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1 Introduction  

1.1 Abstract 

Ceria-based (cerium oxide) materials have been widely used for catalytic applications 

including: fluid catalytic cracking; water gas shift reactions; solid oxide fuel cells; 

and,automotive catalytic after-treatment [1] [2]. It has often been the material of choice for 

supporting precious metals in many of these applications as it can provide a high surface area 

and has excellent redox properties. This enables ceria to absorb and release oxygen from its 

structure to facilitate redox reactions. Cerium is also one of the most abundant rare earth 

metals, making it a relatively cost effective material to use in industrial applications [1]. For 

these reasons, cerium oxide remains a material of high interest for the development of cost-

effective industrial catalysts and is, therefore, the focus of this study. 

Modern internal combustion engine technology is being developed towards lean-burn 

operation, involving higher air-fuel ratios in order to improve thermal efficiency. In turn, the 

operating temperature of modern engines is being reduced, providing less heat energy than 

is required to activate the catalysts in the after-treatment system. To mitigate the emissions 

from efficient lean-burn engines and comply with emission regulations, the requirement for 

low-temperature automotive catalysts is apparent. A recent review highlighted the 

challenges for automotive emission control catalysis [3]. The article discussed how 

engineering advancements in engine combustion and operation impacts vehicle emissions. 

This emphasised the main requirements which must be met by emission control catalysts in 

order to comply with growing restrictions as set out in government legislation. These 

requirements include resistance to hydrothermal ageing, reduced dependence on precious 

metals, and the decrease of catalyst light-off temperatures. It is now necessary that the 

design of the next generation of after-treatment catalysts focuses on providing solutions to 
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these keys challenges so they are suitable for effective and reliable automotive emission 

abatement. The motivation behind this study was to find a solution to these key challenges 

through the novel preparation and application of catalytic materials. The objective was to 

develop effective ceria-based materials for the application of modern automotive after-

treatment catalysis which will satisfy these requirements.  

In this study, two approaches were used to improve ceria catalysts. The first approach 

involved the use of a novel method for the preparation of mixed-oxide catalysts, which show 

high activity for CO and HC oxidation at low temperature. The preparation of 

ceria/manganese mixed-oxide catalysts using a novel synthesis method was studied and the 

materials were characterised to gain an insight into their structure and morphology. 

Temperature programmed reactions using a complex mixture of reactants, before and after 

hydrothermal ageing, were carried out to investigate their application for automotive 

emission control. The results from these studies were compared with more conventional 

ceria-based materials that are often used for automotive after-treatment.  

The second approach involved a post-synthesis technique for the surface modification of 

ceria catalysts using ion bombardment. Desirable modifications which can be achieved using 

this method include the improvement of metal dispersion across the catalyst surface or the 

creation of defects on the surface structure, which can both improve catalytic activity [3] [4]. 

This technique was carried out on a commercially sourced, model catalyst. A Pt-CeO2/ZrO2 

was treated with nitrogen ion irradiation and the effects of the adjustable parameters of the 

ion beam were investigated by carrying out temperature programmed reactions. The 

samples were also extensively characterised using XAFS and XPS techniques to understand 

the effects of the ion beam treatment on the structure, morphology, and Pt dispersion of the 

materials.  
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1.2 Background  

In 2018, global passenger car production was 97 million units, with 95% of these vehicles 

being powered by an internal combustion engine [5]. This is an increase in global car 

production of over 67% with respect to the figures from the year 2000. Therefore, road 

transportation remains one of the largest sources of air pollution due to the components of 

exhaust gases from the internal combustion engines of vehicles, including: carbon monoxide 

(CO); hydrocarbons (HCs); volatile organic compounds (VOCs); particulate matter (PM); and, 

nitrogen oxides (NOx) [6]. These harmful emissions are of environmental concern due to their 

toxicity and the formation of smog, an imminent threat to human health. Following the Clean 

Air Acts which were introduced in the UK and USA in 1968, worldwide legislation has 

decreased the emission limits of such pollutants from road vehicles in order to address the 

environmental impact of the growing number of cars on the roads [7]. European emission 

regulations have become more stringent with the introduction of the most recent protocol, 

Euro 6, in September 2015. For diesel vehicles, this new legislation reduced the legal level of 

NOx emissions from 180 mg Km-1 to 80 mg Km-1, and the permitted level of HC emissions was 

decreased from 230 mg Km-1 to 170 mg Km-1. Furthermore, with the enforcement of the 

World Harmonised Light Vehicle Testing Procedure (WLTP) in 2017, manufacturers of light-

duty vehicles are required to report the emissions of their products based on real-life driving 

cycles which represent the realistic use of vehicles [8].  

Gasoline and diesel engines are the two most commonly used power sources for light-duty 

vehicles and both types have distinct operating conditions which are mainly dictated by the 

self-ignition property of the fuel. Although diesel is a mixture of heavier hydrocarbons and is 

less volatile than gasoline, it has a lower self-ignition temperature. This difference dictates 

the air:fuel ratio used in the operation of each type of engine. While gasoline engines run 

under stoichiometric conditions and can ignite fuel using a spark, diesel engines require 
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excess air to be compressed alongside fuel in order for combustion to occur [9]. The excess 

air required by a diesel engine results in lower operating temperatures and continuous 

oxidising conditions in the exhaust system, which necessitates an alternative emission 

control strategy to that of a gasoline vehicle [10].  

With the latest engine technologies – designed to improve the efficiency of gasoline cars – 

cold-start-emissions are becoming more concerning as less excess heat energy is produced 

by the motor to activate the catalytic converter. For example, this is a key concern for 

gasoline/electric hybrid vehicles which turn off the internal combustion engine when the 

vehicle requires low amounts of power to reduce fuel consumption. However, the operating 

temperature of the combustion engine is lowered, and this creates new problems for the 

abatement of gaseous pollutants. This necessitates emission control systems that are 

effective at lower operating temperatures to compensate for the cooling of the engine while 

running on electrical power alone [11]. The implementation of direct injection to gasoline 

engines is a recent development which improves thermal efficiency and reduces the 

operating temperature. While improving fuel economy, this has also reduced the operating 

temperature of the gasoline engine and thus a reduction of the light-off temperature of the 

TWC is required. A 2017 review by Johnson Matthey [11] reported that a commercial TWC 

achieved 90% HC conversion at 526 K. However, the report highlighted that much work is 

needed to achieve the target of 423 K to ensure that the catalyst is active during the majority 

of a driving cycle of a modern engine.  

Internal combustion engines remain the most practical power source for vehicles, and 

automotive emission control by catalysis remains an important technique for mitigating air 

pollution. There is still a large amount of research being conducted to better understand how 

the catalytic materials work and the ways in which they can be developed to meet the 

demands of current and future emission legislation.
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2 Automotive emission control  

2.1 Emission legislation 

Since the implementation of Euro emission standards, legislation has become increasingly 

restrictive on what constitutes acceptable emissions from road vehicles, as shown for light-

duty diesel vehicles by Figure 2.1. While there have been many directives and regulations put 

in place to improve the composition of motor fuels, such as the removal of lead and sulphur, 

much of the focus has been aimed at encouraging automotive manufacturers to engineer 

new solutions for emission control [12]. Regulations extend to both heavy-duty vehicles 

(unladen mass ≥ 2610 Kg) and light-duty vehicles (unladen mass ≤ 2610 Kg), and specific 

consideration have been made for gasoline and diesel fuelled engines [13].  

The European Union applied its first standard regarding emission control in 1970 with 

Directive 70/220 EEC. No major amendments were made until 1992 when the introduction 

of the Euro 1 standard put specific limits on CO, HC and NOx emissions from light-duty 

gasoline vehicles, while restrictions on PM were also imposed on light-duty diesels. The need 

for catalytic converters to be fitted to light-duty vehicles came with the requirement to 

comply with Euro 1 emission standards from January 1993 onwards. Euro 2 reduced 

acceptable emissions from gasoline and diesel vehicles and made a further decrease of PM 

emissions from diesel cars.  
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Hydrocarbons and NOx emission from gasoline vehicles were given individual limits, while 

specific NOx restrictions were set for diesels with Euro 3 standards in 2000. The New 

European Driving Cycle (NEDC) testing procedure was also implemented with the Euro 3 

standards, which included the emissions during the engine warm-up period [14]. The use of 

precious metal, diesel oxidation catalysts (DOC) became necessary to comply with the Euro 

3 Directive.  

A focus on the particulate emitted from diesel vehicles initiated the adoption of diesel 

particulate filters (DPFs) as Euro 5 (2009) standards introduced a significant decrease in the 

permissible PM emissions from 0.025 g km-1 to 0.005 g km-1. In addition to lower PM limits, 

all new diesel cars sold from January 2013 were also required to adhere to new particle 

number (PN) restrictions. This new limit meant that particulates would be restricted by both 

mass and dimension, and it also reduced the number of ultrafine particles emitted from the 

engine which are hazardous to human health.  

 

Figure 2.1 - Progression of Euro emission standards for light-duty diesel vehicles 



12 
 

The implementation of deNOx technologies to the after-treatment systems of light-duty 

diesels is now necessary to meet the current Euro 6 standards which were introduced in 

2015. Depending on the vehicle size and engine capacity, automotive manufacturers are 

employing selective catalytic reduction (SCR) or lean NOx trap to comply with EU regulations. 

Euro 6 has also introduced PN limits to gasoline vehicles, and so gasoline particulate filters 

(GPF) are now common devices that are fitted to the exhaust systems of new gasoline cars 

[13] [15] [16].  

Another significant change to emission regulations has been the introduction of a new testing 

procedure. The World Harmonised Light Vehicle Test Procedure (WLTP) was released in 2015, 

with the aim of acquiring data from laboratory testing which more accurately represents the 

fuel consumption and emissions of vehicles on the road. This more stringent testing method 

provides more inclusive data which measures vehicle emissions over longer periods of 

fluctuating engine load. To better represent the true use of the engine, the distance of the 

test cycle was increased from 11 Km to over 23 Km, with a higher top speed and an increase 

of average speed from 34 Km h-1 to 46.5 Km h-1. The test temperature has also been regulated 

to 296 K, and the effect that optional extras have on a vehicle’s performance is now taken 

into consideration [17]. In addition, these more comprehensive laboratory tests are now 

supplemented with Real-world Driving Emissions (RDE) tests, which analyse the emissions 

from the vehicle as it drives a specific route. Portable Emission Measuring Systems are fitted 

to the vehicle and monitor the emissions as it drives in a combination of urban and rural 

environments with varying altitude and weather conditions [18]. Together, these tests should 

give more realistic data concerning the everyday use of a vehicle. From September 2019 

onwards, every new vehicle sold in all EU countries must be compliant with WLTP and RDE 

emission tests [19] [20]. These rigorous testing procedures now ensure that a vehicle’s after-

treatment system is reliable throughout various drive cycles. 
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While emission legislation in Europe has been continually revised and updated over the last 

25 years, the USA have also imposed their own standards. Federal regulations were phased 

in between 1994 and 1997 with Tier 1, and further restrictions were introduced with tier 2 

between 2004 and 2009. The most recent revision of USA emission regulations has been the 

adoption of tier 3, for which the implementation period began in 2017. In California, 

emissions restrictions are even more stringent with the state enforcing their own Low 

Emission Vehicle (LEV) regulations [21] [22]. 

The global effort to improve air quality and the implementation of emission regulations has 

been the major driving factor for the development and adoption of new after-treatment 

technologies for road vehicles. Since the conception of these standards, the automotive 

industry has been required to extensively invest in solving the problem of emissions with 

more room for improvement. This is particularly important with the anticipated introduction 

of Euro 7 standards around 2025. Although it is still uncertain what restrictions Euro 7 will 

enforce, it is expected to be more comprehensive as suggested in Figure 2.2. Future 

legislation is likely to bring limitations on more pollutants such as ammonia, and will involve 

more rigorous testing procedures. It is also expected that Euro 7 regulations will introduce a 

requirement for emission control systems which last throughout the lifespan of the vehicle 

[23].  

 

Figure 2.2 - The expected scope of Euro 7 regulations [24] 
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2.2 Emission control technologies 

In recent times, much of the work carried out by car manufacturers has placed a large 

emphasis on the commercial application of pure electric drivetrains. While electrification of 

light-duty vehicles has decentralised air pollution from urban areas, the internal combustion 

engine continues to be challenge of this technology with regards to well-to-wheel CO2 

emissions [11]. As the legislation regarding emissions from road vehicles is set to be more 

restrictive, it remains the key driving factor for the continuous investment in the research 

and development of new technologies from automotive manufacturers to ensure their 

products are compliant. The development of such technologies can be classified as primary 

or secondary. 

Primary technologies aim to limit the initial formation of pollutants through the design of 

combustion and operational systems in order to maximise engine efficiency. Such strategies 

include the refinement of fuels to ensure they burn more cleanly, or injection systems which 

control how the combustion reactions occur. The application of automatic stop-start 

technology, cylinder deactivation, or mild hybridisation have recently become common 

practice with the aim of reducing fuel consumption and emissions by limiting the duty 

required by the engine under low load. It is the implementation of such technologies which 

has improved the thermal efficiency and fuel combustion of modern engines. 

Secondary technologies focus on avoiding the release of pollutants by changing them into 

inert products, which have low or no environmental impact, through chemical reactions. 

Catalytic converters are the main strategy used for the abatement of post-combustion gases. 

However, the requirement to comply with the most recent regulations has seen the evolution 

of complex integrated systems. 

In practice, both primary and secondary techniques are necessary for successful emission 

abatement. However, advancements in primary technologies can alter the composition of 
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exhaust gases and engine operating conditions. This has a strong influence on the demands 

which must be met by secondary technologies in order to comply with emission standards. 

 

2.2.1 Primary technologies 

Primary emission control technologies are regarded as methods which focus on the 

operation of the internal combustion engine and the fuel that it uses. In this section, some 

of the primary technologies that have been employed for emission abatement are discussed.  

