance of
transition metal-doped ceria nanorods for the improvement of low-temperature catalytic
activity. Catalysts were tested using CO oxidation and NO reduction as model reactions
to investigate the applicability of synthesised materials for automotive catalyst
applications.

As discussed in Section 1.3.1 in the literature review, different ceria morphologies
strongly influence the nature of exposed crystal faces, which influences the performance
of ceria materials as catalysts. Previous work by Torrente-Murciano et al reports that
different ceria morphologies such as nanorods or nanocubes can be easily produced by
modifying the reaction parameters of a template-free hydrothermal synthesis. Ceria
nanorods have been shown to improve catalytic activity compared with ceria nanocubes
and unstructured ceria in various reactions, including the total oxidation of toluene,
hydrogenation of CO2 for the production of hydrocarbons, and the water-gas shift
reaction. [257–259] In all cases, the selective exposure of the (110) crystal plane by ceria
nanorods played a significant role in the improved catalytic activity.

The goal of this project was to investigate the potential of PGM-free ceria materials doped
with low levels of transition metals in automotive catalytic applications, while using the
prior experience of Torrente-Murciano et al with hydrothermal ceria synthetic procedures.
Herein, the characterisation and catalytic performance of ceria nanorods doped with Mn,
Cu, Cr, or Cu+Cr in CO oxidation and NO reduction reactions is reported. Mn, Cu, and
Cr were selected as dopants due to their high potential based on parameters discussed in
the literature review (Section 1.3.2) as well as the catalytic performance of other reported
copper-doped ceria materials (Section 1.6). All three dopants are transition metals with
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smaller ionic radii than cerium, as well relatively high Pauling electronegativity values,
trends reported in the literature to identify good dopants for ceria-based catalysts in terms
of improved reducibility and activity for oxidative reactions. [68,70,71] Additionally, Mn,
Cu, and Cr are transition metals available for a significantly lower cost than PGMs. [260]

Due to improved reducibility, demonstrated with TPR, Raman spectroscopy, and XPS, it
is shown that doping ceria with Cu or Mn improves CO oxidative activity, but these
dopants are less helpful for NO reduction. Conversely, doping ceria with Cr does not
improve the catalytic activity for CO oxidation but does result in a catalyst with better
low-temperature performance for NO reduction. The use of Cu and Cr as simultaneous
co-dopants resulted in a significant synergetic improvement in catalytic activity,
particularly for CO oxidation. Doping ceria nanorods with just 1 wt. % each Cu and Cr
resulted in a catalyst with CO oxidative activity close to that of 7 wt. % Cu-doped ceria
nanorods, while retaining good activity for NO reduction. These results are noteworthy
because they show that large improvements in the catalytic activity of ceria-based
materials are possible with the inclusion of small amounts of transition metals, which are
cheaper than the PGMs used in catalytic converter designs.

5.1 Characterisation of doped nanorod catalysts
Undoped and doped ceria nanorods were hydrothermally synthesized, filtered and
washed, and dried under vacuum. The undoped ceria synthesis produced a pale yellow
powder product, while Mn, Cu, and Cr-doped ceria produced varying shades of brown.
TEM images of undoped ceria, Mn-doped ceria, Cu-doped ceria, and Cr-doped ceria are
shown in Figure 28. In all cases, there is a range of nanorod sizes: with nanorod widths
generally below 50 nm and nanorod lengths ranging from 100 to several hundred nm. In
the Cu-doped ceria sample, small nanoparticles and nanocubes can be seen in addition to
nanorods. In all cases, there is no evidence of formation of Mn, Cu, and/or Cr particles
outside the rod structure.
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Powder XRD diffraction patterns of doped and undoped ceria nanorods are shown in
Figure 29. In all cases, the main diffraction peaks of ceria’s fluorite-type unit cell are
observed (JCPDS 34–0394). For copper-doped ceria nanorods between 1 and 7 wt. % Cu
and all dopant loadings for Mn and Cr-doped ceria, only ceria diffraction peaks are seen.
This is an indication of dopant substitution into the ceria lattice and formation of a
homogeneous fluorite structure. [135] However, it is possible that Cu or Cr particles are
present that are too small to be visible in XRD patterns. For the co-dopant material –
1 wt. % each Cu and Cr – only ceria can be identified in the diffraction pattern as well. For
Cu-doped ceria with 9 wt. % Cu, two additional diffraction peaks are seen at 36.9 and
43.5° 2θ – likely CuO and Cu2O (Figure 30). [261] Therefore, it is likely that at 7 wt. % Cu
and below, copper atoms are introduced within the ceria lattice, substituting cerium with
copper ions, but above 7 wt. %, additional copper atoms are unable to be substituted into
the lattice and agglomerate into copper oxide particles.

(a)

(b)

(d)

(c)

(e)

Figure 28. TEM micrographs of (a) undoped ceria nanorods, (b) 7 wt. % Cu-doped ceria nanorods,
(c) 4 wt. % Mn-doped ceria nanorods, (d) 5 wt. % Cr-doped ceria nanorods, and
(e) 1 wt. % each Cu/Cr-doped nanorods.

A small shift to higher 2θ values can be seen in the diffraction patterns with all dopants,
shown in Figure 31. For Mn, Cu, and Cr-doped ceria, a higher level of dopant corresponds
with a larger peak shift, indicative of increasing levels of incorporation into the crystal
lattice. [135] In the case of copper, this shift only continues up to 7 wt. % copper – at higher
copper dopant levels, there is no further shift which further support the formation of
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external copper oxide particles at high loading levels. The Ce4+ ionic radius is 0.97 Å,
compared with 0.73 Å for Cu2+ and 0.615 Å for Cr3+. [262] Therefore, it is expected that
increasing levels of dopant will decrease the unit cell size if the dopant is successfully
integrated into the lattice structure. Correspondingly, unit cell values calculated using
Bragg’s Law for the doped ceria materials show a decrease in the size of ceria’s unit cell
with increasing levels of dopant (Figure 32a).
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Figure 29. Powder XRD patterns of undoped, Mn-doped, Cu-doped, and Cr-doped ceria nanorods. Ceria
diffraction peaks are labelled with their Miller indices.
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Figure 30. Powder XRD patterns of 7 and 9 wt. % Cu-doped ceria nanorods. ● indicates ceria diffraction
peaks and ▲ indicates copper oxide diffraction peaks.
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Figure 31. (111) diffraction peak shift for (a) Mn-doped, (b) Cu-doped, and (c) Cr-doped ceria nanorods
prepared with different dopant concentrations.
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Figure 32. (a) Unit cell parameter 'a' vs. dopant wt. % and (b) crystallite size vs. dopant wt. % for Mn, Cu,
and Cr-doped ceria nanorods.

In addition to unit cell dimensions, crystallite size calculations using the Scherrer equation
show that increasing the amount of dopant decreases the crystallite size, shown in
Figure 32b. This is potentially related to the preparation method used for nanorod
synthesis. When the cerium precursor is added to the NaOH solution, Ce(OH)3 nuclei are
formed. During hydrothermal synthesis, these nuclei dissolve and then recrystallize into
nanorods, growing anisotropically. [37] High levels of additional ions in the solution can
interfere with this process – which would explain the nanoparticles and small nanocubes
seen in Figure 28 in addition to ceria nanorods. However, Cr-doped ceria does not follow
this trend of decreasing crystallite size past a dopant level of 5 wt. %.

Representative Raman spectra of undoped and doped ceria nanorod samples are shown
in Figure 33. Ceria has a characteristic Raman band at approximately 465 cm-1 (F2g mode),
which is attributed to the symmetric vibrational breathing of oxygen surrounding the
cerium ions in the fluorite-type crystal lattice. [263] This band is prominent in all spectra,
but for the doped ceria samples is shifted. There are two main contributions to this shift.
First, the substitution of Ce ions with the dopant ions changes the lattice parameters and
the oxygen-metal bond length, affecting lattice vibration, and second, differences in
oxygen vacancy concentration affect the vibrational mode as well. [264,265] Additionally,
Raman peak broadening is visible in the doped ceria materials, which is associated with
changes in crystallite size. [266] This correlates well with the crystallite size data
calculated from the XRD spectra in Figure 29, which showed a crystallite size decrease
upon doping. An additional band at approximately 600 cm-1 is visible in the doped ceria
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samples, more prominently than in the case of undoped ceria. This band is generally
attributed either to the quantity of oxygen vacancies in the sample or point defects related
to the presence of Ce3+ ions. [263] Therefore, it can be concluded that the use of copper or
chromium dopants increases the quantity of oxygen vacancies in the ceria nanorod
samples.

In addition to the characteristic ceria bands, chromium-doped ceria samples had a
prominent band at 860 cm-1 and a weak one at 1010 cm-1. Both of these are indicative of
the presence of CrO3, suggesting that some chromium is present as a separate oxide phase
instead of being incorporated into ceria’s lattice structure. [267] This contrasts with the
powder XRD spectrum of Cr-ceria, in which only ceria diffraction peaks are visible –
however, Cr particles may be present that are not visible with powder XRD.
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Cu-Cr-CeO
Cr1 2
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Cu1 2
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Mn1 2
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CeO
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(a)
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Figure 33. (a) Raman spectra of undoped and doped (1 wt. % Mn, 1 wt. % Cu, 1 wt. % Cr, and
1 wt. % each co-doped Cu+Cr) ceria nanorods. (b) F2g Raman band for same ceria samples.

To understand how Cu and Cr dopants affect the reducibility of the ceria nanorod
catalysts, TPR experiments were performed on the undoped and doped materials (Figure
34). For nanosized ceria materials, two areas of reduction are typically seen – a low
temperature area (200 to 500 °C) representing consumption of hydrogen due to readily
available surface oxygen, and a higher temperature area (>600 °C) representing reduction
of the bulk lattice oxygen. [37,268] In most cases, the deconvolution of the lower
temperature reduction area (between 200 and 500 °C) can be represented with two
Gaussian peaks (percentage peak fitting error inferior to 3%). For copper doped ceria
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nanorods, the position of these two low-temperature peaks shifts to the left, from 359 and
467 °C corresponding to undoped ceria nanorods to 275 and 338 °C for the 5 wt. %
Cu-doped ceria, indicating an increase in surface reducibility at lower temperatures with
increasing levels of copper dopant (Table 1). Additionally, the ratio of areas of these two
peaks shifts in favour of the second peak in the presence of Cu as dopant which suggests
a decrease in the readily available surface oxygen. For chromium-doped ceria nanorods,
while the same trend in peak areas is present, increasing the quantity of Cr dopant does
not improve surface reducibility at lower temperatures. There is a shift to lower
temperature reduction from undoped ceria to 1 wt. % Cr-doped ceria (303 and 418 °C
respectively), but no further shift to lower temperatures with increasing levels of Cr.

In addition to the deconvolution of the low-temperature reduction area, the ratio of
low-temperature to high-temperature areas can be used as a qualitative assessment of the
reducibility of the bulk lattice structure, relative to the surface. Doping ceria with other
metals generally changes bulk properties, not just those of the surface. [18] While
reactions such as CO oxidation and NO reduction occur on the surface of ceria catalysts,
improvements in bulk properties can also improve catalyst performance due to the
mobility of oxygen vacancies and vacancy hopping mechanisms. [96,269] For undoped
ceria the ratio of low-temperature to high-temperature areas is 0.47 (Table 2). With
increasing levels of copper dopant, this ratio shifts in favour of the high-temperature area,
indicating that relative to the surface, the bulk structure becomes more reducible.
However, for chromium-doped ceria, the opposite trend is seen – the bulk becomes less
reducible relative to the surface. This could be due to improvement of the surface
reducibility and not the bulk.

Two additional sharp and intense reduction peaks appear in the 7 wt. % copper-doped
ceria nanorods, centred at 197 and 222 °C. These peaks can be attributed to the reduction
of copper particles, segregated from the ceria phase due to the high dopant content.
[270–272] While this slightly conflicts with XRD analysis (Figure 30), in which separate
copper oxide diffraction peaks were not seen until dopant levels reached 9 wt. %, these
particles may just be too small and dispersed to be visible in powder XRD diffraction
patterns.
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Figure 34. TPR analysis of undoped, Cu, Cr, and Cu+Cr-doped ceria nanorods. Dashed lines indicate
experimental data and solid lines indicate fitted deconvolutions.

The TPR reduction profile of the simultaneous Cu- and Cr-doped ceria nanorods differs
from the single-dopant materials – while there are still distinct low-temperature and
high-temperature areas of reduction, the low-temperature reduction area is wider and
extends further to lower temperature values in the case of the Cu-Cr doped ceria. Unlike
the single-dopant nanorod samples, to keep the fitting error inferior to 3%, the
deconvolution of this region is represented by three Gaussian peaks instead of two. The
lowest-temperature peak is centred at 192 °C. This is a strong indication that the
two-dopant material has much-improved surface reducibility compared to the single
copper-doped ceria nanorods – a synergistic improvement that cannot be explained by
the cumulative or average effect of the single-dopant contributions. Additionally, the ratio
of the surface to bulk oxygen reduction areas is 1.2. This could also indicate an
improvement in surface reducibility, or instead, similarly to Cr-doped ceria materials, the
two-dopant system might not have improved the oxygen bulk reducibility but only that
of the surface.
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Table 1. TPR peak locations and areas for undoped and doped ceria nanorods.

Peak

Centre (°C)

Area

Undoped ceria nanorods
Low temperature 1
Low temperature 2
High temperature 1

359
467
833

14.1
3.5
37.6

333
421
844

3.1
9.2
52.1

297
367
831

1.8
10.5
46.2

275
338
863

2.0
13.7
49.8

197
222
272
852

4.7
9.3
14.7
43.8

303
418
822

6.0
12.1
25.9

295
435
826

7.3
19.4
31.2

304
414
822

4.5
16.2
27.2

192
313
404
798

2.4
13.2
6.5
18.5

1 wt. % Cu
Low temperature 1
Low temperature 2
High temperature 1
3 wt. % Cu
Low temperature 1
Low temperature 2
High temperature 1
5 wt. % Cu
Low temperature 1
Low temperature 2
High temperature 1
7 wt. % Cu
Low temperature 1
Low temperature 2
Low temperature 3
High temperature 1
1 wt. % Cr
Low temperature 1
Low temperature 2
High temperature 1
3 wt. % Cr
Low temperature 1
Low temperature 2
High temperature 1
5 wt. % Cr
Low temperature 1
Low temperature 2
High temperature 1
1 wt. % each Cu and Cr
Low temperature 1
Low temperature 2
Low temperature 3
High temperature 1

96

Table 2. Ratio of low-temperature to high-temperature peak areas for ceria nanorod TPR profiles.

Material
Undoped CeO2
1 wt. % Cu
3 wt. % Cu
5 wt. % Cu
7 wt. % Cu
1 wt. % Cr
3 wt. % Cr
5 wt. % Cr
1 wt. % each Cu/Cr

Low T / High T area ratio
0.47
0.24
0.27
0.31
0.34
0.70
0.86
0.76
1.20

XPS analysis was used to gain further insight into the surface state of the ceria nanorods.
XPS spectra of Ce 3d, O 1s, Cu 2p, and Cr 2p are shown in Figure 35, Figure 37, and
Figure 38. In Figure 35, the Ce 3d XPS spectra consist of five peaks (Uo, U, U’, U’’, and
U’’’) representing 3d3/2 and five peaks (Vo, V, V’, V’’, and V’’’) representing 3d5/2.
According to previously published methods, Vo + V’ + Uo + U’ can be assigned to Ce3+,
while the remaining peaks (V, V’’, V’’’, U, U’’, and U’’’) can be assigned to Ce 4+, and the
relative ratio of peak areas can be used to determine the percentage concentration of Ce 3+
and Ce4+ at the surface. [257,263,268] This is shown in Figure 36. This analysis reveals that
undoped ceria nanorods have a nonstoichiometric surface, with 22 % of Ce 3d
photoemission due to Ce3+ and 78 % due to Ce4+. The addition of low levels of Cu dopant
(1 and 3 wt. %) only slightly increases the concentration of Ce3+, but higher levels of Cu (5
and 7 wt. %) result in a higher level of surface reduction, with the percentage of Ce 3+
increasing to 26 and 27 %, respectively. In contrast, the addition of Cr dopant decreases
the percentage of Ce3+ at the surface. Both results corroborate the TPR analysis above –
generally speaking, Cu improves ceria’s surface reducibility while Cr does not have a
relevant effect. Cu-Cr co-doped ceria nanorods demonstrate the highest level of surface
reduction, with the concentration of Ce3+ calculated to be 33 %. This phenomenon of
enhanced surface reducibility with low levels of both Cu and Cr dopant also supports the
TPR analysis in Figure 34.
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Figure 35. Ce 3d XPS spectra for undoped, Cu, Cr and Cu+Cr-doped ceria nanorods.
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Figure 36. Surface concentration of Ce3+ at the surface of undoped and doped ceria nanorods, determined
from Ce 3d XPS spectra.

XPS spectra in the O 1s region are shown in Figure 37 for the undoped and doped ceria
nanorods, while relative peak areas are reported in Table 3. The O 1s spectrum is broad
and consists of peak contributions from the various oxygen species at the surface of ceria.
These spectra were resolved with three Gaussian-Lorentzian peaks. The peak at
approximately 529 eV (Oα) can be attributed to the lattice oxygen of Ce 4+, while the peak
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at 531 eV (Oβ) can be attributed to oxygen vacancies or the lattice oxygen of Ce3+.
However, Oβ can also be associated with surface adsorbed oxygen and hydroxyl groups.
The broad peak at 533 eV (Oγ) is also associated with these surface oxygen species.
[257,263] No shift in binding energy is evident when comparing the undoped and doped
ceria samples. However, the undoped ceria spectrum has a larger contribution from
stoichiometric lattice oxygen (Oα) than the doped materials – approximately 50 % of the
total area of the three peaks compared with 38, 34, and 43 % for 1 wt. % Cu, 1 wt. % Cr,
and 1 wt. % each Cu-Cr doped ceria, respectively.
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Figure 37. O 1s XPS spectra for undoped, Cu, Cr and Cu+Cr-doped ceria nanorods.

As shown in Figure 38a, no Cu 2p peaks are observable in the 1 wt. % Cu-doped ceria
sample by XPS. Weak Cu 2p1/2 and Cu 2p3/2 peaks are visible in the 3 and 5 wt. % Cu-doped
ceria materials, while the 7 wt. % Cu ceria material shows strong Cu 2p1/2 and Cu 2p3/2
peaks at 933.0 and 952.8 eV, respectively. Due to the lack of a clear shakeup satellite peak
at 942 eV, such additional peaks in the 7 wt. % Cu sample can be tentatively assigned to
Cu+ or Cu0. While the Cu 2p region is unable to distinguish between Cu+ and metallic Cu,
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TPR analysis (Figure 34) indicates that metallic Cu is likely present in the copper-doped
ceria samples at a loading of 7 wt. % or higher. Because metallic Cu is not seen in the TPR
analysis at Cu dopant levels below 7 wt. %, the Cu 2p peaks for these catalysts can be
assigned to Cu+. In contrast to 1 wt. % Cu-doped ceria, the sample simultaneously doped
with 1 wt. % each Cu and Cr has observable Cu 2p1/2 and Cu 2p3/2 peaks, indicating that
the co-doped ceria has a higher concentration of Cu at the surface than the single-dopant
1 wt. % Cu-ceria material. This corroborates other reports in the literature, which show
that in Cu- and Cr-loaded ceria nanoparticles, the presence of Cr can enhance the surface
concentration of Cu, but due to Cr’s somewhat better solubility in the ceria lattice, Cr
surface concentration is not enhanced. [273]

Figure 38b shows the Cr 2p XPS spectra for Cr and Cu/Cr-doped ceria nanorods. The
visible Cr 2p peaks at approximately 576 and 587 eV indicate that Cr is in an oxidized
state and can be assigned to Cr3+. Intensity is higher for the 3 and 5 wt. % Cr samples.
Unlike Cu, the XPS spectrum for co-doped 1 wt. % each Cu and Cr-doped ceria shows a
weaker Cr intensity than 1 wt. % Cr-doped ceria.

Table 3. Relative peak areas for ceria nanorod O 1s spectra.

Material

Oα

Oβ

Oγ

Undoped CeO2
1 wt. % Cu
3 wt. % Cu
5 wt. % Cu
7 wt. % Cu
1 wt. % Cr
3 wt. % Cr
5 wt. % Cr
1 wt. % each Cu/Cr

50.8
37.9
41.4
39.8
32.5
34.2
35.5
40.5
42.5

28.9
40.9
36.0
38.5
38.3
50.1
49.0
42.8
34.4

20.2
21.3
22.6
21.7
29.2
15.8
15.5
16.7
23.1

100

(a) Cu 2p

(b) Cr 2p

1 wt. % Cu+Cr

1 wt. % Cu+Cr

Intensity

Intensity

7 wt. % Cu
5 wt. % Cu
3 wt. % Cu

5 wt. % Cr

3 wt. % Cr

1 wt. % Cu

928

933

938

943

948
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Binding Energy (eV)
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1 wt. % Cr
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Figure 38. (a) Cu 2p and (b) Cr 2p XPS spectra for undoped, Cu, Cr, and Cu+Cr-doped ceria nanorods.
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Figure 39. Nitrogen isotherms for (a) undoped, (b) 1 wt. % Mn-doped, (c) 1 wt. % Cu-doped, and
(d) 1 wt. % Cr-doped ceria nanorods.

Nitrogen adsorption experiments show that the ceria nanorods, both undoped and
doped, are non-porous but mesoporosity is observed due to interparticle voids, with a
type IV isotherm in all cases (Figure 39). [274] BET surface area, measured at low relative
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pressures, is in the range 29 to 55 m2 g-1 (Figure 40). The presence of Cu has a negligible
effect on the surface area, with no clear overall trend. For Cr-doped ceria, all doped
samples had higher surface areas than undoped ceria nanorods. This is potentially due to
the method of synthesis for ceria nanorods. The dissolution-recrystallisation rate of
cerium in the reaction medium, dictated by the temperature and pressure inside the
autoclave, as well as the time of the reaction, are the key parameters in determining
product morphology. [37] Because of this, it is possible for the presence of other ions such
as chromium to interfere with the nanorod growth process. As seen in Figure 28, TEM
micrographs of the Cr-doped ceria nanorods show a lower range of nanorod lengths than
are present in the other nanorod materials.
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Figure 40. BET surface area vs. dopant level for Mn, Cu, and Cr-doped ceria nanorods.

5.2 Catalytic activity for CO oxidation and NO reduction
Catalytic activity of doped ceria nanorods for CO oxidation is shown in Figure 41-42. The
addition of Mn improves low-temperature catalytic activity for CO oxidation with respect
to undoped ceria nanorods, but improvements are only seen up to a loading of 2 wt. %
Mn. Copper doping of ceria significantly improves the low-temperature catalytic activity
for CO oxidation, with activity increasing as the Cu loading increases up to 7 wt. % Cu,
above which no further improvements are observed. Based on previously published
literature, this was expected – transition metal doping has been widely reported to
improve the oxidative activity of ceria catalysts, particularly for CO oxidation. [275–277]
The large jump in activity between the 5 wt. % Cu and 7 wt. % Cu-doped ceria catalysts
can be explained with the appearance of the separate copper oxide phase at 7 wt. % Cu
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loading (and at 9 wt. % in powder XRD), seen in the TPR analysis. Ceria-supported copper
is known to be an effective low-temperature oxidative catalyst. [278] However, copper
and other base metals are not used in automotive catalysis due to sulphur poisoning and
thermal durability issues, so despite the enhanced activity, a separate copper phase is not
desirable. [6]

A further increase in copper loading from 7 to 9 wt. % did not result in an improvement
in low-temperature activity. This can be attributed to the doping limit being reached
somewhere between 5 and 7 wt. % Cu, and the larger, agglomerated copper oxide
particles in the 9 wt. % sample (visible in XRD and TPR) not providing more catalytic
activity than the copper oxide particles present in the 7 wt. % Cu-ceria nanorod material
(only visible in TPR). In contrast to manganese and copper, doping ceria nanorods with
chromium reduced its catalytic activity for CO oxidation compared with undoped ceria
nanorods. This also correlates with TPR and XPS results, which suggest that chromium
doping of ceria decreased the reducibility of the material.
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Figure 41. CO oxidation catalytic performance for Mn-doped ceria nanorods.
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Figure 42. CO oxidation catalytic performance for (a) Cu-doped and (b) Cr-doped ceria nanorods.

The catalytic activity of Cu and Cr-doped ceria nanorods for NO reduction is shown in
Figure 43. Cr-doped ceria nanorods are effective at improving catalytic activity beyond
that of pure ceria, while Cu-doped ceria shows no improvement compared with pure
ceria nanorods. This is expected in view of the characterisation – Cu doping improves
ceria’s oxidative catalytic activity by increasing the reducibility of ceria, but this is not
helpful for reducing reactions. [113] In contrast, chromium demonstrates the opposite
effect. However, chromium doping at levels above 1 wt. % do not show further
improvement, with activity similar to that of 1 wt. % Cr-doped ceria. As with CO
oxidation, this activity matches the analysis of the Ce 3d XPS spectra – ceria nanorods
doped with 1, 3, and 5 wt. % Cr showed very similar levels of surface reduction.
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Figure 43. NO reduction catalytic performance for (a) Cu-doped and (b) Cr-doped ceria nanorods.

Catalyst performance of the 1 wt. % Cu and Cr co-doped ceria nanorod material is shown
in Figure 44a for CO oxidation and Figure 44b for NO reduction. Despite containing only
1 wt. % Cu and Cr, the two-dopant ceria nanorods show activity for CO oxidation that is
comparable to the activity of the 7 and 9 wt. % Cu-ceria nanorods. Therefore, co-doped
Cu-Cr ceria appears to provide a unique synergistic effect, with an activity close to the
one of 7 wt. % Cu-doped ceria nanorods for CO oxidation, despite only containing
1 wt. % Cu (2 wt. % total dopant content) and not having a separate copper phase. At the
same time, the two-dopant catalyst retains activity for NO reduction that is similar to that
of the Cr-doped ceria nanorods, with a slightly improved T10 value.
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DFT simulations by Koizumi et al and Yoshida et al can explain such synergy. [273,279]
They report that when Ce on the (111) surface of ceria is substituted with Cu, the
dominant species is Cu2+. However, the substitution of Ce with Cu and Cr results in the
dominant Cu species being Cu+. The presence of Cu+ in doped ceria is known to enhance
CO chemisorption on the catalyst surface and catalytic activity for CO oxidation. [280]
Conversely, for the reduction of NO, the presence of Cr enhances electron density on
neighbouring Ce sites and lowers the barrier for oxygen vacancy formation, both of which
improve NO adsorption on the doped ceria surface. [114,281] This corroborates the
enhanced reducibility of the Cu/Cr-doped ceria seen in TPR and XPS analysis as well as
the significantly improved catalytic performance for CO oxidation compared with
single-dopant ceria. However, it should be noted that synergistic enhancement in the
co-doped ceria nanorod catalyst for NO reduction was quite minor.

Therefore, while doping ceria with copper improves CO oxidation activity but not NO
reduction activity and doping ceria with chromium improves NO reduction activity but
reduces CO oxidation activity, the simultaneous co-doping of ceria nanorods with both
Cu and Cr retains the benefits of each single dopant while significantly enhancing
oxidative activity, a phenomenon that has not yet been reported in the literature for this
doped system. These results also show that the improved reducibility provided by copper
doping does not necessarily have a negative effect on the healing of oxygen vacancies.
Doping the same ceria catalyst with both Cu and Cr is necessary for this synergistic effect
– a physical mixture of Cu-doped ceria and Cr-doped ceria shows much lower catalytic
activity (Figure 45).
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Figure 44. (a) CO oxidation and (b) NO reduction catalytic performance for undoped and
Cu/Cr co-doped ceria nanorods.
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Figure 45. CO oxidation catalytic performance for ceria nanorods co-doped with 1 wt. % each Cu+Cr (15 mg
catalyst weight), compared with a physical mixture of 2 wt. % Cu-doped ceria and 2 wt. % Cr-doped ceria
(7.5 mg each, to achieve equal amounts of Ce, Cr, and Cu).
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Various other ceria catalysts doped with copper or chromium have recently been
reported. [131,180,282–284] Direct comparisons with other papers is difficult due to
differences in reaction conditions such as catalyst loading and reactant flowrates or ratios,
which wildly vary between different research groups. Nevertheless, activities can be
normalized in terms of turnover frequency, shown in Table 4 for CO oxidation and Table 5
for NO reduction, along with T10 and T50 values (the temperature at which 10% and 50%
conversion of CO is achieved). While the Cu- and Cu/Cr-doped catalyst materials
reported in this work do not match the low-temperature performance of 10 mol %
Cu-doped ceria nanorods for CO oxidation reported by Li et al, their performance does
exceed that of other catalysts reported in Table 4. [131] Moreover, this was achieved with
a much lower dopant level – only 1 wt. % Cu and 2 wt. % total Cu+Cr dopant content. In
contrast, for NO reduction, our Cu/Cr-doped ceria nanorods performed slightly better at
150 °C but somewhat worse at 200 °C compared with a Cr-doped ceria catalyst (Ce20Cr1Ox)
or a 0.14 wt. % Cu/Cr deposited on ceria (Table 1). [180] In any case, the latter uses a
pulsed cathodic arc plasma technique in vacuum, much more complicated than our
hydrothermal approach.

Table 4. Comparison of copper-ceria catalysts for CO oxidation.

T10
(°C)

T50
(°C)

1 wt. % each Cu/Cr co-doped ceria
nanorods

100

3.9 wt. % Cu-doped ceria nanorods

Catalyst

Rate (µmol g-1 min-1)
Ref.