2.2.1.1 Engine technologies 

Most emissions from internal combustion engines are a result of the incomplete combustion 

of fuel, leading to CO, HC, NOx and PM components in the exhaust gas stream, especially at 

higher temperatures and engine load. The concentration of each species emitted by the 

engine is dependent on the operating conditions, particularly the air:fuel ratio which is 

characterised by the Lambda value (λ). Diesel engines generally operate under lean 

conditions with excess air and oxygen and typically λ = 1.5. The incomplete combustion of 

diesel with excess air results in the formation of high levels of NOx. By contrast, gasoline 

engines operate under conditions which are closer to stoichiometric (λ=1), typically 

oscillating between 0.9  ≥  λ ≤ 1.1, and therefore produce higher quantities of CO and 

unburned HCs [25].  

With the aim to make internal combustion engines more efficient and reduce emissions, 

automotive manufacturers have implemented new technologies which can help to keep the 

engine cool, enhancing thermal efficiency and improving the combustion process [26]. 

Exhaust Gas Recirculation (EGR) is one technology which has been widely adopted to aid the 

reduction of NOx and can serve two purposes during engine operation: 

1. Reduce the adiabatic flame temperature – by recirculating a portion of the exhaust 

gases back into the engine cylinder together with an inert component with high 
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specific heat capacity that can absorb some of the thermal energy. This can reduce 

the heat of combustion and achieve more complete combustion. This is applicable 

to both gasoline and diesel motors [25] [27]. 

2. Limiting oxygen content in the combustion cylinder – by introducing inert gases into 

the engine cylinder, the oxygen concentration is reduced while maintaining a high 

air:fuel ratio. This means that a compression ignition engine can operate with less 

oxygen and nitrogen, limiting NOx formation [27].  

Another method for reducing the emissions from internal combustion engines is the precise 

control of the air:fuel mixture to the combustion chambers. This is achieved by controlled 

injection systems which atomise the fuel as it is sprayed into the combustion chamber at high 

pressure. Injection systems were first designed for use in diesel engines, as the low volatility 

of the fuel prohibited the use of carburettors which were found on gasoline motors. Modern 

gasoline vehicles have now adopted fuel injection technologies which have overcome the 

problem of the insufficient mixing of air and fuel, improving fuel economy and reducing 

emissions. 

Modern combustion engines use electrically controlled fuel injection systems for more 

accurate control of the air and fuel mixture and are typically categorised as indirect or direct 

as shown in Figure 2.3. Indirect injection operates by spraying fuel into a pre-combustion 

chamber where it is atomised and mixed with air before entering the cylinder. This strategy 

has been effective for ensuring a good degree of mixing of air and fuel components.  
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Direct fuel injection introduces the fuel and air into the combustion chamber with no prior 

pre-mixing. This has been favoured in modern gasoline and diesel fuelled engines due to 

higher thermal efficiency. As a result, the cooling effects from the direct injection of fuel and 

air into the cylinder help to improve fuel economy and reduce emissions [29]. However, one 

of the challenges associated with direct fuel injection has been the effective mixing of fuel 

and air. The extent of fuel atomisation is lower in a direct injection system and so, the 

combustion of larger fuel droplets can results in particulate formation [11]. This has been 

overcome by increasing the pressure of fuel injection, which improves atomisation of the fuel 

and the homogeneity of the air/fuel mix. Early gasoline combustion engines used 

carburettors to supply fuel to the cylinders. Carburettors operate by flowing air over volatile 

fuel, thus providing an averaged air/fuel mixture to multiple combustion chambers. This is 

controlled by a mechanical throttle. However, this mechanical system cannot accurately 

control the air/fuel mixture to individual cylinders or optimise the ratio as the operating 

conditions of the engine change. This makes carburettors inefficient and leads to high levels 

of emissions [30]. As previously mentioned, carburettors were also unsuitable for use in 

diesel engines due to the low vapour pressure of the fuel.  

 
Figure 2.3 - Schematic of direct injection (left) and indirect injection (right) on a compression ignition diesel 

engine [28] 
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The high pressure required from the injection system to achieve effective mixing of air and 

fuel is generated by the use of the common rail system. This is a single high pressure fuel 

pump, delivering fuel to the injectors of each cylinder via a single fuel distribution line. The 

development of common rail engines was initially intended for use in direct injection diesel 

motors. However, it has recently become a mainstream technology for gasoline engines as it 

improves efficiency with the requirement for only one fuel pump. A common rail system can 

also maintain high fuel pressure, regardless of engine load. This allows for multiple high 

pressure fuel injections during each combustion cycle, which can further improve efficiency 

and reduce emissions and noise [31]. 

In recent years, car manufacturers have downsized the engine capacity of vehicles as another 

method to improve the fuel economy of internal combustion engines. The effects of this 

include reduced engine mass and internal friction during operation which improves 

efficiency. However, smaller capacity engines are considered to be less powerful [32]. To 

compensate for reduced performance, air-induction technologies have been adopted to 

force air into the cylinder of an engine, providing more oxygen for combustion and increasing 

the pressure for higher compression ratios. Such technologies enable smaller engines to 

provide the power and torque of a much larger unit without impacting fuel economy. By 

using compressors such as turbochargers powered by the exhaust stream, or superchargers 

mechanically driven by the engine, air can be forced into the cylinders to aid the combustion 

process [33]. Some manufacturers have further developed these technologies by adding 

electrification to pre-spin the turbochargers, providing instant performance and eliminating 

turbo lag. VW group has introduced 48 V mild-hybrid systems which directly rotate the 

turbine wheel of the turbocharger before the exhaust gases are able to do so [34]. By 

contrast, Volvo has developed PowerPulse technology which uses an on-board tank of 

compressed air to initiate the turbocharger under heavy throttle [35] [32]. 
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2.2.2 Secondary technologies 

Fuel economy and the combustion process of internal combustion engines have been 

significantly improved with successful engine technologies. However, they are still not 

adequate to comply with the low permissible emission levels dictated by legislation. 

Therefore, car manufacturers are still highly dependent on after-treatment emission control 

technologies which are mostly catalytic systems.  

 

Catalytic converters were commercially implemented in the 1970s as a method of meeting 

the regulations set to improve air quality [37]. It is a device (or series of devices) which is 

fitted along the exhaust system of a vehicle. It is constructed of a ceramic “honeycomb” like 

structure known as a monolith as shown in Figure 2.4. Due to the different operating 

conditions in gasoline and diesel engines, there are distinct differences between 

compositions of the exhaust stream from each type of motor. Therefore, catalytic after-

treatment systems are specifically designed for the abatement of emissions from either 

gasoline or diesel engines, and the technologies applied to each require specific catalytic 

materials [38].  

 

 

Figure 2.4 - Catalytic converter of a light-duty vehicle [36] 
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2.2.3 Emission control of gasoline vehicles 

Gasoline fuelled engines typically operate under stoichiometric conditions with an air:fuel 

ratio of 14.7:1. Under these conditions, a gasoline fuelled vehicle uses a three-way Catalyst 

(TWC) in the converter. Three-way catalysts are typically composed of precious metals 

(namely Pt, Pd and/or Rh) supported on an oxygen storage component, such as a cerium 

zirconium mixed oxide. Under stoichiometric conditions, it can facilitate the reactions of CO 

and HC oxidation as well as NOx reduction, and has been an effective method of emission 

control from gasoline vehicles [39]. Recently, Euro 6 regulations have introduced restraints 

on PM emissions from gasoline vehicles. This has led to the implementation of gasoline 

particulate filters (GPF) for the control of particulate matter emitted from gasoline vehicles 

[11]. The typical configuration of a TWC and GPF in a Euro 6 after-treatment system of a 

gasoline vehicle is shown in Figure 2.5.  

 

Figure 2.5 - Schematic of the typical configuration of a Euro 6 after-treatment system for a 
gasoline vehicle [24] 

 

2.2.3.1 Three-way catalysts -TWC 

 Three-way catalysts (TWC) have been the main after-treatment technology in gasoline 

vehicles since the late 1970s, and with the development of oxygen sensors and engine 

management systems, they are able to carry out emission control by oxidation and reduction 

reactions [7]. As the name suggests, the abatement of the three major emissions can be 

carried over the TWC by the following main reactions [39]: 

Oxidation:  𝐻𝐶 +  𝑂2  →  𝐶𝑂2 + 𝐻2𝑂    (1) 



21 
 

  2 𝐶𝑂 +  𝑂2 → 2 𝐶𝑂2     (2) 

  𝐶𝑂 +  𝐻2𝑂 →  𝐶𝑂2 + 𝐻2    (3) 

Reduction:  2𝐶𝑂 + 2𝑁𝑂 → 2𝐶𝑂2 +  𝑁2     (4)  

  𝐻𝐶 +  𝑁𝑂 →  𝐶𝑂2 + 𝐻2𝑂 +   𝑁2   (5) 

  2𝐻2 + 2𝑁𝑂 →  2𝐻2𝑂 +  𝑁2    (6) 

Where HC may represent any unburned hydrocarbon species. The above reactions are, 

therefore, unbalanced.  

Three-way catalysts typically employ platinum group metals (PGM) as the active component, 

particularly Pt, Pd and Rh. Traditionally, the TWC used Pt or Pd as the main catalytic material 

to promote the oxidation of HC and CO (equations 1-3), while Rh was also used for its high 

activity in NOx reduction (equations 4-6) [40]. As previously mentioned, the air:fuel ratio of a 

gasoline engine is 14.7:1, which means that it is operating under stoichiometric conditions 

with a λ value of 1. While operating under these conditions, the TWC can simultaneously 

remove CO, HCs and NOx from the exhaust gas. In reality, the operating conditions will 

fluctuate between lean conditions (λ > 1) when oxygen is in excess and rich conditions (λ < 1) 

with excess fuel. Under lean oxidising conditions, the TWC will be selective towards reactions 

1-3, while reducing conditions favour the reduction of NO by reactions 4-6. Although oxygen 

sensors in the exhaust have helped maintain stoichiometric operating conditions, slight 

perturbations between rich and lean conditions may still occur. Therefore, the TWC requires 

several functional components to effectively manage the emissions from the vehicle [41].    

The TWC is present on the channel walls of the monolith which is positioned along the 

exhaust pipe of the vehicle. The channels of the monolith are lined with a washcoat material 

as shown in Figure 2.4, and is used to support the PGM. The washcoat is an important factor 

in the chemistry of the TWC as it can stabilise the metal particles, provide a high surface area, 

and help to improve the durability of the catalyst [39]. Gamma-Alumina (γ-Al2O3) has been 



22 
 

widely applied in automotive three-way catalysts as a supporting component as it provides a 

large surface area and porosity, which allows for a high degree of PGM dispersion. However, 

with prolonged exposure to the heat of the exhaust gases and the exothermic nature of the 

reactions occurring over the catalyst, temperatures in the TWC may reach more than 1273 

K. This can cause the crystal structure of the γ-Al2O3 to change and reduce the surface area 

over time [42]. To hinder changes in crystallinity of the support material, stabilisers are often 

introduced and for this reason cerium oxide (CeO2), also known as ceria, has been used 

extensively in TWCs. The advantages of using ceria in TWCs not only include the improvement 

of the thermal stability of alumina, but it can also provide an oxygen storage capacity (OSC) 

which promotes the oxidation of CO and is particularly beneficial during rich periods of the 

engine cycle. Further development of the TWC came after the introduction of ceria-zirconia 

(CeO2-ZrO2) solid solutions which improved thermal stability and the OSC of the washcoat, as 

well as lowering the temperature when the catalyst is activated (light-off temperature) [41]. 

Three-way catalysts have been the most effective method of secondary emission control in 

gasoline vehicles for the last 40 years. However, on their own they are inadequate to comply 

with the most recent emission regulations. As previously discussed, particulate matter 

emissions from light-duty gasoline vehicles are now strictly regulated. Gasoline direct 

injection (GDI) systems are becoming more common as they provide higher thermal 

efficiency and increased power output, but have the disadvantage of producing higher PM 

emissions. The most modern light-duty gasoline vehicles are, therefore, required to be fitted 

with a Gasoline Particulate Filter (GPF) [43]. This operates as a mechanical filter in the 

exhaust system, which continually regenerates through the combustion of trapped soot 

particles [44].  

2.2.3.2 Gasoline Particulate Filter - GPF 

The GPF has a similar construction to the honeycomb structure of a monolith substrate used 
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for a TWC, however, adjacent channels are closed in an alternating pattern as shown in Figure 

2.6 and is commonly fitted as a separate functional unit to the TWC (Figure 2.5). As the 

exhaust gases flow into open inlet channels, they are forced through the monolith walls and 

into the adjacent channels which have an open outlet, with the solid soot particles (PM) being 

trapped by the mechanical filtration effect of the monolith substrate. As this process 

continues the pores of the GPF become blocked, resulting in a high pressure drop across the 

monolith walls, increasing the load on the engine and reducing fuel efficiency due to 

increased back pressure. Therefore, the GPF is designed to regenerate through the 

combustion of trapped soot particles, which occur at around 925 K under stoichiometric 

conditions [44].  

 

Recent developments in emission control systems of gasoline vehicles have included the 

combination of the TWC and GPF, which aims to reduce the size, weight and cost of the 

catalytic converter. BASF first introduced the four-way catalyst in 2013 which can eliminate 

CO, HCs, NOx and PM in one wall-flow monolith which is coated with a PGM three-way 

catalyst.  

The development of emission control devices for modern gasoline vehicles has proven to be 

effective for meeting the current Euro 6 legislation. However, with the anticipated 

introduction of Euro 7 regulations, the automotive industry is preparing for more limitations 

on emissions and is currently investigating what future gasoline after-treatment systems will 

 

Figure 2.6 - Wall-flow filter structure of a GPF and DPF. End profile (left) and side profile (right) [45] 
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require. Ricardo recently provided insights into what the future of gasoline after-treatment 

systems may involve and are illustrated in Figure 2.7. The proposed configurations included: 

secondary TWCs; selective catalytic reduction units for NOx removal, similar to those found 

on diesel vehicles; and, electrically heated catalysts (EHC) to aid cold start emission control 

before the catalyst has reached its light-off temperature.   