At 50 °C

At 100
°C

206

8.2

27.3

This
work

65

122

61.3

352.7

[131]

3.9 wt. % Cu-doped ceria nanospheres

142

232

0.0

13.1

[282]

2.0 wt. % Cu-doped ceria nanopolyhedra

113

161

0.0

1.2

[283]

8.5 wt. % Cu deposited on ceria nanorods

40

73

16.4

90.0

[284]

0.14 wt. % Cu/Cr deposited on ceria

86

120

0.0

18.0

[279]

Table 5. Comparison of chromium-ceria catalysts for NO reduction.

T10
(°C)

T50
(°C)

1 wt. % each Cu/Cr co-doped ceria
nanorods

194

Ce20Cr1Ox
0.14 wt. % Cu/Cr deposited on ceria

Catalyst

Rate (µmol g-1 min-1)
Ref.

At 150
°C

At 200
°C

243

6.1

26.6

This
work

202

216

0.0

40.9

[180]

143

300

17.2

45.4

[285]
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5.3 Kinetics
The apparent activation energy (Ea) of the doped ceria nanorod catalysts discussed in
Section 5.2 have been calculated for further comparison (Table 6 and Table 7). Arrhenius
plots used to calculate Ea values are shown in Figure 46 and Figure 47. It has been reported
in the literature that when the concentration of CO is low and there is an excess of O2, CO
oxidation is a first-order reaction with respect to CO, and zero-order with respect to O2.
[286,287] With a low CO concentration of 0.2 % and 2x excess of O2, the reaction conditions
used in our paper meet these conditions. Therefore, the reaction rate and Arrhenius
equations can be simplified:

𝑟 = −𝑘𝑐 = −𝐴 (𝑒

−𝐸𝑎⁄
𝑅𝑇 ) 𝑐

(16)

Where r is the reaction rate (mol s-1), k is the rate constant (s-1), c is the concentration of
CO, A is the pre-exponential factor, Ea is the apparent activation energy (J/mol), R is the
ideal gas constant (J mol-1 K-1), and T is temperature (K). This equation can be rewritten in
the following form:

𝐸

ln(𝑘) = − 𝑅𝑇𝑎 + ln(𝐴)

(17)

And used to derive Ea values. Calculations were performed with conversion levels below
10 %.

NO reduction by CO has been reported to be modelled as first-order with respect to both
NO and CO and second-order overall. [288,289] Therefore, the reaction rate can be
expressed in terms of NO and CO concentration (Equation 18), or just NO concentration
(Equation 19)

𝑟 = 𝑘[NO][CO]

(18)

𝑟 = 𝑘[NO](1 − 𝑥)[CO](𝜀 − 𝑥)

(19)
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Where k is the second-order rate constant (L mol-1 s-1), x is the conversion level of NO, and
ε is the ratio of CO to NO. Similarly to CO oxidation, Equation 17 was used to determine
Ea values with conversion levels below 10 %.

The Arrhenius plots in Figure 46 and Ea values in Table 6 show that doping ceria with
copper reduces the value of Ea for CO oxidation, with an increasing effect up to
7 wt. % Cu. Calculated values ranged from 44.0 kJ mol-1 for undoped ceria nanorods to
31.4 kJ mol-1 for 7 wt. % Cu-doped ceria. In contrast, doping ceria with chromium results
in an increase in Ea (52.8 kJ mol-1 for 5 wt. % Cr-doped ceria). The ceria sample doped with
1 wt. % each Cu and Cr has a lower Ea value, 32.8 kJ mol-1, comparable to that of
7 wt. % Cu.

The Ea value for NO reduction with an undoped ceria nanorod catalyst was 118.6 kJ mol-1,
higher than that for CO oxidation. This value did not significant change with the addition
of copper, but decreased to 97.5 kJ mol-1 for 1 wt. % Cr-doped ceria. The Cu and Cr
co-doped ceria material showed a further decrease to 58.1 kJ mol-1. These values
corroborate the analysis in Section 5.2, which show that co-doping ceria nanorods with
1 wt. % each Cu and Cr is much more beneficial than doping with a similar level of a
single transition metal.

Table 6. Apparent activation energy (Ea), Weisz-Prater criterion (CWP), and Mears criterion (MR)
for ceria nanorod catalysts and CO oxidation.

Sample
Undoped ceria nanorods
3 wt. % Cu-doped ceria
5 wt. % Cu-doped ceria
7 wt. % Cu-doped ceria
1 wt. % Cr-doped ceria
3 wt. % Cr-doped ceria
5 wt. % Cr-doped ceria
1 wt. % Cu+Cr doped ceria

Ea (kJ mol-1)

CWP, 150 °C

MR10%

44.0
43.5
40.5
31.4
47.1
51.7
52.8
32.8

0.014
0.034
0.055
0.647
0.014
0.014
0.014
0.454

6.16∙10-6
6.11∙10-6
5.83∙10-6
5.19∙10-6
6.10∙10-6
6.45∙10-6
6.45∙10-6
5.33∙10-6
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Figure 46. Arrhenius plots for CO oxidation over (a) undoped and Cu-doped ceria nanorods, and
(b) undoped and Cr-doped ceria nanorods. Cu+Cr nanorods are doped at 1 wt. % each.

Table 7. Apparent activation energy (Ea), Weisz-Prater criterion (CWP), and Mears criterion (MR)
of ceria nanorod catalysts for NO reduction.

Sample

Ea (kJ mol-1)

CWP, 300 °C

MR10%

118.6
118.7
97.5
58.1

0.065
0.065
0.371
0.510

5.61∙10-6
5.68∙10-6
5.32∙10-6
4.96∙10-6

Undoped ceria nanorods
1 wt. % Cu-doped ceria
1 wt. % Cr-doped ceria
1 wt. % Cu+Cr doped ceria

-5.5

Undoped
1 wt. % Cu

ln(k)

-6.0

1 wt. % Cr
Cu+Cr

-6.5
-7.0
-7.5
-8.0
-8.5
1.40

1.80

1000/T

2.20

2.60

(K-1)

Figure 47. Arrhenius plots for NO reduction over undoped and doped ceria nanorods.

While excessively low apparent activation energy values may be a potential indication
that a reaction is not under kinetic control, similar Ea values have been reported for ceria
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catalysts elsewhere in the literature. [290,291] Additionally, Weisz-Prater and Mears
criteria were employed to determine if the CO oxidation and NO reduction reactions were
limited by internal and external diffusion, respectively. The Weisz-Prater criterion, shown
in Equation 20, is a method used to determine if heterogeneous catalytic reactions are
limited by internal pore diffusion. [292–295] If CWP < 1, the reaction is not limited by
internal diffusion, and there are no concentration gradients within catalyst particles. Here,
rA(obs) is the observed rate of reaction (mol g-1 s-1), ρc is the solid catalyst density (g m-3),
R is the catalyst particle radius (m), De is the effective diffusivity of the reacting species
(m2 s-1), and CAs is the reactant concentration (mol m-3). In Table 6 and 7, CWP values are
shown for CO oxidation at 150 °C and NO reduction at 300 °C, and are below a value of
1 for all doped and undoped ceria catalysts. In general, the CWP values of these catalysts
does not approach 1 until full conversion is almost achieved. Therefore, comparisons of
catalyst performance at lower conversion levels are still valid.

𝐶WP =

−𝑟A (obs)𝜌c 𝑅2
𝐷e 𝐶As

(20)

The Mears criterion, shown in Equation 21, is a method used to determine if external mass
transfer of the reacting species from the bulk gas flow to the surface of the catalyst can be
ignored. [292,294–298] If MR < 0.15, external mass transfer effects can be neglected and
are not rate-limiting. Here, rA(obs) is the observed rate of reaction (mol g-1 s-1), ρb is the
catalyst bed density (g m-3), R is the catalyst particle radius (m), n is the order of reaction,
kc is the mass transfer coefficient (m s-1), and CAb is the reactant concentration in the bulk
(mol m-3).

𝑀𝑅 =

−𝑟A (obs)𝜌b 𝑅𝑛
𝑘c 𝐶Ab

(21)

As shown in Table 6 and 7, MR < 0.15 for all undoped and doped ceria catalysts, calculated
at 10 % conversion. This is true for both CO oxidation and NO reduction. Therefore,
external mass transfer can be neglected and no concentration gradient exists between the
bulk gas flow and the catalyst surface.
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5.4 Conclusions
Copper, manganese, and chromium have been utilized as dopants for ceria nanorod
catalysts produced via a hydrothermal synthesis method. Manganese doping is shown to
improve the activity for CO oxidation compared with undoped ceria nanorods. Copper
doping significantly enhances activity for CO oxidation but not for NO reduction. The
opposite is true for chromium-doped ceria. However, simultaneously doping a ceria
nanorod catalyst with both Cu and Cr dopants results in a catalyst which shows improved
activity for both CO oxidation and NO reduction. Additionally, the use of dual dopants
appears to provide a somewhat synergistic effect, with only 1 wt. % Cu and 1 wt. % Cr
required to provide activity for CO oxidation similar to that of the 7 wt. % Cu-doped ceria
nanorods. This behaviour is supported by TPR and XPS analysis, which shows that the
co-doped ceria nanorods show improved low-temperature surface reducibility compared
to either Cu or Cr single-dopant ceria materials.

This research demonstrates the potential effectiveness of co-doping with transition metals
as a strategy for improving the low-temperature performance of ceria-based automotive
catalysts. While future research, such as optimisation of dopant levels, examination of
other dopant metals, and testing the catalyst under more typical real-world conditions,
will be necessary, Cu/Cr-doped ceria nanorods show promise as an improved catalyst for
both oxidative and reductive reactions in three-way catalysis.
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Chapter 6
Ceria-Based Catalysts for High-Temperature
Vehicle Exhaust Conditions
This chapter reports on the synthesis, characterisation, and catalytic data of catalysts
designed for high-temperature automotive catalysis. Graphene oxide (GO) templated
ceria nanoflakes and copper-loaded ceria nanoflakes are examined as catalysts for CO
oxidation and NO reduction. Additionally, ceria-zirconia mixed oxide catalyst materials
– both GO-templated nanoflakes and hydrothermally synthesised nanorods – are
characterised and tested.

Many ceria applications involve heterogeneous surface-catalysed reactions, so the ability
to synthesize high surface area ceria is critical to improve performance. Surface areas over
200 m2 g-1 are often reported for nanostructured ceria materials synthesized via a variety
of methods such as hydrothermal or sol-gel, and surface areas of 345 m2 g-1 has been
obtained in ceria aerogel materials. [299–301] However, while the morphology of
nanoceria and the nature of its exposed crystal planes can affect catalytic activity, ceria
must also present a high thermal stability to maintain a useable surface area even when
exposed to high temperatures. [33,37,302,303] Automotive catalysts can be exposed to
vehicle exhaust temperatures of 850 °C, and close-coupled automotive catalysts can reach
1050 °C. [8,304] Therefore, the ability of ceria and ceria-based catalysts to resist sintering
and maintain catalytic activity after high-temperature is critical to their long-term
performance.

Template-based synthetic methods have been used to produce ceria-based catalysts with
a variety of different morphologies. [33] Examples of this include soft template syntheses
using surfactants or modifiers such as PVP, CTAB, glycol, or benzyl alcohol to produce
rods, spheres, plates, nanoflowers, and octahedra, amongst other shapes. Hard template
synthetic methods utilise templates such as carbon nanotubes, ZnO nanorods, or
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polystyrene or carbon spheres to replicate their morphology with CeO2. These
morphologies, particularly at the nano scale, can strongly influence stability and catalytic
activity. Therefore, the development of convenient and facile synthetic methods using
templates will be useful in improving the performance of ceria-based catalysts. The use
of GO as a template offers an attractive alternative route for synthesizing high surface
area nanostructured catalysts. GO consists of a two-dimensional monolayer of carbon
atoms, analogous to graphene, but interrupted by a range of oxygen-containing groups.
GO’s surface functional oxygen-containing groups allow it to be easily dispersed in a
variety of solvents, unlike graphene, enabling its utilization in processes involving liquid
suspensions or solutions. [305]

In previous work by Eslava et al, a method for producing large amounts of graphene oxide
(10-20 g) was developed. [244] The graphene oxide was used as a support for
polyoxotitanium clusters to produce a two-dimensional arrangement of polyoxotitanium
on graphene oxide. When this material was calcined at 450 °C, this resulted in the
synthesis of titania nanoflakes, consisting of smaller titania crystallites arranged in flat
two-dimensional

flakes.

The

same

synthesis

without

GO

produced

larger,

three-dimensional crystallite agglomerations. Compared to untemplated titania, the
titania nanoflakes demonstrated smaller crystallite size and improved hydrogen
production rate in the photocatalytic evolution of hydrogen from water.

Herein, the potential of GO for use as a template to produce ceria-based nanoflakes and
how the two-dimensional nanoflake morphology would affect material and catalytic
properties is examined. A simple precipitation reaction was used, and, similarly to the
titania synthesis described above, the addition of GO resulted in the synthesis of
two-dimensional ceria nanoflakes, while performing the reaction without GO provided
large three-dimensional ceria agglomerations. These materials were characterised to
determine the physical differences between GO-templated and untemplated ceria
(surface area, morphology, crystallite size, etc.) as well as factors relevant for catalytic
activity (surface reducibility and concentration of oxygen vacancies).
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In addition to bare ceria nanoflakes, copper-loaded ceria nanoflakes were also tested for
CO oxidation and NO reduction. And finally, ceria-zirconia mixed oxide catalysts were
synthesised and characterised to improve sintering behaviour at high temperatures.

6.1 Ceria nanoflakes – synthesis and characterisation
Ceria particles and nanoflakes were prepared via a room temperature precipitation
synthesis in the absence and presence of GO respectively, followed by a calcination in air
at 400 °C to remove the GO template. An SEM micrograph of the GO used is shown in
Figure 48. Prior to calcination, the nanoflakes are a brown powder, while after calcination
at 400 °C, the product is yellow, similar to other ceria syntheses (Figure 49). The
untemplated ceria particles were bright yellow both pre- and post-calcination. The
GO-templated ceria nanoflakes were much more loosely packed than the untemplated
ceria particles. Without any further treatment, the nanoflakes had a bulk density of
0.34 g mL-1, while the untemplated particles had a bulk density of 0.65 g mL-1.

Figure 48. SEM micrograph of graphene oxide used as the template for ceria nanoflakes synthesis. The size
distribution of GO flakes was approximately 1-20 µm.

Figure 50 shows TEM images of GO-templated ceria nanoflakes and untemplated ceria
particles calcined in air at different temperatures between 400 to 1000 °C. The difference
between the two materials is significant - while the GO-templated synthesis provided a
two-dimensional arrangement of ceria crystallites, the untemplated synthesis resulted in
much larger unstructured agglomerations. Typical ceria flakes calcined at 400 °C were a
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few hundred nanometres in diameter and less than 10 nm in thickness, while the size of
the untemplated ceria particle agglomerations was significantly larger, in the micrometre
range.