 

2.2.4 Emission control of diesel vehicles 

Recent years have seen a large increase in the number of light-duty diesel vehicles on the 

roads due to their improved fuel economy and lower CO2 emissions. Unlike gasoline engines 

which use a spark ignition, diesel is injected into compressed air which is of a high enough 

temperature to ignite the fuel. Therefore, diesel engines are lean burning and operate using 

excess oxygen. For this reason, the operating temperature of a diesel engine is considerably 

lower than that of a gasoline engine. This creates different challenges concerning the 

emission control of a diesel engine, with the relatively low operating temperatures leading 

to a different composition of exhaust gases, particularly high PM and NOx content. The 

emission control strategies applied to diesel vehicles require complex after-treatment 

 

Figure 2.7 - Potential Euro 7 gasoline after-treatment configuration as proposed by Ricardo plc. 1) Including a 
secondary TWC. 2) Including an SCR unit. 3) Including a electrically heated catalyst (EHC). [24] 



25 
 

systems made up of numerous process units, each tackling specific components of the 

exhaust stream. 

Diesel engines operate under lean-burn conditions with a high air:fuel ratio by injecting diesel 

fuel into air which, when highly compressed, causes the temperature to increase and 

promotes combustion. However, due to the cooling effect of excess air, the engine achieves 

high thermal efficiency and combustion occurs at a relatively low temperature. The operating 

temperature of a light-duty diesel engine is typically between 473 K and 573 K [46]. As the 

operating conditions and emissions from a diesel vehicle are different to those of a gasoline 

vehicle, a different after-treatment approach is required.  

The exhaust stream from a diesel engine is composed of less HCs and CO than that of a 

gasoline engine, although the emission of NOx and PM are notably higher [38]. However, the 

low temperature and lean air:fuel ratio makes the mitigation of these pollutants more 

difficult. This requires a more complex emission control system which usually involves three 

steps as shown in Figure 2.8.  

In general, diesel fuelled vehicles employ a diesel oxidation catalyst (DOC) which is typically 

a precious group metal (PGM) supported on an oxygen storage material such as ceria zircona 

mixed oxide. The purpose of the DOC is to oxidise any undesirable gases in the exhaust 

stream, effectively avoiding their emission by converting them into CO2 and H2O. NO can also 

be oxidised by the DOC, however, the abatement of all NOx species is carried out by more 

specialised units downstream of the catalytic system. 

PM control technologies are typically located downstream of the DOC. A Diesel Particulate 

Filter (DPF) is a mechanical filter which removes any soot from the exhaust stream. The 

Continuously Regenerating Trap (CRT®) is one DPF technology developed by Johnson 

Matthey, which can be regenerated using the NO2 produced in the DOC as an oxidising agent. 

This helps to lower the combustion temperature of soot particles [7]. Catalysed Diesel 
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Particulate Filters (CDPF) may also be integrated into the DPF wall to oxidise the trapped soot 

through catalytic combustion [46].  

While the DOCs and DPFs are common technologies used in the emission control system of 

most light-duty diesel vehicles, there are a number of different NOx control strategies which 

are largely dependent on the size and engine capacity of the vehicle. The two main 

technologies which are employed for the abatement of NOx are the Lean NOx Trap (LNT) or 

Selective Catalytic Reduction (SCR) systems. In practice, a combination of these techniques 

is required for the effective conversion of pollutants from a diesel vehicle [47]. 

 

2.2.4.1 Diesel oxidation catalyst – DOC 

A DOC is normally the first unit of the after-treatment system of diesel vehicles and, as the 

name suggests, it is primarily used to oxidise pollutants including HCs, CO, NO and the soluble 

organic fraction (SOF) which is the unburned liquid component of PM. While the DOC may 

oxidise NO to NO2, overall NOx reduction is carried out at a later stage of the after-treatment 

process. Similar to the TWC previously discussed, the DOC is present on the washcoat of a 

through-flow monolith which is fitted along the exhaust pipe of the vehicle (Figure 2.4, 

section 2.2.3.1). The position of the DOC unit can also be an important factor, as this can 

affect its temperature. Placing the DOC unit close to the engine minimises heat loss from the 

system, and so the light-off temperature can be achieved sooner. However, close-coupling 

of the engine and DOC may induce thermal degradation of the catalyst [46]. The main 

reactions which take place in the DOC are as follows: 

 

Figure 2.8 - Schematic of the 3 steps of the catalytic emission control system of a diesel vehicle 
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 2 𝐶𝑂 +  𝑂2  ↔  2 𝐶𝑂2         (7) 

𝐻𝐶 + 𝑂2  ↔  𝐶𝑂2 +  𝐻2𝑂       (8)

 2 𝑁𝑂 + 𝑂2  ↔  𝑁𝑂2        (9) 

As with the three-way catalyst (discussed in section 2.2.3.1), platinum group metals (PGM) 

are the most commonly used active component of a DOC. While Rh is often used in TWC for 

the reduction of NOx in gasoline emissions, it is less commonly employed in DOCs as the diesel 

exhaust temperature is too low to achieve catalyst light-off [37]. Pt and Pd are widely used 

in DOCs as they both show high activity in the oxidation of HCs, SOF and CO, although the 

use of each metal has associated benefits and disadvantages. Pt catalysts provide excellent 

promotion of redox reactions, although suffer from sintering (hot-spot) at high temperatures 

and have a high capital cost. With the addition of Pd, resistance to thermal degradation is 

achieved, whilst maintaining high selectivity. The bimetallic catalysts have also shown 

increased resistance to sulphur and lead poisoning and increased resistance to thermal 

ageing [48] [49].  

The choice of washcoat material is also an important factor with the requirement of a large 

surface area and excellent thermal stability and OSC properties, resulting in the wide 

application of ceria and alumina based materials [39] [50]. The use of specialised zeolites is 

also beneficial as a support, absorbing liquid HCs until the light-off temperature of the 

catalyst is reached [51].  

 

2.2.4.2 Diesel particulate filter – DPF 

High air:fuel ratios, low combustion temperature, and the use of compression ignition in 

diesel engines can lead to high power and torque out-puts and excellent fuel efficiency. 

However, these operating conditions promote the formation of particulate matter (PM) 

which is made of various fractions. The SOF is removed from the exhaust gas by the DOC, 
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while the sulphate and inorganic (ash) component is generally controlled by fuel quality and 

the use of ultra-low sulphur fuels and engine lubricants as previously described. 

The majority of PM is made up of soot (elemental carbon) particles which are small enough 

to be inhaled by humans and, therefore, require a mechanical filter in the exhaust pipe to 

avoid emission [49]. The formation of soot occurs in fuel-rich regions at high temperatures. 

Although soot formation depends on parameters such as temperature, pressure, fuel 

injection method and fuel composition, it occurs in a number of steps [52]: 

• Pyrolysis – at high temperature and insufficient oxygen content, the structure of 

organic molecules changes to form the precursors of soot formation.  

• Nucleation – Gas phase reactants combine to form polycyclic compounds through 

dehydrogenation reactions, resulting in nanoparticle formation. 

• Surface growth – hydrocarbons are deposited on the surface of the nanoparticles.   

• Agglomeration – the nanoparticles collide and their agglomeration results in the 

growth of soot particles. 

Soot particles can be categorised by size: large paticles > 10 μm; PM10/coarse particles 2.5 - 

10 μm; PM2.5/fine particles 0.1 - 2.5 μm; PM0.1/ultra-fine particles 0.05 - 0.1 μm; and, 

nanoparticles < 50 nm (0.05 μm) [49]. While smaller classified particles contribute least to 

the overall mass of soot emission, they are present in significantly higher numbers as shown 

in Figure 2.9. It is known that high numbers of smaller particles are an imminent threat to 

human health; this is the reason for the implementation of particle number (PN) restrictions 

as well as particle mass (PM) limits [49]. Although high pressure fuel injection technologies 

has been used to improve the mixing of fuel and air as previously discussed in section 2.2.1.1, 

further PM abatement strategies are required to meet the current emission standards.  
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Much like the gasoline particulate filter (GPF) described in section 2.2.3.2, the DPF is a wall-

flow ceramic (cordierite or silicon carbide) monolith with the alternative ends of adjacent 

channels sealed in order to force the flow of exhaust gases through the substrate (shown in 

Figure 2.6, section 2.2.3.2). As the DPF continuously removes soot particles from the exhaust 

stream, the accumulation of solids causes an increase in back-pressure which has a 

detrimental effect on the fuel efficiency of the engine. However, this is overcome by the 

continual regeneration of the filter.  

DPF regeneration techniques can be classified into two categories [52]: 

• Passive regeneration employs the use of catalysts to promote the combustion of 

soot trapped by the DPF. The catalysts can either be present in a washcoat on the 

walls of the filter or in the form of a diesel fuel additive.  

• Active regeneration uses sensors to monitor the accumulation of soot on the DPF 

and increases the temperature in the device to induce soot combustion when 

necessary. This is typically done by imposing a rich air:fuel ratio, burning excess fuel 

to provide the required temperature increase.  

 

Figure 2.9 - A schematic of the number and mass based concentration of typical particle size distribution from 
a diesel exhaust [49]. 
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In combination with an upstream DOC, the passive removal of soot particles can be carried 

out by CRT® (Continuously Regenerating Trap) technology, patented by Johnson Matthey 

[38]. As previously mentioned, the DOC will oxidise NO to NO2, which is a stronger oxidising 

agent then either NO or O2. As the NO2 passes downstream to the DPF, trapped carbon (soot) 

can then be readily oxidised by the reaction [49]: 

  𝑁𝑂2 +  2 𝐶 → 2 𝐶𝑂2 + 𝑁𝑂     (10) 

A disadvantage of CRT® technology is that for effective soot removal at low temperatures, 

the engine must run at high NOx:PM ratios as each NO2 molecule can react only once. For this 

reason, DPFs have been adapted to include a PGM washcoat in catalysed diesel particulate 

filters (CDPFs). This development aided the oxidation of PM, by re-oxidising NO to NO2 and 

enabling the engine to run at lower NOx:PM ratios [7] [38] whilst also oxidising any CO and 

HCs and improving the filtration efficiency due to the washcoat layer [49].  

Although the general principles of a DPF and GPF are the same, there are a number of factors 

which require differences in design in respect of each. While modern gasoline direct injection 

(GDI) engines trade increased efficiency and power for higher PM formation, they still emit 

less soot than equivalent diesel engines. Therefore, the DPF has a higher filtration efficiency 

due to the larger quantity of soot which it collects. This also means that a thinner substrate 

wall can be used on a GPF to avoid a high pressure drop and can compensate for the higher 

exhaust flow rate from the gasoline engine. Further, the higher temperature of a gasoline 

engine may also eliminate the requirement for additional active GPF regeneration which is 

often necessary on a DPF [53].   

Another passive technique for the oxidation of PM is the use of fuel-borne catalysts, such as 

cerium, iron or strontium, which are burned along with the fuel in the engine [27]. This allows 

for maximum contact time, the mixing of the catalyst and soot particles, and enables soot 

combustion at significantly lower temperatures in the DPF. This can improve fuel efficiency 
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of the engine by avoiding high levels of soot accumulation, particularly under low engine 

loads [49].    

Active methods of DPF regeneration are also effective through the injection of fuel into the 

exhaust stream in order to increase the temperature of the DPF, which promotes combustion 

of the accumulated soot. The injection of fuel can either be carried out in-cylinder post-

injection or in-exhaust. The latter technique has the advantage of a smaller fuel penalty as 

the temperature increase is a result of the exothermic oxidation of diesel over the DOC or 

CDPF. Therefore, this minimises heat loss from the exhaust system. On the other hand, 

temperature increases from in-cylinder post-injection are a result of the combustion of extra 

fuel in the engine, which must compensate for the heat lost from the system between the 

exhaust manifold and the DPF. However, this is a less costly technology to implement [49]. 

2.2.4.3 NOx abatement technologies 

As previously mentioned, one of the characteristic problems with diesel engines is the 

emission of nitrogen oxides (NOx). The formation of thermal NOx occurs when N2 thermally 

dissociates under the elevated temperature and pressure of the combustion chamber, which 

can then be oxidised by the available excess oxygen, particularly in lean combustion mixtures 

[55]. Although gasoline engines also emit NOx, the high temperature in the exhaust and 

stoichiometric conditions enable the reduction of nitrogen oxides over a TWC with a rhodium 

component. Due to the lean-burn operation of a diesel vehicle, the exhaust system struggles 

to meet the temperature required for effective NOx reduction, adding to the complexity of 

diesel emission control strategies. In order to comply with emission legislation, the 

implementation of NOx abatement technologies is essential in the catalytic converter of a 

diesel vehicle.  

A number of De-NOx strategies can be implemented, and the choice of system is dictated by 

the vehicle size and engine capacity. Lean NOx Trap (LNT) systems depend on the cycling 
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between lean and rich operating conditions of the engine. During lean conditions, NOx is 

adsorbed onto the surface of a storage component of the LNT catalyst. When conditions 

enter the rich phase, the adsorbed NOx is desorbed and reduced by the high concentrations 

of H2, CO and HCs in the exhaust stream. Selective Catalytic Reduction (SCR) technology 

employs the use of an on-board ammonia (NH3) source which is produced from the thermal 

decomposition of a urea supply, often referred to as diesel exhaust fluid (DEF) or AdBlue.  

[46]. Although SCR systems are effective for the abatement of NOx emissions, the 

requirement for an on-board DEF supply and a secondary catalyst renders it applicable to 

only larger vehicles [7].  

Lean NOx Trap – LNT 

Lean NOx Trap, also commonly referred to as NOx storage reduction (NSR) technology, is one 

commercial use for the reduction of NOx emissions. Due to its compact size, it is particularly 

effective in the application of smaller vehicles of up to 2.5 litre engine capacity [27]. This 

technology requires the periodic cycling between rich conditions with excess fuel, and lean 

conditions with excess oxygen. During lean conditions, the NOx molecules are held on the 

storage component of the catalyst in the form of nitrates or nitrites. As shown in Figure 2.10, 

the storage component becomes saturated under lean conditions. During rich conditions, the 

storage component is regenerated as the stored nitrogen oxides are reduced to N2 [56]. 

Lean NOx Trap (LNT) catalysts are composed of an alkali earth metal, typically barium oxide 

(BaO), and a precious metal on an oxide support, such as γ-Al2O3 which provides a large 

surface area, or CeO2 which can provide lattice oxygen during rich phases [57]. NO is firstly 

oxidised to NO2 by the PGM during lean operating conditions (if this has not already been 

done upstream by the DOC) and is then stored on the alkali earth metal in the form of 

nitrates. Over time, the storage capacity of the BaO becomes saturated, initiating 

regeneration of the catalyst. Regeneration of the catalyst is carried out by periodically 
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switching to rich operating conditions with excess fuel. These conditions cause the nitrates 

to decompose and desorb from the BaO [7]. NOx are then catalytically reduced to N2 by the 

unburned HCs CO and H2 over the PGM component [50], while excess CO, H2 and HCs can be 

oxidised to CO2 and H2O [37]. 