(a)

(b)

Particles

Nanoflakes

Particles

Nanoflakes

Figure 49. Photos of untemplated ceria particles and GO-templated ceria nanoflakes
(a) after synthesis and freeze drying and (b) after calcination at 400 °C.

Figure 50. (above) TEM micrographs of untemplated ceria particles, calcined in air between 400
and 1000 °C. (below) TEM micrographs of GO-templated ceria flakes, calcined in air between
400 and 1000°C. Two-dimensional morphology is clearly retained for GO-templated ceria
after thermal treatment.

Subsequent calcinations in air at 600, 800, 900, or 1000 °C to assess thermal stability also
show differences between GO-templated ceria flakes and untemplated ceria particles.
While both the ceria nanoflakes and particles show crystallite growth with increasing
calcination temperature, the ceria nanoflakes retained their two-dimensional morphology
even at high calcination temperatures (1000 °C).
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Powder XRD patterns of the calcined ceria particles and nanoflakes crystallite sizes show
that both are very similar. Figure 51 shows that the diffraction peaks get narrower and
taller with increasing calcination temperature, indicating a growth in crystallite size.
However, this trend is more prominent for the untemplated ceria particles compared to
the GO-templated ceria nanoflakes for any calcination temperature. Crystallite size
calculations using the ceria (111) peaks clearly show this trend in Table 8. When calcined
at 400 °C, the ceria particles and flakes have a similar crystallite size, slightly smaller for
the flakes (6.7 and 6.0 nm, respectively). But upon calcination at higher temperatures,
crystallite size increases more quickly for the untemplated particles than for the
GO-templated nanoflakes. This observation indicates that the two dimensional high
aspect ratio arrangement of crystallites of the GO-templated nanoflakes replicating the
GO morphology limits the diffusion of atoms at high temperature to a two dimensional
plane which is translated into a low sintering degree. In contrast, diffusion of atoms at
high temperature in untemplated particles takes place in three dimensions, favouring the
sintering.

CHN analysis indicates that the GO is eliminated from the templated ceria material after
the initial calcination at 400 °C. Pre-calcination, the ceria flakes and untemplated ceria
particles contain 1.64 and 0.38 wt. % carbon, respectively, confirming the presence of GO.
After calcination at 400 °C, the ceria flakes and untemplated ceria particles contain 0.39
and 0.34 wt. % carbon, respectively. These comparable values confirm the volatisation of
GO during the calcination in air at 400 °C. Visual analysis of the materials support this –
before calcination, the GO-templated ceria flakes are dark brown, but after calcination,
they are pale yellow, more typical for ceria powders (Figure 49). Numerous examples of
GO-ceria composite materials have been reported in the literature. For instance,
hydrothermal methods have been used to synthesize ceria nanoparticles dispersed on the
surface of graphene oxide for the oxidation of uric acid, degradation of methylene blue,
and removal of arsenic species from water. [306–308] However, because calcination at
400 °C is sufficient to completely remove GO from such composite materials, there is quite
a low upper temperature limit for such catalysts to be useful. In contrast, the
GO-templated ceria flakes retain useful properties at much higher temperatures.
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Figure 51. Powder X-ray diffraction patterns for (left) untemplated ceria particles and (right) GO-templated
ceria flakes, calcined between 400 and 1000 °C.

Table 8. Structural properties of ceria particles and GO-templated ceria nanoflakes.

Calcination
T (°C)

Crystallite
size (nm)a

BET
surface
area (m2/g)

Avg. pore
diameter
(cm3/g)b

Oxygen
vacancies
(%)c

Untemplated ceria particles
400

5.9

116

33.9

2.7

600

10.7

18

33.3

1.3

800

35.4

1

0.8

900

48.7

<1

0.9

1000

56.8

<1

0.6

GO-templated ceria flakes
400

5.4

113

29.1

3.3

600

7.1

43

38.8

3.2

800

21.4

9

49.8

1.4

900

30.5

6

41.5

0.9

1000

42.1

6

47.0

1.0

a

Calculated using Scherrer equation using ceria (111) peak in XRD pattern

b

Calculated using Barret-Joyner-Halenda (BJH) method on desorption curves

c

Calculated from Raman spectra F2g band shift
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Both the ceria particles and templated flakes were analysed with Raman spectroscopy,
shown in Figure 52. In both cases, ceria’s characteristic F2g band at approximately 466 cm-1,
attributable to the vibrational characteristics of oxygen atoms surrounding cerium in the
fluorite crystal structure, is clearly visible. [309] An additional defect band at 595 cm-1 is
also visible in both samples calcined at 400 °C. This defect band can be attributed to the
presence of Ce3+ related defects in the ceria lattice, or to defects caused by crystallite size
effects – in general, in pure ceria it can be related to oxygen vacancy concentration due to
non-stoichiometry of the CeO2 lattice. [264,310] Shifts in the 466 cm-1 band can be
attributed to differences in oxygen vacancy levels or lattice contraction, and this would
also be indicated in a difference in intensity in the 595 cm-1 band. [187,263,311] While the
GO templated and untemplated samples calcined at 400 °C appear to be similar, the
595 cm-1 band disappears in the untemplated ceria particle spectrum at calcination
temperatures > 600°C, while it is retained in the GO-templated ceria spectrum even after
treatments at 1000 °C, although its magnitude is considerably decreased.

Oxygen vacancy quantities can be calculated via correlation with a shift in the main F2g
band at ~466 cm-1. [77,84] Results are shown in Table 8. For pure ceria, Δω = -γω/(ΔV/V0),
where ω is the shift in Raman frequency, γ is the Grüneisen parameter (1.24 for this
mode), and ΔV is the volume change from the reference volume. Volume changes of the
unit cell are due to expansion of Ce4+ to Ce3+ (ionic radii 0.970 Å and 1.143 Å, respectively),
which is only partially offset by the replacement of O2- with oxygen vacancies (ionic radii
1.380 and 1.164 Å, respectively). Assuming pure ceria with no other contributing defects,
the relationship between oxygen vacancy concentration δ and change in volume ΔV/V0 is
relatively linear: δ = -10(Δa/a0) = -3.3(ΔV/V0), where (Δa/a0) is the change in the lattice
constant. Therefore, δ = 2.66(Δω/ω0). [84,312] It should be noted that the peak shift in these
samples is quite small (<4 cm-1), creating a degree of uncertainty. Furthermore, depending
how far the Raman laser penetrates through the catalyst materials, this is a measure of
oxygen vacancies at or near the surface of the particles. Nevertheless, the trend is clear –
untemplated ceria particles show lower levels of oxygen vacancies than GO-templated
ceria nanoflakes.
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Figure 52. Raman spectra of (left) untemplated ceria particles and (right) GO-templated ceria flakes,
calcined between 400 and 1000 °C.
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further
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ceria

materials,

temperature-programmed reduction was performed, shown in Figure 53. Typically, two
TPR peaks are associated with nanostructured ceria - a lower-temperature peak
associated to readily available surface oxygen reduction, and a higher-temperature peak
representing the reduction of the bulk lattice oxygen. [6,51] As shown in Figure 53a-b,
both the GO-templated and untemplated ceria calcined at 400 and 600 °C clearly show
both peaks. However, for the 800 °C calcination, this is greatly reduced for both samples.
Table 9 shows the fraction of peaks intensities, clearly showing that the ceria flakes appear
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to retain more low-temperature surface reducibility than the untemplated ceria particles
for all three calcination temperatures in agreement with the Raman spectra analysis.

The physical properties of both materials were also characterised by nitrogen adsorption.
Both the GO-templated ceria flakes and untemplated ceria particles calcined at 400 °C
show a type IV isotherm (Figure 54), characteristic of mesoporous materials. [274] The
type H2 hysteresis loop displayed is characteristic of a non-uniform network of pores, in
both size and shape. [313] In both cases, the type IV isotherm is maintained upon
calcination at 600 °C. As shown in Figure 54a, nitrogen adsorption and desorption from
untemplated ceria particles calcined at 800 °C and above is negligible. GO-templated ceria
nanoflakes calcined at 400 °C show a pore size distribution with narrower pore diameters
than untemplated ceria particles, shown in Figure 55. However, upon calcination at
600 °C, both materials show a similar pore size distribution.
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Figure 53. TPR profiles for GO-templated ceria flakes and untemplated ceria particles calcined at (a) 400 °C,
(b) 600 °C, and (c) 800 °C.
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Table 9. Fraction of peak areas in TPR profiles for untemplated ceria particles and GO-templated
ceria flakes.
Calcination
T (°C)

Surface oxygen
peak (fraction)

Bulk oxygen
peak (fraction)

Untemplated ceria particles
400

0.64

0.36

600
800

0.53
0.03

0.47
0.97

400
600

0.71
0.65

0.29
0.35

800

0.06

0.94

60
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Figure 54. Nitrogen isotherms for (a) untemplated ceria particles calcined between 400-900 °C and
(b) GO-templated ceria nanoflakes, calcined between 400-900 °C. The nitrogen isotherm for ceria
samples calcined at 1000 °C is not shown, as it is unchanged from the 900 °C isotherm.
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Figure 55. Pore size distribution for untemplated ceria particles and GO-templated ceria nanoflakes,
calcined at 400 and 600 °C. Pore size calculations were not possible for the untemplated ceria particles
calcined at 800 °C or above, due to a lack of available data points.
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While both materials experience severe sintering at high temperatures, the GO-templated
ceria nanoflakes maintain a higher BET surface area compared to untemplated ceria
particles after calcination at the same temperature (Figure 56 and Table 8). This improved
thermal stability of the flake materials is in agreement with the crystallite sizes derived

BET Surface Area (m2/g)

from powder XRD data.
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Figure 56. BET surface area vs. calcination temperature and for GO-templated ceria flakes and
untemplated ceria particles.

6.2 Ceria nanoflakes – catalytic activity
The catalytic activity of GO-templated ceria flakes and untemplated ceria particles for CO
oxidation is shown in Figure 57. Catalysts were calcined in static air at 400, 600, or 800 °C
respectively prior to testing. The GO-templated ceria flakes calcined at 400 °C achieves
similar although slightly superior activity than the untemplated ceria particles up to
400 °C reaction conditions. At higher reaction temperatures (400 to 500 °C), considerably
higher conversions are achieved with the ceria flakes compared to the particles due to
their considerably lower in-situ sintering as shown by the smaller reduction on surface
area above 400 °C (Table 8). At 500 °C, the ceria flakes achieve full conversion of CO to
CO2, while the untemplated ceria particles only reach approximately 80% conversion.
GO-templated ceria flakes also outperformed the untemplated particles when calcined at
600 °C - at this calcination temperature the GO-templated ceria flakes are capable of
maintaining a high surface area and high concentration of their initial surface oxygen
concentration, critical for the CO oxidation reaction. This is shown in terms of rate
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calculations at 450 °C (Figure 58). These results demonstrate that templating ceria with
sacrificial GO results in more thermally stable catalysts.
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Figure 57. Catalytic activity for CO oxidation of GO-templated ceria flakes and untemplated ceria particles,
calcined at (a) 400 °C, (b) 600 °C, and (c) 800 °C.
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Figure 58. Rate of untemplated ceria particle and GO-templated ceria flake catalysts for CO oxidation,
calculated with conversion rates at 450 °C.
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Templated ceria nanoflakes perform comparably to or slightly better than some
nanostructured ceria catalysts recently reported in the literature for CO oxidation. At
250 °C, the rate of these ceria nanoflakes for CO oxidation (in terms of µmol of CO
converted per g of catalyst) is 19.1 µmol g-1 min-1, while other papers show catalyst
performance corresponding to 14 to 20 µmol g-1 min-1. [314,315] Other papers report
catalysts with conversion rates corresponding to much higher rate values; 53 and
163 µmol g-1 min-1

for

solvothermally

prepared

‘cauliflower-like’

ceria

and

microwave-assisted hydrothermally synthesized ceria nanocubes, respectively. [66,316]
However, it should be noted that variations in reaction conditions can limit comparability;
in particular, significantly different O2:CO ratios in reaction gas mixtures.

CO oxidation is a surface-catalysed reaction, proceeding via the Mars-Van Krevelen
mechanism. [86] Nevertheless, higher surface areas do not necessarily correlate with
better catalytic performance, because, among other reasons, the nature of the exposed
ceria crystal planes can influence activity. [317] In any case, prevention of excessive
sintering is very important, as demonstrated with these ceria samples - where GO
templating leads to smaller crystallite sizes and larger surface area upon calcination at
400-1000 °C, resulting in more active and thermally stable catalysts. [37,318,319] In
addition, CO oxidation over ceria-based catalysts is rather sensitive to oxygen vacancy
concentration in such a way that the greater the population of oxygen defects, the better
the CO oxidation performance. [320,321] The observed catalytic trends correlate well with
the Raman and TPR experiments, which show how ceria nanoflakes retain a higher
population of oxygen defects after thermal treatment compared to ceria nanoparticles and
thus improved reducibility, exhibiting improved oxidation activity.

The use of GO-templated ceria nanoflakes in TWC applications was further explored by
testing their catalytic activity in NO reduction, shown in Figure 59. Similarly to CO
oxidation (Figure 57), the GO-templated ceria flakes demonstrate somewhat improved
catalytic activity compared to the untemplated ceria particles. The nanoflakes achieve full
conversion of NO at a reaction temperature of approximately 500 °C, while the particles
only achieve a conversion of approximately 70%.
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Figure 59. Catalytic activity for NO reduction of GO-templated ceria nanoflakes and
untemplated ceria particles, calcined at 400 °C.

The apparent activation energies of templated ceria nanoflakes and untemplated ceria
particles for CO oxidation and NO reduction were calculated using the method outlined
in Section 5.3 and Equations 16-17 (Figure 60, Table 10). For both CO oxidation and NO
reduction, the GO-templated ceria nanoflakes show a lower value of Ea than untemplated
ceria particles. Furthermore, upon calcination at 600 °C, the Ea value of ceria nanoflakes
increases much less than that of untemplated ceria particles. These results corroborate the
rate and conversion data shown in Figure 57-59.

-5.5

-6.5

(b)

Nanoflakes 400 °C

-6.0
Particles 400 °C
-6.5

ln(k)

-6.0

ln(k)

-5.5

Nanoflakes 400 °C
Particles 400 °C
Nanoflakes 600 °C
Particles 600 °C

(a)

-7.0
-7.5

-7.0

-8.0
-7.5

-8.5

-8.0

-9.0
1.25

1.50

1.75

1000/T

(K-1)

2.00

2.25

1.40

1.80

1000/T

2.20

2.60

(K-1)

Figure 60. Arrhenius plots of ceria nanoflake and particle catalysts calcined at 400 or 600 °C for
(a) CO oxidation and (b) NO reduction.
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Weisz-Prater and Mears criteria (Equations 20 and 21, Section 5.3) were used to determine
if these reactions were mass transfer or diffusion-limited. For the Weisz-Prater criterion,
if the value of CWP < 1, a reaction is not limited by internal pore diffusion, and for the
Mears criterion, if MR < 0.15, the reaction is not limited by external bulk diffusion. As
shown in Table 10, both of these conditions were met in all cases, and therefore mass
transfer limitations are negligible with the conditions used in these expeirments.

Table 10. Apparent activation energy (Ea), Weisz-Prater criterion (CWP), and Mears criterion (MR)
for ceria nanoflake and particle catalysts calcined at 400 or 600 °C.

Sample

Ea (kJ mol-1)

CWP, 300 °C

MR10%

0.151
0.124
0.083
0.014

6.53∙10-6
6.70∙10-6
6.75∙10-6
7.23∙10-6

0.186
0.083

5.21∙10-6
5.56∙10-6

CO oxidation
Nanoflakes 400 °C
Particles 400 °C
Nanoflakes 600 °C
Particles 600 °C

52.0
62.1
53.7
101.4
NO reduction

Nanoflakes 400 °C
Particles 400 °C

55.7
117.8

6.3 Copper-loaded ceria nanoflakes
Three-way catalysts consist of metal particle catalysts loaded on a ceria-based oxygen
storage medium. In order for the ceria nanoflake materials discussed in Sections 6.1 and
6.2 to improve TWC designs, they should show the capability to inhibit the sintering of
these loaded metal particles as well as resist high temperature sintering themselves.
Therefore, copper-loaded ceria nanoflakes and particles were also synthesised and tested
for catalytic performance in CO oxidation (Figure 61) and NO reduction (Figure 62).
Copper was added to ceria nanoflakes and particles at a loading of 1 wt. %, and the
copper-ceria catalysts were calcined at 400 °C prior to testing.

For CO oxidation, while both the Cu-nanoflakes and Cu-particles appeared to have
similar activities in initial tests (Figure 61a), a longer-term 20 h stability test at 500 °C
(Figure 61b) showed that the Cu-loaded ceria nanoflakes retained higher activity after
20 h than the untemplated Cu-loaded ceria particles. Cu-loaded ceria nanoflakes show
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higher activity for the reduction of NO than Cu-loaded ceria particles. (Figure 62a)
Compared with CO oxidation, in the 20 h stability test (Figure 62b), there is a smaller
difference between the two catalysts. However, Cu-nanoflakes still demonstrate
improved performance and stability.
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Figure 61. (a) Catalytic activity for CO oxidation of templated ceria nanoflakes and untemplated ceria
nanoparticles loaded with 1 wt. % Cu and calcined at 400 °C. (b) Long-term catalytic activity at 500 °C.
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Figure 62. (a) Catalytic activity for NO reduction of templated ceria nanoflakes and untemplated ceria
nanoparticles loaded with 1 wt. % Cu and calcined at 400 °C. (b) Long-term catalytic activity at 500 °C.

Characterisation of the Cu-loaded ceria catalysts (powder XRD spectra, Raman spectra,
EDX mapping) was undertaken to examine differences between the GO-templated
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nanoflakes and untemplated particles. In the XRD spectra (Figure 63), no significant
differences were seen between the Cu-nanoflake and Cu-particle samples, and copper
diffraction peaks were not visible. This is likely due to the low copper loading (1 wt. %).
In the Raman spectra (Figure 64), both Cu-loaded samples have a more prominent band
at 600 cm-1 than the bare ceria samples, indicative of a higher concentration of oxygen
vacancies. [264] However, as with XRD, there were no significant differences between the
Cu-nanoflakes and Cu-particles. Elemental mapping (Figure 65) also did not show
significant differences between the two catalysts.
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Figure 63. Powder XRD patterns of 1 wt. % Cu-loaded ceria nanoflakes and particles.
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Figure 64. Raman spectra of bare and 1 wt. % Cu-loaded ceria nanoflakes and ceria particles.
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Figure 65. Elemental maps showing copper distribution on GO-templated ceria nanoflakes (left) and
untemplated ceria particles (right).

6.4 Ceria-zirconia nanoflakes
Mixed oxides such as ceria-zirconia show enhanced resistance to sintering and retention
of catalytic activity compared with pure ceria catalysts for three-way catalysis. [184] To
investigate the applicability of the nanoflake morphology for automotive catalytic
applications, a series of GO-templated ceria-zirconia mixed oxide catalysts with varying
Ce/Zr ratios were synthesised, tested for catalytic activity in the oxidation of CO to CO2,
and characterised. When calcined at 400 °C, ceria-zirconia nanoflakes with zirconia
content of 10 to 30 mol % all slightly outperform pure ceria nanoflakes – with a T10 value
of approximately 235 °C for Ce0.9Zr0.1O2 compared with 280 °C for CeO2 nanoflakes
(Figure 66a). After calcination at 600 °C, the Ce0.9Zr0.1O2 sample showed similar
performance to the samples calcined at 400 °C, while pure ceria and samples with 20 to
30 mol % Zr lost some activity (Figure 66b). After calcination at 800 °C, pure ceria
nanoflakes lost almost all catalytic activity, while the 10 mol % Zr material retained
significantly higher activity (Figure 66c).
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Figure 66. Catalytic activity for CO oxidation of ceria and ceria-zirconia nanoflakes calcined at (a) 400 °C, (b)
600 °C, and (c) 800 °C.

XRD spectra of the ceria-zirconia materials show full incorporation of Zr into the ceria
lattice. All spectra show the characteristic diffraction peaks of ceria’s fluorite lattice
structure, with no visible Zr diffraction peaks at any Zr loading or calcination
temperature. This is a good indication that Zr is well-incorporated within ceria instead of
being segregated into a separate Zr phase. Representative spectra are shown in Figure 67.
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Figure 67. XRD spectra of Ce0.9Zr0.1O2 nanoflakes calcined at 400, 600, and 800 °C.

Crystallite size calculations using the Scherrer equation (Figure 68a) show that the
ceria-zirconia materials resist sintering much more strongly than pure ceria nanoflakes.
Ceria nanoflakes calcined at 400 °C have a crystallite size of 6.0 nm, which increases to
20.3 nm when calcined at 800 °C. In contrast, the ceria-zirconia catalyst crystallite sizes
range from 4 to 5 nm when calcined at 400 °C and 6.5 to 8.3 nm when calcined at 800 °C.
Nitrogen adsorption analysis also confirm this anti-sintering behaviour. BET surface area
measurements (Figure 68b) show that when calcined at 400 °C, CeO2 and Ce0.9Zr0.1O2
nanoflakes have similar specific surface areas, but at higher calcination temperatures, the
pure ceria nanoflakes lose much more surface area than the nanoflakes incorporating
zirconia.

Finally, TEM analysis confirms that the nanoflake morphology seen in Figure 50 for pure
ceria nanoflakes has been retained with the addition of zirconium (Figure 69).
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Figure 68. (a) Crystallite size of ceria and ceria-zirconia nanoflakes calculated with the Scherrer equation. (b)
BET surface area measurements of ceria and ceria-zirconia nanoflakes.
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Figure 69. TEM micrographs of Ce0.9Zr0.1O2 nanoflakes calcined at 400, 600, and 800 °C.

6.5 Ceria-zirconia nanorods
Continuing the work with hydrothermally produced ceria nanorods discussed in
Chapter 5, ceria-zirconia mixed oxide nanorods were also synthesised. While doped ceria
nanorod catalysts showed good low-temperature catalytic activity, this activity is of
limited use for automotive catalyst applications if it cannot be retained after exposure to
the high temperatures catalytic converters are exposed to. [8] Pure ceria and transition
metal-doped ceria catalysts will not typically retain much catalytic activity after exposure
to high temperatures. For instance, Venkataswamy et al report that the T10 value for CO
oxidation of a Mn-ceria catalyst almost doubles (from 77 to 147 °C) when comparing
samples calcined at 500 and 800 °C. [155] Therefore, a series of ceria-zirconia mixed oxide
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nanorods were synthesised hydrothermally with a varying Ce/Zr ratio (10 to
40 mol % Zr). TEM images of these nanorods are shown in Figure 70.

Figure 70. TEM images for (left) Ce0.9Zr0.1O2 and (right) Ce0.7Zr0.3O2 nanorods.

The catalytic activity of ceria and ceria-zirconia nanorods for CO oxidation are shown in
Figure 71. All catalysts were tested uncalcined and calcined between 600 and 1000 °C. The
calcined samples were heated in static air conditions for 4 hours.

For uncalcined samples, the addition of Zr reduced catalytic activity at low conversion
levels. For uncalcined ceria, the T10 value was 228 °C, while for the ceria-zirconia
nanorods, it ranged from 286 to 303 °C. However, at higher conversion levels, activity was
similar, with only minor differences in T50 values (365 to 371 °C).

Upon calcination at higher temperatures (particularly 900 and 1000 °C), catalytic activity
was severely degraded for all the tested samples. However, differences were apparent
between the pure ceria and ceria-zirconia nanorods. For the pure ceria nanorods, catalytic
activity was insignificant after calcination at 900 °C, and the sample calcined at 1000 °C
was not tested. For all three ceria-zirconia catalysts, the samples calcined at 900 and
1000 °C retained a much larger degree of catalytic activity. The T10 value of the samples
calcined at 1000 °C decreased with increasing Zr content – from 400 °C for Ce0.9Zr0.1O2 to
325 °C for Ce0.7Zr0.3O2 (a sample with 40 mol % Zr showed similar results to 30 mol %,
with a T10 value of 330 °C). Therefore, after high-temperature calcination, the
ceria-zirconia catalyst with 30 mol % Zr showed the best activity for CO oxidation.
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Figure 71. CO oxidation catalytic activity of (a) CeO2, (b) Ce0.9Zr0.1O2, (c) Ce0.8Zr0.2O2, and
(d) Ce0.7Zr0.3O2, uncalcined and calcined at 600, 800, 900, or 1000 °C.

The results above demonstrate that ceria-zirconia nanorods show enhanced resistance to
sintering and loss of catalytic activity after high-temperature calcination. To examine the
effect of zirconia on the improved low-temperature activity demonstrated by the doped
ceria nanorod catalysts in Chapter 5, a Mn-doped ceria-zirconia catalyst (4 wt. %
Mn-doped Ce0.7Zr0.3O2 nanorods) was synthesised. This material was also calcined at 600,
800, 900, and 1000 °C and tested as catalysts for CO oxidation, shown in Figure 72.
Uncalcined Mn-doped ceria nanorods initially showed good catalytic activity (with a T10
of 180 °C) compared with undoped ceria nanorods (Figure 71a) and retained much of this
activity after calcination at 600 °C. However, at higher calcination temperatures, activity
quickly drops – for instance, the T10 of the Mn-ceria catalyst calcined at 900 °C was 360 °C.
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In contrast, the uncalcined Mn-ceria/zirconia nanorods, with a T10 value of 242 °C, did not
show improved catalytic activity compared with undoped, uncalcined ceria or
ceria-zirconia nanorods. However, no loss of catalytic activity was seen after calcination
at 600 or 800 °C. For the Mn-ceria/zirconia catalyst calcined at 900 °C, the T10 value was
270 °C, and for the sample calcined at 1000 °C, it was 326 °C. This demonstrates an
enhanced catalytic performance compared with the Mn-ceria and undoped ceria/zirconia
materials when calcined at high temperatures – but a loss of low-temperature catalytic
activity when uncalcined.
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Figure 72. CO oxidation catalytic activity of 4 wt. % Mn-doped (a) CeO2 and (b) Ce0.7Zr0.3O2 nanorods,
uncalcined and calcined at 600, 800, 900, or 1000 °C.

Representative powder XRD patterns for Ce0.7Zr0.3O2 nanorods are shown in Figure 73,
uncalcined and calcined between 600 and 1000 °C. For the uncalcined sample, only ceria’s
fluorite diffraction peaks are visible. However, after calcination at 800 °C or above,
additional diffraction peaks appear, indicative of zirconia. This indicates that there is a
degree of phase separation between ceria and zirconia after high-temperature calcination.
The diffraction peak at 30.3° can be attributed to either the cubic or tetragonal phase of
zirconia, while the others (24.1, 28.3, 31.7, and 38.9°) can be attributed to monoclinic
zirconia. XRD patterns of the other ceria-zirconia nanorod samples show similar
behaviour.
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However, a shift in the ceria diffraction peaks is seen with increasing Zr content,
indicating that despite the partial phase separation of ZrO2, Zr has successfully
substituted for Ce ions in the ceria fluorite lattice structure. This can be more clearly seen
at higher calcination temperatures, and is shown in Figure 74 for uncalcined ceria and
ceria-zirconia samples as well as samples calcined at 800 °C. Incorporation of Zr into the
ceria crystal lattice is further confirmed by unit cell parameter calculations, shown in
Figure 75a for the uncalcined samples and samples calcined at 800 °C. Because Zr 4+ has a
smaller ionic radius (0.84 Å) than Ce 4+ (0.97 Å), higher levels of Zr result in smaller unit
cell dimensions. Crystallite sizes were calculated using the Scherrer equation (Figure 75b),
but no clear trend was seen.

BET surface area measurements for uncalcined and calcined ceria-zirconia nanorods are
shown in Figure 76. Uncalcined samples have specific surface areas of 31 to 41 m2 g-1.
Interestingly, while pure ceria nanorods retained much of this surface area after
calcination at 600 and 800 °C, both ceria-zirconia samples tested lost the majority of their
surface area. Therefore, for ceria and ceria-zirconia nanorods, surface area alone does not
necessarily correlate with catalytic activity for CO oxidation.
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6.6 Conclusions
Sintering-resistant GO-templated ceria nanoflakes have been successfully synthesized via
a room-temperature precipitation reaction. The improved textural properties provided by
GO templating result in a ceria catalyst capable of maintaining a higher surface area than
untemplated ceria particles when calcined above 400 °C, demonstrating lower crystallite
growth and improved resistance to sintering. Furthermore, Raman and TPR analysis
show that GO-templated ceria flakes have a higher level of oxygen vacancies than
untemplated ceria particles. For these reasons, GO-templated ceria flakes demonstrate
improved catalytic activity for CO oxidation and NO reduction. Ceria nanoflakes also
inhibited loss of activity in a copper-loaded ceria catalyst, compared with Cu-loaded
untemplated ceria particles.

The synthesis of GO-templated ceria-zirconia mixed oxide catalysts has shown that this
nanoflake morphology can be maintained, providing additional resistance to sintering
and loss of catalytic activity at high temperatures. This is an important step in showing
the potential of GO templating for improving sintering behaviour in TWC oxygen storage
materials. Using a combination of ceria and zirconia for hydrothermally synthesised
nanorods also provided similar benefits. However, while the ceria-zirconia nanorods
doped with Mn showed improved activity after high-temperature calcination, the
addition of zirconia resulted in a loss of low-temperature activity, with no benefits
compared with Mn-free nanorods.