 

 

Although LNT technology has been an effective method for NOx abatement from light-duty 

vehicles, particularly where space and cost are limited, the main disadvantage is the fuel 

penalty required to achieve rich conditions along with the limited NOx capacity of the catalyst 

[27]. LNT catalysts have also been prone to sulphur poisoning due to the formation of BaSO4 

which compromises the NOx storage capacity and requires elevated temperatures and high 

fuel penalties to regenerate. However, much work has been done to produce low sulphur 

fuels to avoid such issues [59]. 

Passive NOx adsorber - PNA 

A particular challenge faced in automotive after-treatment is cold start emission control. This 

is the period that occurs just after the engine has been started and during the engine warm 

up period when lubricants are at ambient temperature and frictional forces between 

mechanical parts are at their highest. During cold start conditions, the engine consumes high 

 

Figure 2.10 - Working principle of an LNT catalyst during lean (storage) phase and rich (regeneration) phase 
[58]. 
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quantities of fuel and runs with low efficiency until the engine block, tailpipe and catalyst 

become warm. This results in the emission of high concentrations of pollutants, and 

abatement of these emissions is inhibited by the fact that the after-treatment catalyst has 

not reached its light-off temperature and the system is kinetically limited. In particular, the 

reduction of NOx is difficult at these low temperatures. Passive NOx Adsorber technology is 

not involved in the catalytic reduction of NOx emissions However, it has the capacity to store 

NOx species at low temperatures (<473K/200⁰C), up-stream of an SCR or LNT unit as shown 

in Figure 2.11. As the temperature of the system increases, NOx is desorbed from the surface 

of the PNA before it is reduced by specific de-NOx technologies like LNT or SCR units. PNA 

catalysts described in literature most commonly consist of precious metal components such 

as Pt and/or Pd for the storage of NOx in the form of nitrates (NO3-) and nitrites (NO2-), 

supported on Al2O3, CeO2 or zeolites [60]. While it has been reported that Pd appears to be 

the most promising metal for PNA technology, it is prone to sulphur poisoning which must 

be considered in the catalyst design [61]. Further, LNT catalysts which have a similar NOx 

storage function, also have promoters such as Ba which improve the NOx storage efficiency. 

However, these are unsuitable for use in PNA catalysts as they require desorption 

temperatures of over 600 K and make regeneration more difficult [62].   

 

 

Selective Catalytic Reduction – SCR 

Selective Catalytic Reduction (SCR) technology is a system which has commonly been used in 

the emission control of heavy-duty diesel vehicles. However, recently it has become more 

 

Figure 2.11 - Integration of Passive NOx Adsorber in a SCR-based exhaust system [62]. 

 



35 
 

common in passenger vehicles [63]. SCR systems require the use of an onboard ammonia 

source and are therefore larger and more complex [64]. The system works by the injection 

of an urea solution (commercially known as AdBlue) from an onboard supply, located up 

stream of the SCR catalyst which hydrothermally decomposes to provide a source of NH3 as 

shown in Figure 2.12. The reaction between NH3 and NOx produces harmless N2 gas over the 

SCR catalyst by three reactions [46] [65]: 

Standard SCR  4 𝑁𝐻3 + 4 𝑁𝑂 +  𝑂2 → 4 𝑁2 + 6 𝐻2𝑂   (11) 

Fast SCR  4 𝑁𝐻3 + 2 𝑁𝑂 +  2 𝑁𝑂2 → 4 𝑁2 + 6 𝐻2𝑂  (12) 

NO2 SCR 4 𝑁𝐻3 + 3 𝑁𝑂2 → 3.5 𝑁2 + 6 𝐻2𝑂   (13) 

 

As the name suggests, the standard SCR reaction (equation 11) is the main way in which NOx 

removal occurs. However, with the promotion of NO2 formation through NO oxidation across 

an upstream DOC, the fast SCR reaction (equation 12) is also prominent. The slowest and 

least desired SCR reaction is NO2 SCR (equation 13) which can occur in the event of excess 

NO oxidation in the DOC upstream [59]. 

 

Figure 2.12 - Schematic of the SCR system [66] 
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Commercial applications of SCR technology have been successful in the adoption of 

vanadium oxide (V2O5) based catalyst, supported on titanium oxide (TiO2). This has shown 

high NOx conversion between 573 K and 723 K, as well as excellent resistance to sulphur 

poisoning [67]. In markets where ultra-low sulphur fuels are available, the focus of SCR 

catalysts has moved to Cu and Fe supported on zeolites, which can provide better NOx 

conversion at low temperatures and high thermal stability [67].  

 A disadvantage of SCR technology is that it is generally limited to use on larger vehicles which 

have the onboard capacity to carry a urea tank which must be replenished. The added bulk 

of the system can also create a weight penalty, counteracting efficiency improvements made 

elsewhere  [68]. There is also a requirement for an additional Ammonia Slip Catalyst to ease 

concerns of the emission of excess NH3 [7]. This requires another device downstream of the 

SCR unit which oxidises any NH3 which is not used for NOx abatement. Ammonia Slip Catalysts 

typically use a bi-layer formulation. A bottom Pt/Al2O3 layer partially oxidises NH3 to NOx, 

while a top Fe/ZSM-5 layer reduces NOx to N2 [69]. 

 

2.2.4.4 Combined and integrated emission control systems 

As many automotive manufacturers develop their vehicles to maximise fuel efficiency and 

space whilst also reducing costs, the development and application of more compact emission 

control systems has become one way of achieving such targets. An example is the catalysed 

diesel particulate filter (CDPF) described in section 2.2.4.2. With the added complexity of 

deNOx technologies, now necessary to comply with current and future emission legislation, 

significant advancements have been made to combine NOx abatement techniques with other 

methods of emission mitigation.  

The combination of LNT and SCR technologies is another example of a hybrid emission 

control system. During the rich phase, NH3 is formed in-situ on an LNT or TWC, as the catalyst 
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is regenerated and then stored on SCR component downstream. When operating under lean 

conditions, any NOx species which are not adsorbed on the LNT are then reduced by the NH3 

which is stored on the SCR catalyst. The advantage of a combined LNT and SCR system is that 

shortcomings of the LNT catalyst are counteracted by the SCR component, whilst also 

reducing PGM loading on the LNT by as much as 25% [67] [59]. A successful commercial 

application of an LNT and SCR system is BlueTEC® technology, trademarked by Daimler AG 

(Mercedes-Benz). It consists of upstream DOC, LNT, DPF and SCR components in the exhaust 

system, as shown in Figure 2.13. BlueTEC® has been applied to smaller vehicles requiring a 

compact solution, and the combined technology can provide highly effective NOx abatement 

with the elimination of an onboard urea supply. The main disadvantage of combined LNT and 

SCR technology is the fuel penalty associated with the rich conditions required for 

regenerating the system [67]. For this reason, Mercedes-Benz applied a different BlueTEC® 

system to larger SUVs, which was closer to the conventional SCR technology, in order to avoid 

rich phases on vehicles with high fuel consumption [70].  

Continuously Regenerating Trap (CRT®) technology, previously described in section 2.2.4.2, 

utilises the NO2 formed upstream in the DOC as an oxidising agent for the oxidation of soot 

deposits on the DPF (equation 10). A development of this technology is the Catalysed Diesel 

Particulate Filter (CDPF), which added an oxidising washcoat to aid soot oxidation. Similarly, 

the Selective Catalytic Reducing Filter (SCRF) integrates DPF and SCR technologies by 

employing a wall-flow monolith to an SCR unit, allowing the simultaneous regeneration of 

the filter through NO2 reduction and NOx reduction by NH3-SCR. As this design is more 

compact than a conventional SCR system, it has the potential to allow close-coupling of the 

SCRF and engine manifold, decreasing the duration of the catalyst warm-up period. However, 

SCRF technology has sparked controversy as the SCR reactions consume the NO2 required for 

soot oxidation, and so limits regeneration of the filter [59] [67]. While Johnson Matthey and 

Eminox have developed the Selective Catalytic Reduction Trap (SCRT®), it still requires two 
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successive monoliths and is therefore only suitable for heavy-duty or stationary applications 

[71] [72].    

 

Toyota also commercialised their own integrated technology which combined the removal 

of NOx and PM in one unit, known as DPNR® (Diesel Particulate-NOx Reduction). This was 

achieved by the addition of an LNT catalyst to the DPF in a similar fashion to the integration 

of an SCR catalyst in SCRF technology. As PM is trapped in the wall-flow monolith of the DPF, 

NOx is adsorbed onto the surface of the LNT catalyst in the form of nitrates during lean 

conditions. The stored nitrates then oxidise the PM over a PGM component of the catalyst, 

regenerating the filter. Any stored NOx is then reduced to N2, with the addition of excess fuel 

during rich cycles. As excessive levels of PM may cause extensive congestion of the substrate 

pores, this can significantly reduce access to NOx storage sites and create a high pressure 

drop across the DPNR® unit. Therefore, occasional fuel injections may be required to increase 

the temperature of the system and promote soot oxidation. However, this can lead to 

significant ageing of the catalyst [59] [73].  

 

 
Figure 2.13 - Schematic of BlueTEC® passive SCR technology [70] 
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2.3 Ceria in automotive emission control 

Ceria is widely used in oxidation catalysis due to its ability to be repeatedly oxidised and 

reduced between Ce4+ and Ce3+ oxidation states. This provides an oxygen storage capacity 

(OSC) to the material and creates oxygen vacancies on the surface. These redox properties 

result in the ability to store and release oxygen from the bulk of the material and are 

important for the oxidation of carbon monoxide, hydrocarbons and volatile organic 

compounds [1].  

Each of the catalytic emission control catalysts which are described in this chapter are 

specifically formulated for their intended purpose. In most cases, the catalyst support plays 

a key role in the reaction mechanisms which occur in the catalytic converter and its 

properties are often important in achieving the high conversion of polluting gases. The 

support can ensure the life span of the catalyst by improving its resistance to thermal aging 

or resistance to poisoning, and it can also have chemical and morphological properties which 

aid the active phase. 

In automotive emission control, γ-Alumina (Al2O3) is often used as a catalyst support due to 

its large surface area on which the active metal can be dispersed. Alumina is widely 

documented as a support for TWCs, DOCs and LNTs due to its large surface area which lends 

to a high degree of metal dispersion, creating stability at high temperatures which are 

reached in the exhaust system of a car [41]. However, as alumina is a non-reducible material, 

it does not have an OSC. This means that the air:fuel ratio must be controlled as alumina 

cannot facilitate bulk oxygen transfer and support oxidation reactions during rich engine 

operation [74]. Zeolites have also been examined for their automotive application and their 

ability to store HCs during cold start conditions. However, significant attention has been given 

to the use of ceria-based materials as they can strongly influence the reaction mechanisms 

due to their independent catalytic properties. Due to the independent redox properties of 
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ceria, it has been extensively studied and commercially applied in after-treatment catalysts 

which have the fundamental purpose of oxidising and/or reducing exhaust gas components. 

[37] [75] [49]. 

As previously mentioned, one of the most common applications of ceria-based materials is 

in automotive catalytic convertors. Traditionally, they are used as supporting materials in 

three-way-catalysts (TWC), diesel oxidation catalysts (DOC) and soot combustion [76] [46] 

[77]. This has been largely attributed to the redox properties and oxygen storage component 

(OSC) of ceria, which has the ability to repeatedly change between oxidised and reduced 

states of Ce4+ and Ce3+. The reduction of the support also results in the formation of oxygen 

vacancies which are known to promote the activity of the material [78]. This allows ceria to 

absorb O2 from its environment and release it again, facilitating oxidation of vehicle exhaust 

gases, particularly in transient rich and lean conditions  [1].   

The redox properties of ceria are related to its crystal structure. The CeO2 lattice is arranged 

with each Ce4+ cation positioned by eight O2- anions which are at each corner of a cube, 

forming a fluorite structure as shown in Figure 2.14. As cerium ions can constantly change 

between Ce4+ and Ce3+ oxidation states, this enables the exchange of oxygen from the 

material to a feed stream [39]. Reduction of Ce4+ in this way creates defects in the fluorite 

structure in the form of oxygen vacancies, which are mobile throughout the lattice without 

compromising the framework of the material, giving CeO2 its advantageous OSC [79] [80]. 

This oxygen storage property is the main reason for the wide application of Ceria in emission 

control catalysts as it can continue to promote oxidation and reduction reactions during 

fluctuations of the air/fuel ratio, as discussed in section 2.2 [1] [81].  
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2.3.1 Properties of ceria 

The fundamental operation of the three-way catalyst, and its requirement for stoichiometric 

conditions to achieve effective emission control, was described in section 2.2.3.1. As real life 

driving cycles are random, maintaining stoichiometric conditions is challenging. Therefore, 

one of the key aspects of a TWC is the ability to sustain the simultaneous oxidation of HCs 

and CO and reduction of NOx, whilst subjected to continuous fluctuations between rich and 

lean conditions. The oxygen storage capacity (OSC) property of ceria can, to some extent, 

negate the need for control of the stoichiometry of conditions. During lean conditions, Ce3+ 

can be oxidised to Ce4+ and uptake oxygen into the bulk of the lattice structure while 

promoting the reduction of NOx over a Rh component [1] [82].  

Although diesel engines operate under lean conditions with excess oxygen, the function of 

the after-treatment system requires cycling between short, rich phases in order to 

regenerate components like the LNT and DPF catalysts. Therefore, ceria is also often used as 

a component of catalysts found in the after-treatment system of diesel engines with a similar 

function to a TWC, as the stored bulk oxygen can be used during rich operating conditions. 

The OSC of ceria is highly beneficial to the operation of LNT catalysts as it can support 

oxidation reactions during rich phases, when the NOx storage component is regenerating 

 

Figure 2.14 - Fluorite structure of CeO2. Each Ce atom is coordinated by 8 oxygen atoms. Each O atom is 
coordinated by 4 Ce atoms. 
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[57]. In the case of CDPFs, the availability of oxygen and high surface reducibility of ceria has 

also been reported to be effective for the low-temperature oxidation of soot particles and, 

therefore, can reduce filter regeneration temperatures [1] [83]. 

2.3.2 Ceria-metal interfaces 

Many of the catalysts discussed in this chapter involve the use of platinum group metals 

(PGMs), which are also commonly known as precious metals or noble metals. The most 

widely used PGM in automotive emission control catalysts are platinum (Pt), palladium (Pd) 

and rhodium (Rh) as they have proven excellent for use in redox reactions. Pt has been widely 

used in DOCs, LNTs and CDPFs for its activity in CO, HC and NOx oxidation, while Pd has also 

proven to be particularly active for CH4 combustion. Although Rh is known to be less active 

than Pt and Pd for the oxidation of emissions, it is often used for its high activity in NOx 

reduction under stoichiometric conditions, particularly in three-way catalysts [84]. For this 

reason, a combination of Pt, Pd and Rh is commonly used in modern after-treatment 

catalysts. The metal catalysts are typically present in the form of nanoparticles, dispersed 

across the surface of a support material, and the interaction between the two is an important 

consideration.  

The interaction between Pt, Pd or Rh and the surface of ceria has been considered as another 

way to enhance the OSC of the support. It has been observed that the interface between the 

metal and the support is the favoured site for oxygen exchange and results in a tendency for 

oxygen vacancy formation in the vicinity of the metal particles [4]. In particular, it has been 

reported that the metal atoms along the perimeter of the metal particles are the active sites 

for CO oxidation, highlighting the importance of the metal-ceria interface interaction, 

regardless of the metal [85]. In fact, Yao and Yao [86] compared the OSC of Pt, Pd and Rh 

catalysts, each supported on CeO2, Al2O3 and CeO2-Al2O3. They reported that the addition of 

each metal to ceria and ceria-alumina significantly improved the oxygen uptake of the 
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support. Furthermore, they reported that the OSC of the ceria-alumina supported catalyst 

was notably higher than that of the ceria supported samples and correlated this to the 

dispersion of ceria on the surface of alumina. 

The interaction between the metal and the support was also reported by Yamada et al. [87]. 

Their work showed that Pt supported on CeO2-Al2O3 composite oxide was reduced at a much 

lower temperature than when supported on pure Al2O3. Temperature Programmed 

Reduction (TPR) experiments showed that the 1% Pt supported on CeO2-Al2O3 was reduced 

by H2 at a temperature of around 373 K. In comparison to the TPR peak observed over the 

corresponding 1% Pt/Al2O3 catalyst, reduction occurred at a temperature 70 K higher (around 

443 K) and H2 uptake was around 50% less than the Pt/CeO2-Al2O3 sample. The higher degree 

of reducibility of Pt observed when supported on CeO2-Al2O3 was due to the decreased Pt-O 

bond energy by the interaction with CeO2. In the case of palladium catalysts, it is recognised 

that PdO is the active phase for methane oxidation. However, as PdO is reduced to Pd during 

the reaction, the activity towards methane oxidation is diminished with increasing 

temperature due to the thermal instability of PdO. With this in mind, Colussi et al. [88] 

demonstrated that when using CeO2 as a support, the re-oxidation of Pd to PdO can occur at 

high temperatures. This interaction between the Pd metal particles and CeO2 can, therefore, 

minimise the hysteresis between Pd and PdO during methane oxidation.   

2.3.3 The development of supports for after-treatment catalysts 

As highlighted in sections 2.3.1 and 2.3.2, the support plays an important role in the 

functionality of the overall catalyst by contributing different chemical and physical properties 

which are beneficial to the material. Although the unique OSC of ceria is a highly 

advantageous chemical property for automotive after-treatment catalysts, it is unsuitable to 

be used on its own.  
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The crucial problem with CeO2 is that it demonstrates poor thermal stability. When exposed 

to high temperatures (circa 900 K), ceria is exceptionally prone to morphological changes. 

Through thermal sintering, small crystallites coalesce, resulting in a significant reduction of 

the surface area, and therefore, a decrease of surface oxygen vacancies. In turn, this has a 

detrimental effect on the low-temperature redox activity of ceria. This is a particular problem 

in after-treatment catalysis as these morphological changes occur at temperatures which are 

within the typical operating range of vehicle exhaust systems [82]. As Trovarelli [79] 

explained, the OSC of pure ceria was limited by the creation of surface oxygen vacancies, and 

so the loss of surface area would be directly related to the reduction of oxygen storage 

properties and low-temperature redox activity.  

Due to the thermal instability of CeO2, much research has been conducted into developing 

the material to provide a more fitting catalyst support for after-treatment applications. This 

has led to the combination of ceria with other materials which improves its resistance to 

thermal sintering, without compromising its unique redox properties.  

2.3.3.1 Ceria-alumina 

Another material which has long been used in after-treatment catalysis is alumina. In 

particular, γ-Al2O3 is often used as a support material in catalytic converters for its high 

surface area, high porosity and good thermal stability [46]. This allows for the high dispersion 

of metal nanoparticles which is a requirement for an effective after-treatment catalyst. 

However, the use of γ-Al2O3 on its own as an after-treatment catalyst support brings 

challenges. Although γ-Al2O3 has good thermal stability, under prolonged periods of high 

temperature (circa 1273 K) the crystal structure of the material can change. This results in a 

phase transformation from γ-Al2O3 to α-Al2O3, which has a lower surface area. This can lead 

to a significant reduction of the noble metal dispersion [39]. Furthermore, at the high 
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temperatures of the exhaust system, the PGM particles become mobile across the surface 

and sinter.  

The combination of alumina and ceria in mixed oxides has been an important development 

in after-treatment catalysts in bringing the desirable properties of each material together. 

The presence of CeO2 provides an OSC to the support, which is not available when Al2O3 is on 

its own. This is highly beneficial to alumina as it can impart redox properties which 

significantly improve its activity in oxidation reactions. In fact, this effect was shown by 

Sedjame et al. [80] by comparing various CeO2/Al2O3 mixed oxides. They prepared samples 

with ceria loadings ranging from 7 to 51 wt. % and carried out TPR experiments. It was found 

that the H2 uptake increased significantly as CeO2 loading increased (Figure 2.15). A further 

advantage of adding CeO2 to Al2O3 is the formation of CeAlO3 at the interface between the 

two materials. This inhibits the phase changes of alumina at high temperature and provides 

improved thermal stability [89] [90]. In addition to the enhanced properties of the mixed-

oxide support, the lower cost of Al2O3 compared to CeO2 can be advantageous as it can 

provide a cost effective redox catalyst while maintaining a good surface area [91].   

As previously discussed, the interaction between metal nanoparticles and the support is a 

crucial factor in developing a successful catalyst. In the case of alumina-based catalysts, the 

PGM nanoparticles readily degrade at high temperature. This can be a result of the loss of 

metal surface area through the agglomeration of nanoparticle due to sintering, or the 

encapsulation of nanoparticles as they diffuse into the bulk of the alumina. However, the 

addition of ceria to alumina also brings the advantage of strong metal-support interactions 

as the PGM can bond to the support and anchor the particle to the surface. In this way, ceria 

reduces the sintering of PGM particles and can improve the durability of the catalyst [92].  
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2.3.3.2 Ceria-zirconia  

Ceria is a very useful catalytic material. However, it can be prone to morphological changes 

when exposed to high temperatures. The growth of crystallites through thermal sintering 

reduces the surface area and thus, the redox properties deteriorate. One of the greatest 

improvements to automotive catalysis has been the modification of ceria supports by the 

addition of zirconia. This made significant improvements to the thermal stability of the ceria-

based supports as the redox properties are not limited by surface area, but oxygen diffusion. 

Therefore, the addition of zirconia can help to maintain the OSC of ceria even after the 

material has been sintered [39].   

Although ZrO2 is non-reducible, the distortions which it creates within the lattice can improve 

the OSC by increasing the mobility of oxygen from within the bulk of the material [82] [93]. 

This allows the involvement of bulk oxygen in redox reactions that take place on the surface 

[1]. However, this is only effective when there exists a correct balance between CeO2 and 

 

Figure 2.15 -H2 TPR profiles of CeO2/ Al2O3 mixed oxides with and without Pt. CeO2 and Pt wt.% loadings; a) 
CeO2 7%, b) CeO2 15%, c) CeO2 23%, d) CeO2 51%, e) CeO2 7% + Pt 0.2%, f) CeO2 15% + Pt 0.2%, c) CeO2 23% + 

Pt 0.2%, d) CeO2 51% + pt 0.25%. Ref. Sedjame et al.  [80] 
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ZrO2. Figure 2.16 shows how the reducibility of ceria-zirconia mixed oxides is highly 

dependent on the CeO2/ZrO2 mole ratio. As the CeO2 concentration decreases, the extent of 

reduction increases significantly until a CeO2/ZrO2 mole ratio of around 0.4. This is in direct 

relation to the improved OSC and oxygen mobility imparted by the addition of zirconia. It can 

also be seen from Figure 2.16 that as the concentration of ceria further decreases, the 

reducibility of the mixed oxide begins to diminish. This is a result of the high content of non-

reducible zirconia. As such, the greatest OSC can be observed in CeO2-ZrO2 mixed oxides with 

between 40 and 60 mol.% ceria. 

 

 

The enhancement of ceria through the addition of ZrO2 is predominantly a consequence of 

the structural defects which are imposed in the fluorite structure. The introduction of smaller 

Zr4+ cations produces defects in the fluorite arrangement of the structure. Reportedly, the 

addition of Zr4+ cations reduces the size of the CeO2 cell unit which promotes the creation of 

structural defects, namely in the form of oxygen vacancies. Extended x-ray absorption and 

fine structure modelling revealed that much of the distortion in the lattice was due to varying 

 

Figure 2.16 - Extent of reduction (δ) at low (open symbols) and high (filled symbols) temperature of CeαZr1-αO2 
solid solutions of varying ceria composition (α) and surface area. Samples with surface area of 1-2 m2 g-1 (△), 

15-30 m2 g-1 (○) medium and 70-90 m2 g-1 (◻)  [4] 
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Zr-O bond lengths. 2 of the Zr-O bonds had a distance of 0.26 nm and the remaining O atoms 

were placed at a distance of 0.213 and 2.32 nm, while each Ce-O bond had a distance of 

0.231 nm. The lower stability of the O atoms involved in the weaker, elongated bonds 

presented in this model have been used to explain how the defects in the structure can 

improve oxygen uptake, storage and mobility properties, compared with pure CeO2 [1] [79] 

[94]. 

Further studies have also investigated how the composition of CeO2-ZrO2 solid solutions 

affects dynamic OSC during transient conditions, which is particularly important for the 

application of TWCs and the regeneration of CDPFs and LNT catalysts. CO pulse experiments 

over CeO2 and CeO2-ZrO2 samples, which had been reduced to various extents, showed that 

oxygen storage over ceria is limited to the creation of surface vacancies and thus the surface 

area. Contrary to this, the OSC over CeO2-ZrO2 samples was found to be limited to the 

diffusion of bulk oxygen. The study concluded that the composition of Ce1-αZrαO2, which 

utilises bulk oxygen fastest, is reported to be 0.3 < α < 0.5 [79]. Other work carried out by 

Aneggi et al. [83] demonstrated the influence of ceria-zirconia composition on surface area 

and OSC. Their work showed that the CeO2-ZrO2 solid solutions had notably larger surface 

areas and OSC than CeO2 catalysts, and these enhanced properties were accredited for the 

lower T50 values for soot oxidation observed over the mixed oxides. Moreover, the results 

indicated that the reduction of soot light-off temperature under lean conditions directly 

correlated to the oxygen available at the catalyst surface and thus the catalyst surface area. 

Alternatively, soot oxidation under inert conditions was evidently proportional to the catalyst 

OSC. With these considerations, ceria-zirconia mixed oxides were shown to be more effective 

catalysts for soot oxidation compared to CeO2.  
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2.3.3.3 Doping ceria with rare earth metals and transition metals 

A recent development in ceria catalysts has been the introduction of rare earth metals 

(REMs) and transition metals (TMs). The doping of CeO2 with REMs and TMs has been found 

to enhance the physical and chemical properties of ceria, such as increased structural defects 

and surface area which are attributed to its redox activity. Also, unlike Al2O3, REMs and TMs 

can easily form reducible oxides and can therefore contribute to metal-support interactions. 

The enhancement of these properties has translated to the improved activity of ceria in redox 

reactions.  

The effects of doping CeO2 with transition metals and rare earth metals was discussed in a 

recent review by Kim et al. [95]. The increased catalytic activity of doped ceria with REMs and 

TMs, particularly for CO oxidation, was found to be a result of  decreased oxygen vacancy 

formation energy and increased surface area. The effect of doping ceria with rare earth 

metals on CO oxidation activity was reported by Noh et al. [96]. Their findings evidenced a 

linear relationship between increased surface area brought about by doping CeO2 with REMs 

(La, Pr, Nd and Sm) and decreased CO light-off temperature. The greatest improvement in 

catalytic activity was observed after doping ceria with lanthanum. The temperature at which 

50% CO conversion was observed (T50) decreased by around 20 K after CeO2 was doped with 

La (20 mol.%) while the surface area increased by around 40 m2 g-1. The effect of adding TM 

to ceria was demonstrated by Jampaiah et al. [97] by doping CeO2 nanorods with Mg, Co and 

Ni. They found that while the addition of TMs to ceria increased the surface area of the 

catalysts and significantly reduced CO light-off temperature, the two properties were not 

strictly codependent. The results showed that the most significant increase in catalyst surface 

area was found after CeO2 was doped with Ni (+24 m2 g-1). However, the most significant 

increase in CO light-off was observed after CeO2 was doped with Co (180 K reduction in CO 

T50). The effect of doping ceria with transition metals was also studied by Lu et al. [98] through 
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DFT calculations. These models indicated that the energy required to form oxygen vacancies 

on the surface of the Cu doped CeO2 was lower than that of un-doped CeO2 and suggested 

that this was attributed to the increased concentration of surface oxygen vacancy.  