It should be noted that, while more sintering-resistant than pure ceria, the ceria-zirconia
materials discussed in this chapter do still lose specific surface area with exposure to high
temperatures. This also holds true for ceria nanoflakes, compared with untemplated ceria
particles. Future research will include steps to mitigate this behaviour further – for
example, by investigating the applicability of GO templating with the inclusion of other
promoters such as Nd, Pr, La, etc. which are known to improve thermal stability in
automotive catalysis.
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The capability to produce thermally stable ceria-based materials which limit
high-temperature sintering is critical for ceria’s further development across a range of
environmentally applications. The use of GO as a sacrificial template offers a potential
route for synthesizing thermally stable ceria catalysts, one in which a simple precipitation
reaction is utilised and the template easily removed post-synthesis.
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Chapter 7
Ceria Nanoflake Catalysts for Dry Methane
Reformation
This chapter reports on the use of GO-templated ceria nanoflakes, discussed in Chapter 6,
as a catalyst support for nickel in dry reforming of methane (DRM). While ceria is a critical
component of automotive three-way catalysts, ceria-based materials are well-known for
their use as a catalyst or catalyst support in a variety of other environmentally sensitive
applications as well. Some of these include solid oxide fuel cells, steam reformation,
photocatalysis, and thermochemical water splitting. [181,322–325] In dry methane
reforming for the production of syngas, ceria has been utilised as a catalyst support or
promoter of nickel catalysts, where it enhances activity. [326,327] The use of ceria in DRM
as a catalyst support for nickel, instead of other supports such as Al 2O3 or SiO2, also
inhibits coke formation, otherwise a significant potential source of deactivation in this
reaction. [328,329] This is due to ceria’s unique redox properties.

Dry reforming of methane is a reaction used to convert CH 4 and CO2 to CO and H2
(syngas):

CH4 + CO2 → 2CO + 2H2

(22)

This process both prevents greenhouse gases (methane and carbon dioxide) from being
emitted into the atmosphere and produces syngas, which is a useful starting material for
the production of various chemicals. [330] While the environmental incentives for DRM
are strong, economically viable processes for DRM have not yet been developed. One
reason for this is the high temperatures (typically 800 to 1000 °C) required to activate
methane’s C-H bonds and achieve good conversion – the overall enthalpy of reaction is
+247 kJ mol-1. [331] Therefore, ceria nanoflakes are an ideal potential candidate for use as
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a catalyst support in the DRM reaction, due to their improved thermal stability and
resistance to sintering.

While DRM theoretically results in syngas with a H2/CO ratio of 1:1, the reverse water-gas
shift reaction (Equation 23) can consume some of the hydrogen, resulting in a ratio of <1.

CO2 + H2 → CO + H2 O

(23)

Additional side reactions can occur which cause the formation of coke, such as CH 4
decomposition (Equation 24) and the Boudouard reaction (Equation 25):

CH4 → C + 2H2

(24)

2CO → C + CO2

(25)

Therefore, potential DRM catalysts must be stable under the harsh, high-temperature
conditions required to achieve the reaction and inhibitory to the production of solid
carbon. While noble metals may be used, nickel-based catalysts are also commonly
reported in literature due to Ni’s lower cost and higher availability. [330] Similarly to
automotive catalysis, noble metals such as Pt, Pd, or Rh typically demonstrate enhanced
stability, activity and resistance to coke formation than non-noble alternatives. However,
interactions between the metal catalyst and support can play an important role in
modifying metal dispersion and electronic effects – and thus overall catalyst performance.
[332–334]

In this work, GO-templated ceria nanoflakes and untemplated ceria particles are used as
a catalyst support for Ni/ceria DRM catalysts. GO-templated ceria nanoflakes and
untemplated ceria particles were loaded with 10 wt. % Ni and analysed with XRD,
H2-TPR, TEM, TGA, and EDX mapping. Catalyst tests for DRM were tested with a
temperature ramp between 550 and 850 °C as well as a longer-term stability test at 800 °C.
Characterisation was undertaken on both fresh and post-reaction catalysts to analyse the
physical changes and differences in side product carbon formation between the two
Ni-ceria catalysts.
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7.1 Ni-ceria nanoflakes – fresh catalyst characterisation
Powder XRD patterns of 10 wt. % Ni-loaded ceria samples are shown in Figure 77. After
nickel deposition and calcination at 700 °C, but pre-reaction, NiO is visible in the
diffraction pattern. Using the Scherrer equation, the sizes of the ceria crystallites are
calculated to be 6.6 and 5.7 nm on templated ceria flakes and untemplated ceria particles,
respectively, while the size of NiO particles is calculated to be 20 and 24 nm, respectively.
These values are broadly similar, given the limitations of Scherrer equation calculations,
indicating that both templated Ni-ceria flakes and untemplated Ni-ceria particles initially
have similar crystallite sizes for both the ceria and NiO components of the catalyst.

Additionally, TPR experiments were conducted on the Ni-deposited ceria nanoflakes and
particles, shown in Figure 78. The TPR profiles are similar to the ones of the bare ceria
materials (Figure 53) with the addition of low temperature peaks (<400 °C), attributable
to NiO reduction. For the NiO peaks, the NiO-ceria nanoflake TPR profile shows a shift
to higher reduction temperatures compared with the NiO-ceria particle sample. There are
two possible explanations for this. The size of NiO particles can affect the reduction
temperature, so this is possibly indicative of different NiO particle sizes on the ceria
nanoflake sample. [335,336] Alternatively, metal-support interactions can influence the
reduction temperature as well. In the case of nickel-ceria, stronger interaction between
NiO and the ceria, which can be influenced by oxygen vacancies acting as nucleation
points, support results in higher reduction temperatures. [337,338] XRD analysis showed
that the NiO crystallite sizes in the nanoflake and untemplated particle systems were
similar, so the shift to a higher reduction temperature is likely due to differences in NiOceria interaction in the two catalysts. A shoulder extending from approximately 450 to 500
°C is visible for the NiO/ceria nanoflake TPR profile, but not the NiO/ceria particle
sample, attributed to readily available surface oxygen in the ceria flakes.
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Figure 79. TEM micrographs of fresh Ni-ceria catalysts. (a) Fresh Ni-ceria flake catalyst after calcination at
700 °C. (b) Fresh Ni-ceria particle catalyst after calcination at 700 °C.

TEM micrographs of the fresh Ni-loaded ceria flakes and particles are shown in
Figure 79a-b. EDX analyses and maps (Figure 80-83) show that the smaller (<10 nm)
crystallites are primarily ceria, while the larger (20-40 nm) crystallites are nickel (NiO
according to XRD). These ceria crystallite sizes match those calculated using Scherrer
equation analysis using the ceria XRD patterns in Figure 51 (~6 nm for both materials,
Table 8), and Ni-loaded ceria XRD patterns in Figure 77. In Figure 79a, of the fresh
Ni-loaded ceria flakes, NiO particles can be seen clustering around the edges of ceria
crystallite agglomerations. However, for the fresh untemplated Ni-loaded ceria particles,
shown in Figure 79b, while some NiO particles appear to be similarly deposited on the
edge of ceria crystallite agglomerations, much of the visible nickel is not deposited on
ceria. These unsupported NiO particles were evenly dispersed across the TEM sample
grid, a phenomenon not observed with the Ni-ceria flake sample. This observation
suggests that NiO particles have a better interaction with the ceria support when
supported on ceria flakes than ceria particles in agreement with the TPR data. Surface
defects such as oxygen vacancies are known to be preferential nucleation sites for metal
particle formation. [339,340] Therefore, the ceria flakes promote better nickel dispersion
and stronger Ni-ceria interaction than the ceria particles, in agreement with the higher
surface oxygen vacancy concentration of the nanoflakes, seen in Raman and TPR analysis
(Figure 52-53).
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Figure 80. EDX analysis of fresh GO-templated nickel/ceria nanoflakes.
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Figure 81. EDX analysis of fresh untemplated nickel/ceria particles.
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Figure 82. Elemental map of fresh GO-templated nickel/ceria nanoflakes.
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Figure 83. Elemental map of fresh untemplated nickel/ceria particles.
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7.2 Ni/ceria nanoflakes – DRM catalytic activity
Catalytic activity of the Ni-loaded ceria particles and flakes for the dry reforming of
methane (DRM) is shown in Figure 84a-b. In both cases, conversion of CH4 is lower than
conversion of CO2 across the temperature range tested, a common observation in DRM
because methane activation is the rate-limiting step. [341] For CO2, conversion levels
range from approximately 20% at 550 °C to 90% at 850 °C, while CH 4 conversion levels
are less than 5% and 60-65% at 550 and 850 °C, respectively. The ratio of H2 to CO
produced ranges from 0.5 to 0.8 across the same temperature range. While this is
promising, conversion levels do not appear to be as high as other nickel-based DRM
catalysts recently reported in the literature. However, with papers reporting wide
variation in Ni loading (1 to 63.5 %), reduction temperatures, space velocity and gas ratios,
results are not always directly comparable. [342] The Ni supported on ceria flakes and
particles perform similarly, although there are small differences. In both cases, the syngas
H2/CO ratio is close to 1 at high reaction temperatures, which is the limit imposed by the
stoichiometry of the reaction.

Longer-term studies of the dry reforming reaction were undertaken at 800 °C, shown in
Figure 84c-d. In contrast with the short-term temperature curve experiment shown in
Figure 84a, where there were only small differences between the GO-templated and
untemplated materials, in a long-term experiment the difference in activity between the
two catalysts is quite dramatic. Untemplated Ni-ceria particles experience severe
deactivation after approximately 5 hours, while the Ni-ceria flakes demonstrated much
higher stability for both CH4/CO2 conversion and maintaining a high H2/CO ratio. This
can also be seen in the rate values (Figure 85) – for both CH4 and CO2 conversion over the
20-hour reaction, the activity of the Ni-ceria particles decreases significantly more than
the activity of the Ni-ceria flakes. After 20 hours, the Ni-ceria flakes experience a reduction
in activity of 18% for CO2 conversion and 40% for CH4 conversion, while the activity of
Ni-ceria particles is reduced by 66% and 89%, respectively. Although only small
improvements in activity are initially achieved with the ceria flakes compared with ceria
particles, the main benefit of utilizing GO-templated ceria flakes is the improved thermal
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stability and resistance to sintering that is due to the stronger nickel-ceria interaction of
the ceria flakes.
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Figure 84. (a) Catalytic activity of Ni-loaded ceria flakes and particles for the dry reforming of methane,
showing both CH4 and CO2 conversion. (b) The ratio of H2 to CO produced as a function of temperature.
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showing both CH4 and CO2 conversion. (d) The ratio of H2 to CO produced as a function of time at 800 °C.

155

6.0

Rate at 800 °C (mmol g-1 min-1)

0 hours
5.0
4.0

After 20 hours
Flakes:
-39.7%

Flakes:
-17.8%

Particles:
-65.5%

Particles:
-88.5%

3.0

2.0
1.0
0.0
CH4

CH4

CO2

CO2

Figure 85. Rate of Ni/ceria flake and particle catalysts for dry reforming of methane over
20 hours. Reaction temperature: 800 °C.

7.3 Ni/ceria nanoflakes – post-DRM analysis
Nickel sintering and carbon deposition are the two major causes of catalyst deactivation
of Ni based catalysts for dry methane reforming. [343] Post-reaction analysis was
undertaken to determine the significance of these factors. Characterisation of the Ni-ceria
materials prior to reaction, but after treatment with hydrogen to reduce the NiO particles
to Ni, was not undertaken. This is because this step was performed in-situ immediately
prior to catalyst testing. However, such characterisation does exist elsewhere in the
literature. Horvath et al report that after reducing nickel-ceria-zirconia materials with
hydrogen, XPS show the majority of Ni reduced to Ni0, but approximately 30 % remains
as Ni2+. Additionally, Ce is reduced from Ce4+ to Ce3+. [344] Kambolis et al report that
reduction of such materials up to 900 °C reduces the specific surface area, typically by
around 20 to 45 %. Aw et al report that when comparing calcination in air vs. calcination
in a reducing environment, no significant difference is seen in terms of nickel particle
sintering. [345] This means that differences in particle size pre-and post-reaction are likely
due to sintering during the dry methane reforming reaction, not the pre-reduction step.
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Post-reaction powder XRD patterns are shown in Figure 77. Compared with the fresh
pre-reaction patterns, nickel is now present as Ni instead of NiO. Similarly to the
pre-reaction NiO-ceria samples, the ceria crystallite sizes are similar in the spent catalysts
– 34.4 and 33.1 nm for flakes and particles, respectively. In contrast, the Ni metal particles
deposited on the post-reaction ceria particles are calculated to be 56 nm, compared with
43 nm for post-reaction ceria nanoflakes. This is an indication that while ceria nanoflakes
do not entirely prevent nickel sintering, they do hinder sintering in comparison to nickel
particles deposited on untemplated ceria and shows that the Ni particles are better
dispersed on ceria flakes than ceria particles post-reaction, in agreement with the TPR
results.

TEM micrographs of post-reaction spent Ni-ceria catalysts are shown in Figure 86a-b.
After the 20 h stability experiment, the Ni-ceria flake catalyst, shown in Figure 86a, has
retained its two-dimensional structure. However, the nickel particles have sintered,
showing a wide range of sizes. Additionally, the ceria flakes are surrounded by a network
of carbon nanotubes. In comparison, the Ni-loaded ceria particle catalyst is shown in
Figure 86b. While the large ceria agglomerations seen in Figure 79b are still evident, the
nickel is now also present in very large agglomerations being difficult to distinguish any
structure at the nanoscale. Furthermore, no carbon nanotubes are visible.

While both the Ni-ceria flake and Ni-ceria particle catalysts show sintering of the nickel
particles in EDX analysis (Figure 87-90), the sintering appears to be more severe for the
untemplated Ni-ceria particle catalyst. The nanoflake catalyst shows a wide range of Ni
particle sizes, from <100 nm to ~500 nm, while the untemplated particle catalyst only
shows 300-500 nm and larger Ni particles. Additionally, while the elemental mapping
analysis for the Ni-ceria flakes (Figure 89) still show distributed Ni particles, the map for
Ni-ceria particles (Figure 90) shows one large Ni agglomeration.
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Figure 86. TEM micrographs of post-DRM Ni-ceria catalysts (a) Post-20 h, 800 °C reaction Ni ceria flake
catalyst. (b) Post 20 h, 800 °C reaction Ni-ceria particle catalyst.
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Figure 87. EDX analysis of post-20h dry
methane reforming reaction for Ni/ceria
nanoflake catalyst.
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Figure 88. EDX analysis of post-20h dry methane reforming reaction for Ni/ceria particle catalyst.
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Figure 89. Elemental map of post-DRM reaction for GO-templated nickel/ceria flake catalyst.
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Figure 90. Elemental map of post-DRM reaction for untemplated nickel/ceria particle catalyst.
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TGA was also performed on the post-20 h reaction Ni-ceria catalysts, shown in Figure 91.
The TGA curve of the Ni-ceria flakes shows a sharp decrease in mass at approximately
500-600 °C, indicative of the presence of deposited carbon on the catalyst after reaction.
However, the Ni-ceria particles do not show a similar decrease in mass. This indicates
that significant carbon deposition occurred on the Ni-ceria flakes, but not the Ni-ceria
particles, confirming a different reaction behaviour, and correlates well with TEM
post-reaction analysis. The gain in weight seen in both samples could be due to several
reasons: buoyancy effects in the TGA instrument at high temperatures, oxidation of the
nickel particles, or a small effect due to the healing of oxygen vacancies in the ceria
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Figure 91. TGA curves for post-20 h reaction Ni-ceria flakes and particles in air.