The increased activity of ceria catalyst through the addition of metal dopants may offer 

effective alternative catalysts for low-temperature oxidation reactions. This advancement 

holds the potential for industrial applications in modern automotive after-treatment 

catalysts, where reducing light-off temperatures is of paramount importance. In fact, Wang 

et al. [99] studied the activity enhancement of CeO2-ZrO2 TWCs by the addition of REM 

dopants and their work showed that doping Pd/Ce0.2Zr0.8O2 with La significantly improved the 

BET surface area and reactivity of the catalyst. The surface area of the La doped material was 

155.3 m2 g-1, an increase of around 65 m2 g-1 compared to the un-doped sample. Activity tests 

of samples thermally aged at 1373 K also showed that CO and HC T50 values observed over 

La doped Pd/Ce0.2Zr0.8O2 were 513 K and 553 K respectively. These T50 values were around 20 

K and 80 K lower than the corresponding CO and HC T50 values observed over an aged sample 

of un-doped Pd/Ce0.2Zr0.8O2. This suggests that doping with rare earth metals improves 

thermal stability as well as catalytic activity. Other studies have also been carried out with a 

focus on doping CeO2 after-treatment catalysts with transition metals. For example, the 

promoting effect of transition metal doping in after-treatment catalysts was reported by 

Huang et al. [100]. They found that the CO T50 over a Pt (1 wt.%)/ CeO2-ZrO2 catalyst was 

reduced by around 40 K after it had been doped with V (1 wt.%), while C3H6 T50 and NO T50 

were decreased by around 55 K and 70 K respectively. These results were obtained using a 

simulated diesel exhaust stream of CO (1000 ppm), C3H6 (500 ppm), NO (500 ppm) and O2 

(10%) and are shown in Figure 2.17.     
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2.3.3.4 Ceria-manganese 

The incorporation of ceria into manganese oxide catalysts has also been widely reported in 

literature and has been shown to enhance its activity for CO and VOC oxidation, with light-

off temperatures comparable to that of supported noble metals [101] [102]. This is due to 

the high surface area of the materials and the synergy between Mn and Ce components of 

the Mn-O-Ce solid solutions, with disordered lattice structures [103]. An example of the 

industrial use of cerium-manganese mixed-oxide catalysts is the catalytic wet oxidation of 

organics in the recycling of industrial wastewater. Not only do Ce/Mn mixed oxides 

demonstrate high conversion of organic compounds and stability under reaction conditions, 

but they also provide low levels of catalyst leaching compared to MnO [104].  

 

Figure 2.17 - Conversion of a) C3H6 b) CO c) NO over Pt-V/CeO2-ZrO2 catalysts of various Pt and V loadings, 
under simulated diesel exhaust conditions. Feed composition; CO 1000 ppm, C3H6 500 ppm, NO 500 ppm, O2 

10% [100] 
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Manganese oxides (MnO2) are a group of materials which have been extensively documented 

for their application as oxidation catalysts. Like ceria, the catalytic activity of manganese 

oxides can be ascribed to the mixed valency of manganese, which is most commonly in the 

form of Mn2+, Mn3+ and Mn4+, depending on the lattice structure. Mixed valent manganese 

can, therefore, mobilise oxygen from within the lattice through continuous oxidation and 

reduction, making it an excellent redox catalyst [105] [106]. The similar redox properties of 

ceria and manganese make their combination in the form of mixed oxides a noteworthy 

development on catalysts for oxidation reactions.   

Manganese oxides can be present in many different forms. The most common form of MnO2 

are frameworks that are typically octahedral units which create tunnel or layered structures 

through the sharing of their edges. When tunnel structures are formed, manganese oxides 

are often referred to as octahedral molecular sieves (OMS). OMS materials which have 2x2 

edge sharing units are known as OMS-2 and typically have a cation positioned within the 

framework, providing charge balance and support to the tunnel structure as shown in Figure 

2.18 [107] [108]. Various OMS-2 materials are known, and they are defined by the cation 

which is positioned within the tunnel structure. For example, hollandite is an OMS-2 material 

containing Ba+ within the tunnel structure, while cryptomelane contains K+
 cations and has a 

composition of KMn8O16. Cryptomelane is the most commonly used OMS-2 material in 

catalysis as the tunnel K+ cation can provide structural support to the framework, while other 

forms of OMS-2 are thermally unstable [108].The use of OMS-2 materials in the catalytic 

oxidation of CO, NO and VOCs has been extensively reported in literature and is favoured for 

its low manufacturing cost and low environmental impact. As well as the redox properties 

previously mentioned, the distinctive mesoporous structure, small particle size and high 

surface area of manganese oxides also contribute to its high catalytic activity. For example, 

K-OMS-2 materials were prepared by reflux method and used for NO oxidation [109]. 

Conversion of around 60% was observed over the cryptomelane support, while this was 
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further improved by around 20% after doping with Ru. In another study, K-OMS-2 was 

synthesised using a hydrothermal method and used for CO oxidation. 50% CO conversion was 

observed at around 420 K. This was attributed to the nano-rod morphology of the material, 

which was highly crystalline and had large pore diameters [110].  

 

As described above, cryptomelane is an interesting oxidation catalyst and shows much 

potential as a material for the application of after-treatment catalysis. The tunnel structure 

of the material allows for the incorporation of other materials through ion exchange 

methods, or by doping them onto the framework. The characteristics of cryptomelane are 

also highly dependent on the synthesis route which is used for their preparation, and so can 

have a strong influence on its catalytic activity. The effect of the synthesis method used to 

prepare K-OMS-2 was demonstrated by Zhang et al [110]. They compared the K-OMS-2 

supports using hydrothermal, reflux, co-precipitation and solid state methods before loading 

them with Pd (1 wt.%) through wet impregnation. Through XRD and BET analysis, they 

demonstrated that the sample prepared using a hydrothermal route had the highest 

crystallinity and the lowest surface area (53 m2 g-1) when compared with the materials 

prepared using alternative synthesis methods. They compared the activity of each of the 

 

Figure 2.18 - Structure of K-OMS-2 lattice. O, Mn and K atoms are indicated by red, light-purple and dark 
purple spheres, respectively [107] 
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OMS-2 samples for CO oxidation. Their work showed that the Pd/OMS-2 sample prepared 

using a hydrothermal was the most active material for CO oxidation, with 99% conversion 

(T99) observed at 308 K. In comparison, the second most active Pd/OMS-2 catalyst was 

prepared using a reflux method, which showed an increase in CO T99 of around 20 K. This 

study draws attention to the dependence of catalyst structure on the preparation technique, 

thus the impact this has on the catalyst activity. 

The addition of ceria to K-OMS-2 has also been reported to influence the activity of the 

material. However, this is also strongly influenced by the preparation method. In fact, these 

effects were demonstrated by Wang et al by introducing Ce into the K-OMS-2 framework 

using a reflux method with a Ce:Mn ratio of 1:20 [111]. XRD patterns showed that Ce/OMS-

2 samples did not display any phases of crystalline ceria, however, the materials had higher 

crystallinity compared with K-OMS-2. SEM images of the materials also showed the absence 

of nano-rods, which are a distinct formation on the surface of OMS-2 materials. The study 

suggested this was due to ceria being doped into the OMS-2 framework and the large ionic 

radius of Ce4+ cations prevented the formation of nano-rods, resulting in a small particle 

structure. They found that synthesising Ce/OMS-2 materials in this way had a detrimental 

effect on the catalytic oxidation of formaldehyde, with the T50 value increasing by 

approximately 40 K compared to K-OMS-2. In another study, Ce was incorporated into K-

OMS-2 using hydrothermal methods and compared with a sample prepared by wet 

impregnation of Ce. Liu demonstrated that using a hydrothermal method resulted in a 

material with very low crystallinity compared to the sample which had been impregnated 

with Ce [101]. It was suggested that the low crystallinity observed in the former was due to 

the positioning of Ce within the OMS-2 tunnel structure. These catalysts were then tested for 

their activity in benzene oxidation. Ce/K-OMS-2 prepared by wet impregnation displayed 

similar benzene light-off compared to K-OMS-2, while the sample synthesised by 

hydrothermal gave a light-off temperature around 80 K lower.  
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There are a number of examples of the incorporation of Ce and Mn intended for application 

in various redox reactions. However, the use of ceria-manganese oxide catalysts is a relatively 

new advancement of after-treatment catalysts. Some studies indicate the viability of the 

material for after-treatment applications. One study demonstrated the increased activity of 

Mn doped CeO2 for soot combustion. Haung et al found that as the Mn content of the catalyst 

was increased form 12.5 mol.% to 50 mol.%, the peak combustion temperature of soot 

reduced [112]. They reported a reduction in the peak soot combustion temperature of 

around 30 K after CeO2 had been doped with Mn (50 mol.%). This increase in activity was 

attributed to the lower oxygen vacancy formation energy which was calculated through DFT 

calculations. The authors expanded upon this work in a recent publication by studying the 

effect of doping Ce/Mn mixed-oxide catalysts with potassium. They found that the 

reducibility of the Ce/Mn catalyst (Mn 50 mol.% as described above) improved through K 

doping, as shown by the TPR profiles in Figure 2.19. Doping of the catalyst also led to an 

increase in the activity of soot oxidation and reduced the peak soot combustion temperature 

by around 55 K. This increase in activity was attributed to an increase in the specific surface 

area of the material and enhanced number of oxygen vacancies [113].  

 

 

Figure 2.19 - H2TPR profiles of Ce0.5Mn0.5O2 catalysts, before and after K doping [113] 
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Another study demonstrated the effect of combining ceria in manganese for the catalytic 

oxidation of NO to NO2. Liang et al prepared a number of catalyst samples with Ce:Mn weight 

ratios ranging from 0.3 to 0.7 using a co-precipitation method, before loading them onto a 

commercial SiO2-Al2O3 support [114]. It was found that ceria/manganese catalysts gave 

significantly higher conversion than the ceria and manganese samples. The most active 

catalyst in the series was that with a Ce:Mn weight ratio of 0.5 which gave an NO conversion 

of >60%, 10% higher than any of the other samples. The increased activity of these Ce/Mn 

catalysts was attributed to the synergy between ceria and manganese oxide, as their 

continuous oxidation and reduction will promote the absorption and utilisation of oxygen. 

However, few studies have investigated the performance of such materials in the catalytic 

oxidation of reactants in a complex diesel exhaust mixture. Although, a recent publication by 

Lanvande [14] on the catalytic activity of MnO2-CeO2 catalysts which had been doped with 

Mg reported 50% CO conversion at 377 K using a simplified diesel exhaust simulation (300 

ppm CO, 300 ppm C3H6, 100 ppm C10H22, 300 ppm NO, 5% O2, 5% H2O, 10% CO2). This presents 

the prospect of using similar materials as integrated diesel catalysts. 

Advances in engine technology are creating new challenges for automotive emission control 

catalysts, which must work at lower temperatures while remaining robust enough to 

withstand the severe condtitions of exhaust systems. This is driven by regulations which 

continually reduce the permissable emissions from combustion engines. The development 

of advanced materials has been essential in order to meet the demands of more complex 

engine technologies and stringent regulations.     

The development of advanced materials has placed are large emphasis on the introduction 

of new synthesis techniques which allow the control of the catalyst surface properties, which 

in turn, can dictate their catalytic activity.  This is particularly relevant in the development of 

materials for automotive emission control. One of the most widely used materials in this field 
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is ceria, due to its redox properties and  presence of oxygen vacancies on the surface which 

play a siginificant role in oxidation reactions.  

These structural defects and oxygen-vacancies are crucial for the reactivity of bare ceria and 

ceria manganese mixed oxides, owing to positive effects of O2-activation and lattice-oxygen 

mobility. Literature reports many examples of the use of ceria and manganese oxides for the 

catalytic oxidation of emissions. These materials have been developed further through the 

doping of manganese oxides with ceria with the aim to exploit the catalytic properties of 

both. Experimental studies have addressed the interactions of ceria with manganese atoms 

to ascertain the chemistry behind the reactivity of Mn-doped ceria systems. However, this is 

generally ascribed to high reducibility of surface Mn(IV) atoms in interaction with the ceria, 

the role of surface Mn(III) and Mn(II) centres on the functionality of MnO2-CeO2 systems 

remains still matter of debate. 

The aim of this work is to combine ceria and manganese oxides in the form of mixed oxides, 

using a novel synthesis method. The combination of Ce and Mn in this way can provide a 

mixed oxide with higher catalytic activity compared materials prepared using traditonal 

doping techniques.  

These studies have shown the enhancements that can be made to the activity of ceria-based 

catalysts by incorporating them with Mn. The results demonstrate that the method used to 

prepare these catalysts strongly influences the physical properties of the resulting materials 

which, in turn, can be attributed to the catalytic activity. Therefore, the development of 

preparation techniques must consider the desirable physical and chemical characteristics of 

the end catalyst to ensure the material is effective for the intended application.  

These studies indicate the potential for Ce/Mn mixed-oxide catalysts as effective materials 

for oxidation reactions. The effect of synthesis parameters on the catalyst structure, surface 
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area, composition and oxidation activity has been assessed. It was found that Ce/Mn mixed-

oxide catalysts prepared using this technique had a large quantity of oxygen vacancies with 

respect to both CeO2 and cryptomelane. The high surface area of these materials is another 

important physical property which was attributed to their high activity in the oxidation of CO 

and HCs at low temperatures without the requirement of precious metal loading. It was also 

found that the Ce/Mn mixed oxides prepared in this work were highly resistant to ageing in 

comparison to CeO2 and Cryptomelane  

As surface properties, such as oxygen vaccancies, are crucial for the activity of emission 

control catalysts, another method has been used to manipulate the material surface. These 

studies have invetigated the effects of using ion beam sputtering on Pt catalysts as a post-

synthesis technique for the enhancement of the surface properties of the materials and to 

improve the interation between the Pt metal and the CeO2-ZrO2 support. The aim of the study 

was to understand the effects that ion bombardment has on the surface of these catalysts 

and correlate these with parameters of the ion beam treatment. Understanding of the 

physical and chemical modifications made to the materials will be used to develop the ion 

bombardment technique in order to promote the activity of the catalysts.  
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3 Experimental techniques and methods 
 

The techniques used to prepare the catalysts in this study, as well as core principles of the 

characterisation techniques and testing methods employed for the evaluation of catalytic 

performances, are provided in this chapter. The scope of this section is to give an 

explanation of the synthesis methods and justify the chosen characterisation techniques, 

giving insights to the information they can provide.  

3.1 Catalyst preparation and synthesis 

3.1.1 Synthesis of K-OMS-2 and Ce/Mn mixed oxides 

Several K-OMS-2 (Cryptomelane) catalysts were prepared using a sol-gel method developed 

by Ching et al. [1]. With constant stirring, 6.3 g potassium permanganate (KMnO4) (Alfa Aesar) 

was dissolved into 400 ml deionised water before slowly adding 1.54 g maleic acid (C4H4O4) 

(Sigma Aldrich) to give a mole ratio of 3:1. The solution was stirred for a period of time, 

ranging from 5 to 60 minutes, allowing for the formation of a gel. After stirring, the resultant 

gel was given time to sediment before the top aqueous layer was decanted off. The gel was 

washed 4 times by adding 200 ml deionised water to the mixture and stirring it for 

approximately 5 minutes. After each wash, the gel was given time to sediment before 

decanting the aqueous layer. Excess water was then removed from the gel by vacuum 

filtration before placing it in an oven to dry for 12 hours. The catalyst was then crushed into 

a fine powder and calcined in flowing air at 723 K for 4.5 hours. Images of each stage of the 

sol-gel process are given in Figure 3.1. Henceforth in this report, the duration of stirring will 

be referred to as the stirring time. The samples synthesised are denoted as OMS-2:X, where 

X is the stirring time in minutes.  
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A similar sol-gel method was used to synthesise Ce/Mn mixed-oxide materials. This ‘one-pot’ 

sol-gel method was used to synthesise Ce/Mn mixed-oxide materials with high Ce content of 

up to 45 wt.%. KMnO4 was dissolved in deionised water and maleic acid was added while 

continuously stirring the solution, in a similar way to the synthesis of K-OMS-2 as previously 

described. Cerium nitrate hexahydrate Ce(NO3)3・6H2O (Alfa Aesar) was added to the 

solution immediately after the maleic acid, in concentrations which provided Ce/Mn mole 

ratios ranging from 0.025 to 0.75. The solution was then stirred for 40 or 60 minutes. The 

resulting gel was given time to settle before decanting the top aqueous layer. The gel was 

then washed 4 times and the remaining water was removed using a similar method as 

previously described for the preparation of K-OMS-2. The gel was dried for 12 hours at 363 

K. The catalyst was then crushed into a fine powder and treated in flowing air at 723 K for 4.5 

hours. The samples produced are denoted as Ce [X]-Mn, where X is the Ce/Mn molar ratio 

used in the precursor solution. 

 

 
Figure 3.1 – Stages of the sol-gel synthesis of K-OMS-2; A) Apparatus used for the synthesis process including 
reagents and overhead mechanical stirrer B) Formation of the sol during the mixing of the precursor solution 
C) Layer separation with the sedimentation of the gel D) Removal of water from the gel by vacuum filtration 
E) Residual gel after filtration F) Residual solid after thermal dehydration in the oven G) Dry solid is crushed 

into a fine powder before calcination. 

A B C D 

E F G 
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3.1.2 Post synthesis ion bombardment of catalysts 

Ion bombardment was used as a post synthesis technique for the modification of the surface 

of Pt/CeZrO2 catalysts. This was done using two methods: static and continuous. The plasma 

was generated in the red region and extracted by two graphite grids as shown in Figure 3.2. 

The beam was mono-energetic and could be varied independently from the ion beam 

current. The possible range of ion beam energy was 0.15 – 1.5 keV and the possible range of 

the ion beam current was 2 – 30 mA. The plasma was generated from N2 gas, the ion species 

in the beam were N+ (20%) and N2
+

 (80%), and the catalysts were bombarded under vacuum. 

The powder catalyst sample was placed in the sample holder and treated with the ion beam 

for a period of time. Between each static treatment the sample was mechanically mixed in 

the holder to expose fresh surfaces. During the continuous ion bombardment method, the 

powder catalyst was placed in a revolving sample holder. This enabled continuous stirring of 

the catalyst, exposing untreated surfaces to the beam, without the requirement for removing 

the catalyst from the vacuum chamber.   

 

 

Figure 3.2 - A schematic diagram of ion bombardment of powdered catalyst 
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3.2 Characterisation techniques 

3.2.1 X-Ray Diffraction (XRD) 

X-Ray Diffraction (XRD) is a non-intrusive technique which is commonly used in 

heterogeneous catalysis to provide information on the crystalline structure of the materials. 

It can be used to identify crystalline structural phases and provide an estimate of crystal sizes 

[2]. The wavelength of X-rays is in the range of 0.1 and 100 angstroms and those used for 

diffraction are comparable to the interatomic distances of molecules, between 0.5 and 2.5 

angstroms. In principle, when monochromatic X-rays penetrate a target material, they will 

be diffracted upon contact with the constituent atoms within the material’s crystalline 

lattice. The diffracted X-rays will either be in phase or out of phase with each other, creating 

constructive or destructive interference respectively, depending on the arrangement of the 

atoms within the lattice of the exposed crystal. It is this phenomena that allows us to 

determine information about the atom structure of a material [3]. 

When monochromatic X-rays are directed towards the target sample at an incident angle of 

θ⁰ from the crystal’s surface, they are reflected at an angle of θ⁰ from the crystal’s the 

surface. As the position of the X-ray tube producing the incident beam passes through varying 

incident angles of θ⁰, the detector mirrors the position of the X-ray tube by passing through 

reflective angles of θ⁰, collecting information from the X-rays reflected off the sample as 

depicted in Figure 3.3. The intensity of the diffracted beam is plotted as a function of the 

angle 2θ⁰ – the angle between the incident and diffracted beams. As this action proceeds, 

the X-rays are reflected off atoms within the same plane, creating constructive interference 

in specific directions as defined by Bragg’s Law (𝑛𝜆 = 2𝑑 sin 𝜃, where 𝑛 is the order of 

reflection, 𝜆 is the wavelength of the X-ray, 𝑑 is the spacing between the successive planes 

in the lattice, and 𝜃 is the angle between the normal vector of the reflecting plane and the 

incident X-ray).  
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Therefore, information concerning the arrangement of atoms within a material can be 

determined; the position of peaks on an X-ray diffraction pattern are dependent on the 

planar distances within the crystal, and the intensities of the peaks are dependent on the 

number of atoms within the respective plane  [4]. From the XRD pattern, it is therefore 

possible to deduce information about the orientation of the crystalline planes within a 

structure and its size. As the particle size is reduced within a crystalline structure, peak 

broadening occurs due to partially destructive interference. The particle size of a crystallite 

within a structure can be calculated using the Scherrer equation (𝐿 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
, where 𝐿 is the 

mean size of the crystallite in the perpendicular direction of the plane, 𝐾 is the constant 

shape factor, 𝜆 is the X-ray wavelength, 𝛽 is the width of the specific peak and 𝜃 is the angle 

between the normal vector of the reflecting plane and the incident X-ray).  

In this study, XRD analysis was used to provide structural information on the manganese 

oxide catalysts and confirm any crystalline phases of the materials. The data was collected 

using a PANanalytical X’Pert Pro X-ray diffractometer. A Cu Kα radiation source was used with 

a wavelength of 1.5405 Å. All measurements were carried out ex-situ using a spinning stage. 

The data was recorded over a 2θ range from 15° to 75° with a step size of 0.017°. X’Pert 

HighScore Plus software was used to analyse the XRD patterns, and crystallite sizes were 

determined by applying the Scherrer Calculator tool to the most intense peak. This method 

 
Figure 3.3 - An illustration showing the behaviour of incident X-rays as they pass through a crystalline plane 

and from constructive interference with the reflected X-rays 
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was also used to confirm if the ion bombardment treatment of the Pt/CeZrO2 samples used 

in this study had an effect on the crystal structure of the catalysts.  

3.2.2 BET method 

Another characterisation technique, named BET after its founders Brunauer, Emmet and 

Teller, is used as a theoretical measure of mesoporous (pore diameter of 2nm-50nm) and 

macroporous (pore diameter of 50nm+) solids. Through the physisorption of a monolayer of 

inert molecules of a known diameter (such as Ar or N2), the surface area of a material can be 

determined [2].  

This technique is built upon the theory that as a gas is pumped into an evacuated vessel 

containing only a solid sample, a monolayer of the gaseous molecules are adsorbed onto the 

surface of the solid. Known amounts of gas are introduced into the vessel stepwise, until the 

saturation pressure is met. After this point, no more adsorption of gaseous molecules onto 

the solid’s surface occurs, regardless of any further increase of the relative pressure 

(equilibrium pressure/saturation pressure). As the relative pressure is increased, the amount 

of gas adsorbed increases and the coverage becomes more complex – from a mono-layer of 

adsorbed atoms across the material’s surface, to a multi-layer of adsorbed molecules and, 

eventually, condensation within the pores at higher relative pressure values. Following the 

adsorption process, the solid sample is removed from the gaseous atmosphere and is heated, 

causing the adsorbed molecules to be desorbed. Changes in the internal pressure of the 

vessel are detected by highly sensitive and precise pressure sensors. The quantity of gas 

molecules adsorbed onto the surface of the sample can then be calculated, and thus, the 

surface area can be calculated using the BET equation. The various isothermal interactions 

between adsorbates and the material surface are plotted in terms of volume of gas adsorbed, 

as a function of relative pressure. Using this information, the surface area of the sample can 

be determined using the BET equation (
1

𝑋[(
𝑃

𝑃0
)−1]

 =  
1

𝑋𝑚𝐶
 +  

𝐶−1

𝑋𝑚𝐶
(

𝑃

𝑃0
) where 

𝑃

𝑃0
 is the relative 
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pressure, 𝑋𝑚 is the volume of gas adsorbed under standard conditions, and 𝐶 is the BET 

constant)  [5] [6] [2].  

Many catalytic reactions are dependent on access to active sites on the catalyst surface. 

Therefore, surface area is an important physical property to be considered in catalyst design. 

In this work, the BET method was used to calculate the surface area of each catalyst sample 

prepared. The BET method provided values of the surface area using N2 as the adsorbate. 

The surface area, pore volume and average pore diameter were determined from the N2 

adsorption–desorption isotherms at 77 K using a Micromeritics ASAP 2010. The samples were 

egassed at 393 K, under vacuum, for 24 h before carrying out nitrogen adsorption studies.  
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3.2.3 Inductively coupled plasma – optical emission spectroscopy (ICP-OES) 

This technique is commonly used to determine the elemental composition of a specified 

material. This measurement exploits the radiation emitted from the decay of excited atoms, 

to their ground state [7] [8]. The energy emitted is defined by Planck’s equation (𝐸 = ℎ𝑣, 

where 𝐸 is energy, ℎ is Planck’s constant and 𝑣 is the frequency of the radiation wave). In 

practice, the solid sample is digested (dissolved), typically in an acidic liquid. The liquid 

sample is then pumped and atomised using a nebulizer to form very small droplets. These 

droplets encounter a plasma source, creating energised atoms and forcing ionisation within 

the fluid sample. This excitation of the particles causes the promotion of electrons to orbitals 

of a higher energy level. Subsequently, the decay of the excited ions to their ground state 

emits a radiation which is monitored by an optical detector. The elements present in the 

sample are determined by the characteristic wavelengths emitted, while the concentration 

of each can be verified by the intensity of each wave. This technique was applied to obtain 

information about the elemental compositions of the Ce/Mn catalysts and determine the 

quantity of ceria which was incorporated into the catalysts. In this study, elemental wt. % 

compositions of Ce, K and Mn were determined by inductively coupled plasma optical 

emission spectrometry (ICP-OES) analysis using Perkin-Elmer 4300. 

3.2.4  Electron microscopy (EM)   

Microscopy is defined as the use of microscopes to view objects which are too small to be 

seen by the naked eye. Electron microscopy is a technique used to obtain information 

regarding topography and further understand the structure of a material. In principle, the 

subject material is bombarded with a beam of electrons, produced by a high voltage electron 

gun. Through the different phenomena which occur upon the collision of electrons within the 

surface of the material, useful information can be obtained with regards to the sample 

material. One such phenomena is that of secondary electron projection or electron 

backscattering. It is upon this concept which Scanning Electron Microscopy (SEM) is built. As 
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the electron gun scans across the material, bombarding the surface with a beam of primary 

electrons, the yield of reflected secondary electrons or backscattered electrons are detected. 

As the orientation of the surface changes, a 3-dimensional image is created. This occurs as 

the surfaces which face the detector appear brighter on the image, while those which are 

oriented away from the detector seem darker. This gives contrast and depth to the obtained 

image. Secondary electrons are of lower energy and typically emerge from the very surface 

of the sample, while backscattered electrons emerge from deeper within the bulk of the 

material. Although SEM can give 3D imaging of the topography of a material’s surface, 

resolution is limited to around 5 nm [2] [9].  

SEM was used in this study to collect images of the surface topography of the OMS-2 catalysts 

and to investigate any physical changes to the structure of the materials after they had been 

doped with ceria. Images of the catalyst surfaces were attained through Scanning Electron 

Microscopy to study the morphology of the samples. The images were obtained using a 

Quanta FEG 250 Scanning Electron Microscope.  

3.2.5 X-ray spectroscopy 

Spectroscopy is defined as the technique of separating electromagnetic light into its 

constituent wavelengths. X-ray spectroscopy is, therefore, the technique of using energy in 

the form of X-rays to probe the surface of a material, resulting in the ejection of core 

electrons (referred to as photoelectrons). The ejected photoelectron has properties of both 

a particle and a wave, and the energy required for its emission is specific to the target atom. 