In summary, the post-reaction analysis indicates that nickel sintering, and not carbon
deposition, is responsible for the significant difference in catalyst deactivation in the
long-term DRM experiment between the GO-templated and untemplated Ni-ceria
catalysts. While both catalysts experienced nickel sintering, the untemplated Ni-ceria
particle catalyst suffered from more severe sintering (Figure 86, Figure 89-90). While TGA
analysis (Figure 91) showed carbon formation for the Ni-ceria flake catalyst and not the
Ni-ceria particle catalyst, the TEM images (Figure 86a) showed that this was a network of
filamentous carbon. Carbon deposition has often been reported to be a significant factor
in nickel catalyst deactivation. [346–348] However, the type of carbon deposit –
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encapsulating, filamentous, or other – affects methane reforming catalysts in different
ways, if at all, and the relationship between catalytic activity and quantity of carbon
deposited on the catalyst is not always straightforward. [344] While the formation of
amorphous carbon can coat and deactivate catalysts, filamentous carbon growth can lead
to structural modifications within the catalyst (such as forced separation of the nickel and
ceria crystallites) which reduces activity. [349] Nevertheless, not all filamentous carbon
growth appears to be harmful to catalytic activity. Additionally, it should be underlined
that carbon formation is difficult to avoid for Ni-based materials during methane
reforming reaction and the formation of carbon (soft or hard) is an indication of catalytic
activity. [63] The key is developing Ni-based materials which lead to soft carbon
formation, which is possible if Ni sintering is hindered, since large Ni clusters are more
prone to forming hard carbon deposits than small Ni clusters. [332,350] In this scenario,
Ni-ceria nanoflakes are excellent materials due to their resistance towards metallic
sintering.

7.4 Conclusions
Nickel-loaded and GO-templated Ni/ceria nanoflakes outperform untemplated Ni/ceria
particles for the dry reforming of methane. As with the performance of bare ceria
nanoflakes in Chapter 6, their improved resistance to sintering, higher BET surface area
after exposure to high temperatures, and higher surface reducibility leads to a clear
stability advantage in high-temperature reactions. GO-templated ceria nanoflakes have
shown that they not only hinder sintering of ceria particles, but of deposited nickel
particles as well. Additionally, after a 20 h reaction stability test, no encapsulating hard
carbon deposits are seen, only filamentous carbon which does not inhibit catalytic
activity. Overall, these results show that the use of GO-templated ceria nanoflakes as a
support for nickel DRM catalysts is a promising option for designing catalysts which are
more stable at the high temperatures required by the reaction.
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Chapter 8
Thesis Conclusions
The potential of different nanostructured ceria-based catalysts for eventual use in
automotive catalysis has been explored in detail in the results presented in this thesis. In
Chapter 1, the review of the scientific literature has emphasised the importance of the role
ceria in catalytic converters plays in the removal of several pollutants from vehicle
exhaust which significantly impact air quality. Doping and nanostructuring strategies can
be used to improve the oxygen storage capacity of ceria and ceria-based materials,
improving catalytic performance. This offers a potential route for the development of
ceria-based catalyst materials with a reduced dependence on scarce and expensive
platinum-group metals, important from a sustainability perspective.

Furthermore, this literature review has examined the reported performance of a wide
range of doped ceria materials described in the literature for the reactions relevant to
automotive three-way catalysis. While the effectiveness of doped ceria catalysts for CO
oxidation has been widely reported, other reactions such as NO reduction are less
thoroughly studied. The lack of literature regarding the efficacy of doped ceria materials
in NO reduction catalysis shows that this area of research needs more attention,
particularly due to this reaction’s importance in completing the catalytic cycle of
three-way catalysis – healing oxygen vacancies caused by the oxidation of CO and
hydrocarbons to CO2.

In Chapter 5, the effectiveness of doped ceria nanorods for CO oxidation and NO
reduction reactions has been examined. Building on prior work demonstrating that ceria
nanorods show advantages compared with other ceria morphologies due to selective
exposure of the (110) crystal plane, and other doped ceria experiments reported in the
literature, it is shown that doping ceria with copper or chromium improves catalytic
activity for CO oxidation and NO reduction, respectively. In particular, copper doping
improves the light-off temperature for CO oxidation to below that of common PGM-based
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catalysts. Furthermore, simultaneously co-doping ceria nanorods with low levels of both
copper and chromium results in a synergistic phenomenon – a ceria doped with 1 wt. %
each Cu and Cr has enhanced catalytic performance for both CO oxidation and NO
reduction, beyond that of ceria nanorods doped with an equivalent level of just copper or
chromium. These results offer a potential route for the synthesis of ceria-based catalysts
doped with low levels of transition metals instead of relying on deposited platinum group
metal catalysts, as current catalytic converter designs do.

The use of graphene oxide as a sacrificial template for the production of ceria nanoflakes
was investigated in Chapter 6. Due to their two-dimensional morphology, these
nanoflakes have significantly improved resistance to sintering at high temperatures
compared with similarly prepared untemplated ceria particles, and also demonstrate
enhanced reducibility. Ceria nanoflakes are a better catalyst for CO oxidation compared
with untemplated ceria particles due to their higher surface area and higher concentration
of oxygen vacancies. Ceria nanoflakes loaded with copper also provide enhanced
performance for CO oxidation than copper-loaded ceria particles, showing improved
stability over time, and ceria-zirconia mixed oxide nanoflakes were synthesised to further
enhance high-temperature stability.

In Chapter 7, ceria nanoflakes are used as a catalytic support for nickel particles in the dry
reforming of methane for the production of syngas. Similarly to the bare ceria nanoflakes,
nickel

particles

deposited

on

the

nanoflakes

show

improved resistance

to

high-temperature sintering than nickel loaded on untemplated ceria particles. The
nickel-ceria nanoflake catalyst shows improved catalytic activity in dry reforming of
methane and, due to their resistance to sintering, a slower decline in activity over time.
These results demonstrate the versatility of ceria nanoflakes as a catalyst support and for
use in other high temperature catalytic applications that can also be impacted by
sintering.

During the course of this thesis, two potential strategies for improving the catalytic
performance of ceria-based materials have been explored. These strategies are doping
ceria nanorods with transition metals to improve low-temperature activity, and using
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graphene oxide to modify ceria’s morphology for enhanced high-temperature stability.
This work offers two routes for the further development of catalytic converter design:

One, the complete or partial replacement of platinum group metal particles in present-day
three-way catalyst formulations with transition metals doped directly into the catalyst’s
ceria component, and potentially incorporating the nanorod morphology as well. This
approach would be a more radical departure from current automotive catalyst
formulations and would require a significant amount of additional research to become
practical.

Two, using graphene oxide as a template to synthesise catalytic converter washcoat
materials with enhanced high-temperature sintering resistance, which could reduce the
decline in catalyst performance over a vehicle’s lifetime. In terms of modifications to
current three-way catalyst designs, this is a more conservative approach than replacing
platinum group metals with doped transition metals.

Future directions in research for doped ceria materials will need to focus on improving
sintering resistance and maintenance of catalytic activity at high temperatures. While the
results reported in this thesis and elsewhere in the scientific literature show that good
low-temperature performance can be achieved with doped ceria catalysts, this is of little
practical use if these materials sinter and degrade upon exposure to high temperature
vehicle exhaust. As a replacement for platinum group metal-based catalyst formulations,
doped ceria catalysts need to demonstrate they can retain good performance even after
high temperature exposure and over long periods of time. For the graphene oxide
synthesis, further work should be conducted to produce templated nanoflake materials
that more closely replicate the oxygen storage materials used in present-day three-way
catalyst washcoat materials. While these oxygen storage materials are usually
predominantly ceria and zirconia, they may also contain lower levels of various other
metals (such as Al2O3, La, Pr, Nd, Ba) to improve stability and enhance performance.

Overall, the results reported in this thesis show promise in improving three-way catalyst
performance for the remediation of vehicle exhaust. While battery electric vehicles are
167

becoming a more prominent part of the automotive market, vehicles powered by fossil
fuels are projected to be in significant use for decades to come. Therefore, the further
development of catalytic converter technology will be highly significant in continuing
efforts to improve air quality, particularly in dense urban areas.
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Table A11. Varying washcoat composition and reported T10 and T50 values from literature. (1/6)

Composition
1% Pd/(Al2O3)
(0.5% CO/250ppm HC)
1% Pd/(CexZryO2) (0.5% CO/250ppm HC)
1% Pd/(Al2O3)
(1.0% CO/500ppm HC)
1% Pd/(CexZryO2) (1.0% CO/500ppm HC)
0.5% Pt/(Al2O3)
0.5% Pt/(0.3CeO2 + Al2O3)
0.5% Pt/(0.3(Ce0.8Zr0.2O2) + Al2O3)
1% Pd/(Al2O3/CeO2/ZrO2)
1% Pd/(Al2O3 + CeO2/ZrO2)
(120 g/L Al2O3)/(60 g/L CeZrY); Pt deposited on Al2O3
(120 g/L Al2O3)/(60 g/L CeZrY); Pt deposited on CeZrY
(120 g/L Al2O3)/(60 g/L CeZr; Pt deposited on CeZr
(80 g/L Al2O3)/(60 g/L CeZrY)/(40 g/L ZrO2); Pt dep. on ZrO2
(80 g/L Al2O3)/(60 g/L CeZrY)/(40 g/L TiO2); Pt dep. on TiO2
0.5% Pd/(Ce0.2Zr0.8O2)
0.5% Pd/(Ce0.5Zr0.5O2)
0.5% Pd/(Ce0.8Zr0.2O2)
0.5% Pd/(Ce0.2Zr0.8O2 + Ce0.8Zr0.2O2)
0.5% Pd/(Ce0.2Zr0.8O2)
0.5% Pd/(Ce0.5Zr0.5O2)
0.5% Pd/(Ce0.8Zr0.2O2)
0.5% Pd/(Ce0.2Zr0.8O2 + Ce0.8Zr0.2O2)

CO
T10 (°C) T50 (°C)
193
216
95
157
209
225
127
164
453
530
268
350
289
350
282
308
282
323
248
241
304
263
323
140
114
120
110
215
185
215
178

HC
T10 (°C) T50 (°C)
172
224
176
208
191
270
193
226
453
510
360
430
351
420
287
308
292
323
256
247
307
275
325
304
289
295
289
432
370
415
347

NO
T10 (°C) T50 (°C)
400
350
360
420
340
440
309
350
251
251
327
279
325
161
143
143
131
266
238
255
220

NO2
T10 (°C) T50 (°C)
-

Aging
conditions

Ref.

Not aged

[190]

1000 °C in
air, 3 h

[192]

1050 °C,
redox, 36 h

[193]

900 °C,
redox
conditions
50 h

[194]

Not aged
[200]
1000 °C in
air, 5 h

184

Table A11. Varying washcoat composition and reported T10 and T50 values from literature. (2/6)

Composition
0.4% PtRh/(Ce0.35Zr0.60Nd0.05O2)
0.4% PtRh/(Ce0.35Zr0.55Nd0.10O2)
0.4% PtRh/(Ce0.35Zr0.50Nd0.15O2)
0.4% PtRh/(Ce0.35Zr0.45Nd0.20O2)
0.4% PtRh/(Ce0.35Zr0.40Nd0.25O2)
0.5 % Pd/(Ce0.2Zr0.8O2)
0.5 % Pd/(Ce0.2Zr0.8O2 3 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2 8 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2 10 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2)
0.5 % Pd/(Ce0.2Zr0.8O2 3 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2 8 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2 10 wt. % Nd)
0.5 % Pd/(Ce0.2Zr0.8O2)
0.5 % Pd/(Ce0.2Zr0.8O2 3 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2 8 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2 10 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2)
0.5 % Pd/(Ce0.2Zr0.8O2 3 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2 8 wt. % Pr)
0.5 % Pd/(Ce0.2Zr0.8O2 10 wt. % Pr)

CO
T10 (°C) T50 (°C)
223
242
142
160
140
170
151
179
163
191
159
167
184
186
188
265
259
254
226
218
159
157
153
152
147
265
252
252
203
203

HC
T10 (°C) T50 (°C)
260
289
230
259
228
259
230
258
238
262
229
226
218
224
227
372
340
307
333
337
229
222
212
200
199
372
347
340
332
327

NO
T10 (°C) T50 (°C)
248
278
190
211
186
217
180
240
202
231
205
210
206
188
187
360
347
316
330
335
205
190
176
174
172
360
365
353
336
322

NO2
T10 (°C) T50 (°C)
180
174
170
165
160
315
275
263
220
216
180
164
157
157
156
315
289
279
203
203

Aging
conditions

Ref.

Not aged

[202]

Not aged
[203]
1100 °C,
4h

Not aged
[204]
1100 °C,
4h

185

Table A11. Varying washcoat composition and reported T10 and T50 values from literature. (3/6)

Composition
0.5 % Pd/(Ce0.2Zr0.8O2)
0.5 % Pd/(Ce0.2Zr0.8O2 3 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 8 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 10 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2)
0.5 % Pd/(Ce0.2Zr0.8O2 3 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 8 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 10 wt. % La)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % Sm)
0.5 % Pd/(Ce0.2Zr0.8O2 5 wt. % Y)
0.5% Pd/(Ce0.67Zr0.33O2)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % La)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Nd)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Pr)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Sr)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Y)
0.5% Pd/(Ce0.67Zr0.33O2)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % La)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Nd)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Pr)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Sr)
0.5% Pd/(Ce0.67Zr0.33O2, 11 mol % Y)

CO
T10 (°C) T50 (°C)
159
166
181
184
185
265
243
239
227
219
278
288
-

HC
T10 (°C) T50 (°C)
229
248
215
234
237
372
330
282
292
304
385
412
250
241
252
252
241
252
280
276
267
273
276
273

NO
T10 (°C) T50 (°C)
205
221
213
208
205
360
340
280
320
328
403
466
228
214
211
204
218
224
287
282
267
278
278
276

NO2
T10 (°C) T50 (°C)
180
178
187
187
187
315
259
240
225
218
297
309
187
185
185
171
180
187
225
209
198
186
207
203

Aged?

Ref.

Not aged
[205]
1100 °C,
4h

1100 °C,
4h

[206]

Not aged

[207]
1100 °C,
4h

186

Table A11. Varying washcoat composition and reported T10 and T50 values from literature. (4/6)

CO
Composition
1% Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05Y2O3)
1% Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05Nd2O3)
1% Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05Pr2O3)
1% Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05Y2O3)
1% Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05Nd2O3)
1% Pd/(0.4CeO2/0.5ZrO2/0.05La2O3/0.05Pr2O3)
0.7 g/L Pt+Rh/(Ce0.35Zr0.55Y0.1O2)/(3 % La2O3+Al2O3)
0.7 g/L Pt+Rh/(Ce0.35Zr0.55La0.1O2)/(3 % La2O3+Al2O3)
0.7 g/L Pt+Rh/(Ce0.35Zr0.50Y0.075La0.075O2)/(3 % La2O3+Al2O3)
0.7 g/L Pt+Rh/(Ce0.35Zr0.55Y0.1O2)/(3 % La2O3+Al2O3)
0.7 g/L Pt+Rh/(Ce0.35Zr0.55La0.1O2)/(3 % La2O3+Al2O3)
0.7 g/L Pt+Rh/(Ce0.35Zr0.50Y0.075La0.075O2)/(3 % La2O3+Al2O3)
0.5 % Pt/(0.8Al2O3)(0.2Ce0.4Zr0.5La0.1O1.95)
2.25% Pt/Rh commercial catalyst
0.5 % Pt/(0.8Al2O3)(0.2Ce0.4Zr0.5La0.1O1.95) (H2O/CO2 in exhaust)
2.25% Pt/Rh commercial catalyst
(H2O/CO2 in exhaust)
0.5 % Pt/(0.8Al2O3)(0.2Ce0.4Zr0.5La0.1O1.95)
2.25% Pt/Rh commercial catalyst, aged
0.5 % Pt/(0.8Al2O3)(0.2Ce0.4Zr0.5La0.1O1.95) (H2O/CO2 in exhaust)
2.25% Pt/Rh commercial catalyst, aged (H2O/CO2 in exhaust)
(1.2 g/L Pd)/(Ce0.6Zr0.3Y0.1O2)
0.5 % Rh/(ZrO2)
0.5 % Rh/(5 mol% Y2O3/ZrO2)
0.5 % Rh/(5 mol% Pr6O11/ZrO2)

T10
(°C)
<140
<140
144
220
<200
<180
164
177
166
266

HC
T50
(°C)
147
131
142
190
174
185
180
175
167
241
241
205
344
300
225
225
453
357
357
388
182
232
211
432

T10
(°C)
200
190
180
263
226
220
177
226
221
335

NO
T50
(°C)
285
284
288
300
300
355
232
228
219
287
280
265
365
318
286
305
500
368
282
429
197
306
287
575

T10
(°C)
<160
160
<160
247
<220
<200
183
200
200
291

NO2
T50
(°C)
161
144
155
215
197
206
199
194
190
260
257
237
365
328
324
305
500
388
516
525
195
261
261
443

T10
(°C)

Aged?

T50
(°C)
-

-

Ref.

Not aged
[208]
1000 °C in
air, 4 h
Not aged
[209]
1000 °C,
hydrothermal
5h

Not aged
[210]
900 °C in
air, 5 h
Not aged

[351]

900 °C in
air, 5 h

[211]

187

Table A11. Varying washcoat composition and reported T10 and T50 values from literature. (5/6)

Composition
0.5 % Rh/(3 mol% Y2O3/ZrO2)
0.5 % Rh/(3 mol% Y2O3/5 mol % CeO2/ZrO2)
0.5 % Rh/(3 mol% Y2O3/10 mol % CeO2/ZrO2)
0.5 % Rh/(3 mol% Y2O3/20 mol % CeO2/ZrO2)
0.5% Rh/CeO2
1% Pd/(Ce0.67Zr0.33O2)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % BaO)
1% Pd/(Ce0.67Zr0.33O2, 5 wt. % BaO)
1% Pd/(Ce0.67Zr0.33O2, 9 wt. % BaO)
1% Pd/(Ce0.67Zr0.33O2)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % BaO)
1% Pd/(Ce0.67Zr0.33O2, 5 wt. % BaO)
1% Pd/(Ce0.67Zr0.33O2, 9 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 4 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 6 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 8 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 10 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 4 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 6 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 8 wt. % BaO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 10 wt. % BaO)

CO
T10 (°C) T50 (°C)
207
253
192
223
192
223
192
223
192
253
90
104
115
155
125
170
144
182
<150
182
<150
187
150
199
<150
202
<200
232
<200
226
<200
223
<200
220
<200
238
<260
280
<260
276
<260
270
<260
268
<260
297

HC
T10 (°C) T50 (°C)
274
322
246
298
274
322
274
325
294
330
277
354
176
242
202
250
231
284
290
239
175
267
214
260
185
302
<220
249
<220
243
<220
241
<220
235
<220
245
<280
320
<280
311
<280
306
<280
302
<280
311

NO
T10 (°C) T50 (°C)
252
272
224
250
280
309
284
315
267
309
254
365
164
219
164
209
173
266
218
348
175
316
190
247
180
275
223
248
222
245
<220
237
<220
231
225
250
<260
309
<260
294
<260
283
<260
260
<260
300

NO2
T10 (°C) T50 (°C)

150
138
124
138
<150
152
<150
<150
-

207
166
157
184
213
196
187
192
-

Aged?

Ref.

900 °C in
air,
5h

[213]

Not aged
[214]
1100 °C
in air, 4h

Not aged
[215]
1000 °C
for 5 h

188

Table A11. Varying washcoat composition and reported T10 and T50 values from literature. (6/6)

Composition
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 6 wt. % SrO)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3)
0.5% Pd/(Ce0.5Zr0.5O2/Al2O3, 6 wt. % SrO)
1% Pd/(Ce0.67Zr0.33O2)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Mg)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Ca)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Sr)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Ba)
1% Pd/(Ce0.67Zr0.33O2)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Mg)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Ca)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Sr)
1% Pd/(Ce0.67Zr0.33O2, 3 wt. % Ba)

CO
T10 (°C) T50 (°C)
255
238
300
295
90
100
164
172
154
175
126
164
115
156
<150
181
212
238
<150
186
180
194
159
186

HC
T10 (°C) T50 (°C)
249
240
318
306
288
354
185
275
205
269
181
250
185
244
296
332
288
387
190
310
181
310
181
301

NO
T10 (°C) T50 (°C)
246
241
309
286
254
374
188
275
188
269
188
250
166
219
225
351
289
400
166
330
184
320
178
317

NO2
T10 (°C) T50 (°C)
144
204
152
180
156
180
141
171
141
163
<150
212
224
243
150
180
177
200
150
194

Aged?

Ref.

Not aged
1000 °C,
air 5 h

[216]

Not aged
[217]
1100 °C
in air, 4h

189

Table A12. TWC experimental parameters reported in literature.

CO

C3H6

C3H8

NO

NO2

H2O

CO2

O2

H2

0.60%

-

0.03%

0.06%

-

10%

12%

stoich.

-

Balance gas
N2

Ref.

GHSV (h-1)
38000

[200]
-1

-1

0.30%

0.04%

-

0.10%

-

2%

-

0.33%

0.10%

N2

300000 mL g h

[192,225]
[204–
207,214,217,352]
[353]

0.75%

0.067%

0.033%

0.10%

0.03%

-

-

0.75%

-

Ar

43000

1%

-

0.04%

0.05%

-

-

10%

a/f 14.0

-

-

200 L h-1

0.646%

-

0.081%

0.10%

-

10%

12%

stoich.

-

N2

34000

[202]

0.56%

0.024%

0.012%

0.10%

-

10%

12%

stoich.

0.19%

N2

40000

[215,216]

0.56%
0.70%
0.86%
0.30%
1.15%
1%

0.067%
0.035%
0.10%
0.05%

0.03%
0.06%
0.015%
0.025%
-

0.06%
0.10%
0.12%
0.15%
1.60%
0.05%

-

10%
10%
10%
10%
10%

12%
12%
9.35%
10%

stoich.
0.78%
stoich.
0.31%
1.15%
1%

0.40%
0.30%

N2
He
N2
He
N2
Ar

40000
50500
34000
240000
70000
100000

[208]
[210]
[209]
[235,238]
[227]
[229]

190

Table A13. Varying PGM loadings and reported T10 and T50 values from literature. (1/3)

Composition
0 g/ft3 Pt ; 35 g/ft3 Pd ; 5.0 g/ft3 Rh
0 g/ft3 Pt ; 15 g/ft3 Pd ; 5.0 g/ft3 Rh
0 g/ft3 Pt ; 25 g/ft3 Pd ; 5.0 g/ft3 Rh
0 g/ft3 Pt ; 25 g/ft3 Pd ; 7.5 g/ft3 Rh
0 g/ft3 Pt ; 25 g/ft3 Pd ; 2.0 g/ft3 Rh
35 g/ft3 Pt ; 0 g/ft3 Pd ; 5.0 g/ft3 Rh
15 g/ft3 Pt ; 0 g/ft3 Pd ; 5.0 g/ft3 Rh
25 g/ft3 Pt ; 0 g/ft3 Pd ; 5.0 g/ft3 Rh
25 g/ft3 Pt ; 0 g/ft3 Pd ; 7.5 g/ft3 Rh
25 g/ft3 Pt ; 0 g/ft3 Pd ; 2.0 g/ft3 Rh
0.01 % Rh/(ZrCeYLaO2)
0.05 % Rh/(ZrCeYLaO2)
0.10 % Rh/(ZrCeYLaO2)
0.25 % Rh/(ZrCeYLaO2)
0.50 % Rh/(ZrCeYLaO2)
0.75 % Rh/(ZrCeYLaO2)
1 % Rh/(ZrCeYLaO2)
0.01 % Rh/(ZrCeYLaO2)
0.05 % Rh/(ZrCeYLaO2)
0.10 % Rh/(ZrCeYLaO2)
0.25 % Rh/(ZrCeYLaO2)
0.50 % Rh/(ZrCeYLaO2)
0.75 % Rh/(ZrCeYLaO2)
1 % Rh/(ZrCeYLaO2)

CO
T10 (°C) T50 (°C)
305
269
254
232
214
202
197
382
341
337
318
304
295

C3H6
T10 (°C) T50 (°C)
365
377
370
354
376
379
375
380
362
383
288
269
246
228
218
208
372
339
323
307

C3H8
T10 (°C) T50 (°C)
371
375
374
356
379
376
375
381
360
386
-

NO or NOx
T10 (°C) T50 (°C)
324
280
263
242
226
215
206
351
323
305
294
289

Aging
conditions

Ref.

Johnson
Matthey
160000
km road
equivalent
aging
program

[226]

Not aged

[227]

1000 to
1100 °C, 4
h

191

Table A13. Varying PGM loadings and reported T10 and T50 values from literature. (2/3)

Composition
0.10% Pd/commercial catalyst (20 g/ft3 Pd)
0.26% Pd/commercial catalyst (50 g/ft3 Pd)
0.42% Pd/commercial catalyst (80 g/ft3 Pd)
0.86% Pd/commercial catalyst (160 g/ft3 Pd)
1.24% Pd/commercial catalyst (240 g/ft3 Pd)
Rh/Pd
1/9
(2.744 g/L total)
Rh/Pd
1/13.5
(3.98 g/L total)
Rh/Pd
1/18
(5.214 g/L total)
Rh/Pd
1/22.5
(6.45 g/L total)
Rh/Pd/Pt 1/9/3.5
(3.706 g/L total)
Rh/Pd/Pt 1/3.5/9
(3.706 g/L total)
Rh/Pd
0.83/12.5 (3.55 g/L total)
Rh/Pd
1.25/12.5 (3.67 g/L total)
0.1 % Pd/(Al2O3)
1 % Pd/(Al2O3)
2 % Pd/(Al2O3)
3 % Pd/(Al2O3)
4 % Pd/(Al2O3)
5 % Pd/(Al2O3)
0.05% Pd/(Al2O3)
0.5% Pd/(Al2O3)
1.0% Pd/(Al2O3)
0.7% Pd/(Al2O3)
0.7% Pd/(10% Ce0.6Zr0.4O2 / 90% Al2O3)
2.8% Pd/(10% Ce0.6Zr0.4O2 / 90% Al2O3)

CO
T10 (°C) T50 (°C)
202
234
194
222
176
202
166
199
166
195
252
260
216
232
270
300
260
245
193
214
166
182
159
173
159
171
159
171
159
171
250
278
192
220
162
205
-

C3H6
T10 (°C) T50 (°C)
218
243
201
228
189
221
183
207
178
199
284
272
261
295
304
330
284
284
-

C3H8
T10 (°C) T50 (°C)
-

NO or NOx
T10 (°C) T50 (°C)
279
294
162
220
<27
140
252
332
180
327
157
213

Aging
conditions

Ref.

GM 4000
mile
equivalent
aging
program

[229]

900 °C in
air (2 h)
cooled to
300, 900
°C in
air+19%
H2O (2 h)

[230]

Not aged

[231]

Not aged

[232]

Not aged

[233]

192

Table A13. Varying PGM loadings and reported T10 and T50 values from literature. (3/3)

Composition
0.6% Pt-Rh/(Ce0.5Zr0.5O2) (Pt/Rh ratio 1.6/1)
1.0% Pt-Rh/(Ce0.5Zr0.5O2) (Pt/Rh ratio 3/1)
0.08% Rh/(Al2O3)
0.12% Pd/(Al2O3)
0.2 % Pd-Rh/(Al2O3) (Pd-Rh 3/2 mechanical mixture)
0.2 % Pd-Rh/(Al2O3) (Pd-Rh 3/2 alloy)
0.2 % Pd-Rh/(Al2O3) (Pd/Rh = 3/2)
0.2 % Pd-Rh/(Al2O3) (Pd/Rh = 7/3)
0.2 % Pd-Rh/(Al2O3) (Pd/Rh = 4/1)
0.5 % Rh/(Ce0.2Zr0.8O2)
0.5 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/9)
0.5 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/4)
0.5 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/1)
0.5 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 4/1)
0.5 % Ir/(Ce0.2Zr0.8O2)
0.1 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/9)
0.2 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/9)
0.3 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/9)
0.4 % Ir-Rh/(Ce0.2Zr0.8O2) (Ir/Rh = 1/9)

CO
T10 (°C) T50 (°C)
257
308
183
214
171
206
288
350
215
250
177
234
245
387
245
300
254
344
156
239
135
200
156
239
187
246
210
263
210
295
267
240
230
220

C3H6
T10 (°C) T50 (°C)
270
311
311
362
266
298
270
311
293
329
287
342
293
346
251
337
200
254
251
337
251
337
251
375
291
388
408
379
360
341

C3H8
T10 (°C) T50 (°C)
331
377
373
405
317
373
327
394
336
439
356
419
356
415
-

NO or NOx
T10 (°C) T50 (°C)
195
247
325
351
250
306
228
275
289
329
306
380
316
389
237
314
185
223
237
331
220
289
220
314
220
289
357
323
318
282

Aging
conditions

Ref.

700 °C in
air, 3 h

[234]

Not aged

[238]

Not aged

[235]

Not aged

[225]

193
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