Using this principle, X-ray spectroscopy is a powerful technique which can be used to acquire 

information regarding the chemical and electronic properties of the elemental constituents 

of a material. It can be applied to a wide range of materials, including liquids and amorphous 

solids. Two X-ray spectroscopy techniques have been employed in this study including X-ray 

absorption and fine structure (XAFS) and X-ray photoelectron spectroscopy.  
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X-ray absorption and fine structure (XAFS) is a common type of X-ray spectroscopy which is 

used for the extensive characterisation of heterogeneous catalysts. A sample is subjected to 

a high flux, monochromatic X-ray beam with great penetrating power provided by a 

synchrotron light source. The target atom will then absorb the light energy until the intensity 

reaches that of the core-level binding energy of the specific atom species. As the intensity of 

the light is increased beyond the core-level binding energy, the core electron is ejected from 

the atom as a photoelectron (this is known as the edge). The energy intensity at which the 

edge occurs is characteristic of each element and the target electron, and depends on the 

orbital from which the electron is emitted. The energy absorption can then be detected and 

provide information on the atom species and its oxidation state. This information can be 

determined by the XANES (X-ray Absorption and Near Edge Structure) region of the XAFS 

spectrum, as shown in Figure 3.4.  

Data from XAFS experiments is particularly insightful because it provides information on the 

atomic environment surrounding a target atom. As previously mentioned, a photoelectron 

has the characteristics of both a particle and a wave and can, therefore, be reflected from a 

neighbouring atom through backscattering. Due to the wave characteristics, emitted 

photoelectrons interact with those which have been backscattered. The wave of each can 

create constructive or destructive interference, depending on the atomic distance between 

emitting and scattering atoms, the wavelength of the photoelectron, and the phase shift 

provoked by scattering. This information is present on an XAFS spectrum in the form of 

oscillations and are shown in the EXAFS (Extended X-ray Absorption and Fine Structure) 

region, shown in Figure 3.4. Through extensive mathematical manipulation, EXAFS data can 

be used to provide information on coordination number, types of neighbouring species, 

interatomic distances, and disorder. XAFS experiments can be carried out using two different 

modes: transmission and fluorescence. In transmission mode, the X-ray beam is directed 

towards the front of the samples at a perpendicular angle to the surface. At the rear of the 
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sample, a detector collects data on how the intensity of the X-ray beam decreases as it passes 

through. In fluorescence mode, the X-ray beam is directed at a 45⁰ angle to the surface of 

the sample. A detector then collects information from the photons which are emitted by 

absorbing atoms of the sample through the photoelectric effect. In fluorescence mode, the 

detector is positioned perpendicular to the incident beam, measuring any photons emitted 

from the absorbing sample. Fluorescence mode is a useful method for the detection of very 

dilute samples or high energy absorbing materials. Another benefit of XAFS studies is that 

they can also be carried out in situ, allowing us to see the atomic changes in a material as the 

conditions of its environment change. This is a very powerful method in the field of 

heterogeneous catalysis, as it enables us to better understand the chemical and physical 

changes that occur during a catalytic reaction and the reaction mechanisms [2] [10].  

Another X-ray spectroscopy technique used in this work is X-ray Photoelectron Spectroscopy 

(XPS). XPS directs an X-ray beam towards the sample, causing excitation of core electrons to 

higher energy levels. As the atom relaxes and the core hole is refilled by electrons from higher 

energy levels, the energy from the decay is passed on to another electron causing it to be 

ejected from the atom. This is known as the Auger process. Alternatively, photoelectrons are 

emitted from the atoms. Much like in XANES carried out in fluorescence mode, detection of 

the ejected photoelectrons and Auger electrons can provide evidence on the binding energy 

of the atom and thus the elemental composition and oxidation state of the atoms. Moreover, 

because XPS uses much lower energy X-rays to that of XAFS, a synchrotron facility is 

unnecessary to carry out such experiments. However, this lower energy beam has less 

penetration power, and the technique is therefore limited to the surface of the sample. With 

this in mind, XPS is a useful technique for acquiring specific information on surface species, 

such as supported nano-catalysts [2] [11].  
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In this work, X-Ray absorption spectroscopy (XAS) analysis was carried out to determine the 

atomic environment of Pt. The measurements were taken on beamline B18 at the Diamond 

Light Source synchrotron facility (UK), with a ring energy of 3 GeV and a current of 300 mA. 

The monochromator was calibrated using a Pt foil before any measurements were taken. The 

catalyst samples were pellatised, and the data was collected in transmission mode at the Pt 

L3-edge (11.564 keV), simultaneously with the Pt foil. The measured data was analysed using 

Athena and Artemis programs, implementing the FEFF6 and IFEFFIT codes. First shell fitting 

was done to realise the effect on Pt-O bonds. 

 XPS has been used to determine the oxidation state of the Pt species on the surface of the 

Pt/CeZrO2 catalysts and the effect that ion bombardment has on the metal nanoparticles. 

XPS data was acquired using a Kratos Axis SUPRA using monochromated Al kα (1486.69 eV) 

X-rays at 12 mA emission and 15 kV HT (180W) and a spot size/analysis area of 700 x 300 µm. 

The instrument was calibrated to gold metal Au 4f (83.95 eV) and the dispersion was adjusted 

to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. High resolution spectra 

were obtained using a pass energy of 20 eV, step size of 0.1 eV and sweep time of 60s, 

resulting in a line width of 0.71 eV for Au 4f7/2. Survey spectra were obtained using a pass 

 

Figure 3.4 - An example of an XAFS spectrum. The spectrum is that of Pt foil, showing the L3-edge (11.564 
keV) in the XANES region, preceding the EXAFS region. 
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energy of 160 eV. Charge neutralisation was achieved using an electron flood gun with 

filament current = 0.27 A, charge balance = 3.3 V, and filament bias = 3.8 V. Successful 

neutralisation was adjudged by analysing the C 1s region wherein a sharp peak with no lower 

BE structure was obtained. Spectra were charge corrected to the main line of the carbon 1s 

spectrum (adventitious carbon) set to 284.8 eV. All data was recorded at a base pressure of 

below 9 x 10-9 Torr and a room temperature of 294 K. Data was analysed using CasaXPS 

v2.3.19PR1.0. Peaks were fit with a Shirley background prior to component analysis.  

3.2.6 Mass spectrometry 

Typically, mass spectrometers are used to identify chemical species by determining their 

molecular weight and quantifying their concentration in a sample mixture. This analytic 

method was used to analyse the concentration of gases at the reactor outlet. Mass 

spectrometry separates gaseous species by their difference in mass/charge ratio of ions. As 

a sample of the gaseous stream passes through the MS, the atoms are ionised through 

bombardment by high energy electrons. The ions are then accelerated through an 

electromagnetic field which has an influence on their flight path. The magnitude of influence 

on each ion is a function of the intensity of the electromagnetic field applied and the mass, 

charge, and velocity of the ion. By varying the electromagnetic field, the ions which pass 

through the detector also change and so the MS can detect the molecules present in the 

stream. This is done under a vacuum which is brought about by a mechanical and a 

turbomolecular pump. Mass spectrometry is a beneficial technique for the online analysis of 

gaseous reactions as it provides a trace of the chemical species present in real time. However, 

there are several challenges associated with using mass spectrometers as analytical tools. 

When using this method of analysis, the signal detected is reflective of ion current rather 

than concentration, and therefore necessitates complex mathematical manipulation to 

provide more useful data. Also, as molecules fragment when they are ionised, detection of 
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ionised fragments of broken molecules effects the expected signal given the feed 

composition. 

The mass spectrometer makes it possible to follow the composition of a gas mixture by 

following the masses which correspond to each species in the reaction mixture over a time 

period. However, one challenge of analysing the raw ion current measured by the mass 

spectrometer is that multiple different species in a gas mixture may contribute to the same 

mass. For example, CO and C3H6 both give contributions to mass 28. Therefore, distinguishing 

between the contributions of each respective component in the mixture requires 

mathematical manipulation of raw data. The measured concentration CMi of the mass Mi is 

a function of the specific concentration CEj of each species Ej which are present in the 

analysed mixture since each species Ej has a different sensitivity with respect to its detection. 

This difference in sensitivity is expressed by a sensitivity coefficient α, which is specific to 

each component. The sensitivity coefficient of Helium αHe is taken equal to 1. The sensitivity 

coefficients of every other species are calculated with respect to that of Helium. The 

component Ej fragments into several Mi masses at a specific ratio which is related to the 

composition of the gas mixture. This fragmentation ratio is characterised by a coefficient β 

for each mass Mi which corresponds to the fragmentation of the species Ej. Then the 

concentration of the component Mi can be calculated from the contributions of the different 

species E1 to Ej from the equation below: 

𝐶𝑀1 = 𝛼1 ∙ 𝛽11 ∙ 𝐶𝐸1 + 𝛼2 ∙ 𝛽12 ∙ 𝐶𝐸2+. . . +𝛼𝑗 ∙ 𝛽𝑗 ∙ 𝐶𝐸𝑗 

As an example, this is the calculation of CH4 concentration in the presence of CO and C3H6. 

CO is giving fragments to masses 12, 16, 28 and 29. C3H6 contributes masses to 12, 16 and 

28. CH4 gives fragments of mass 12 and 16. To elaborate upon CH4 using mass 16, we have: 

𝐶𝑀16 = 𝛼𝐶3𝐻6
∙ 𝛽𝐶3𝐻6

∙ 𝐶𝐶3𝐻6
+ 𝛼𝐶𝑂 ∙ 𝛽𝐶𝑂 ∙ 𝐶𝐶𝑂 + 𝛼𝐶𝐻4

∙ 𝛽𝐶𝐻4
∙ 𝐶𝐶𝐻4
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 Setting: γij. = αj.βij, then the concentration of each species E1 to Ej can be determined from 

the contributions of the masses M1to Mj according to the equation: 

𝐶𝑀1
= 𝛾11 ∙ 𝐶𝐸1 + ⋯ + 𝛼1𝑗 ∙ 𝐶𝐸𝑗 

∙∙∙ 

𝐶𝑀𝑖
= 𝛾𝑖1 ∙ 𝐶𝐸1 + ⋯ + 𝛼𝑖𝑗 ∙ 𝐶𝐸𝑗 

Which can be written as a matrices: 

[

𝐶𝑀1

⋯
𝐶𝑀𝑖

] = [

𝛾11 ⋯ 𝛾1𝑗

⋯ ⋯ ⋯
𝛾𝑖1 ⋯ 𝛾𝑖𝑗

] [

𝐶𝐸1

⋯
𝐶𝐸𝑗

] 

The concentration of the species in the gas mixture can then be calculated by inverting the γ 

ij matrix as shown below: 

[

𝐶𝐸1

⋯
𝐶𝐸𝑗

] = [

𝛾11 ⋯ 𝛾1𝑗

⋯ ⋯ ⋯
𝛾𝑖1 ⋯ 𝛾𝑖𝑗

]

−1

 [

𝐶𝐸1

⋯
𝐶𝐸𝑗

] 

The γ coefficients are then determined from the calibration of the mass spectrometer for 

each molecular species.  

As an example, the calibration of CO in the presence of C3H6, CH4, O2, CO2, H2O, and NO (gas 

mixture used in the experiments) will be discussed along with the calculated mass/charge 

ratio and the sensitivity coefficient of the different masses corresponding to CO.  

For CO, masses 12, 16, 28 and 29 are followed. The mass fractioning ratio (β) calculated for 

mass 28 are reported in the table below: 

The sensitivity coefficient α is 0.045. 

Mass 28 12 16 28 29 

 (%) 4.7 1.7 100 1.2 
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To calculate the concentrations of the species CEj starting from the concentration of the 

masses CMi requires the construction of a matrix. In this work, Helium was used as an internal 

tracer (He, mass 4). The concentrations of all the masses are corrected by the concentration 

of mass 4 from the tracer, which must be considered in the equation. Adapting the equation 

to include correction by the mass of the tracer gives us Si = CMi / CM4. Therefore: 

𝑆𝑀1 = 𝛾11 ∙ 𝑆𝐸1 + 𝛾12 ∙ 𝑆𝐸2+. . . +𝛾1𝑗 ∙ 𝑆𝐸𝑗 

Where SEj = CEj/CM4.  

Therefore: 

[

𝑆𝑀1

⋯
𝑆𝑀𝑖

] = [

𝛾11 ⋯ 𝛾1𝑗

⋯ ⋯ ⋯
𝛾𝑖1 ⋯ 𝛾𝑖𝑗

] [

𝑆𝐸1

⋯
𝑆𝐸𝑗

] 

By inverting the γij matrix, we can calculate: 

[

𝑆𝐸1

⋯
𝑆𝐸𝑖

] = [

𝛾11 ⋯ 𝛾1𝑗

⋯ ⋯ ⋯
𝛾𝑖1 ⋯ 𝛾𝑖𝑗

]

−1

 [

𝑆𝑀1

⋯
𝑆𝑀𝑗

] 

Using the calibration factors calculated for each species, which relates the concentration of 

each species to the ion current detected from the mass fragment, the concentration of each 

species as a function of time can then be calculated.  

When all the species to be analysed have been listed, the SEi vector can then be constructed 

using the γj, αj and βij values. In this work, the relevant species to be analysed are listed in 

the matrix below:  
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Mi/Ej H2 NH3 CO NO C3H6 CO2 NO2 

2 1.7832 0 0 0 0 0 0 

14 0 0 0 0.2035 0.0360 0 0.0088 

17 0 0.1003 0 0 0 0 0 

18 0 0.0004 0 0 0 0 0 

28 0 0 0.0450 0 0.0630 0.1820 0 

30 0 0 0 2.7101 0 0 0.0911 

32 0 0 0 0 0 0 0 

41 0 0 0 0 1.0598 0 0 

44 0 0 0 0 0 1.8548 0 

46 0 0 0 0 0 0.4000 0.0337 

 

 

3.3 Catalyst testing 

All reactivity tests were carried out in a gas-flow reactor testing rig, and the P&ID of the set-

up is shown in Figure 3.5. A quartz microreactor (with an inner diameter of 0.6 cm and length 

of 30 cm) containing 0.1 g of powder catalyst in a fixed bed was positioned in a single-zone 

tubular Carbolite furnace. The void space in the reactor was packed with quartz particles to 

ensure the sufficient mixing of the reactants. A K-type thermocouple (outer diameter 0.5 

mm) was connected to a Eurotherm 3216 PID controller and positioned in the centre of the 

catalyst bed. This was used to control and measure the temperature of the catalyst bed. 

Cooling of the reactor was achieved by flowing compressed air through the furnace. Each 

reactant was fed to the reactor by individual Brooks (SLA 5800 series) thermal mass flow 

controllers. A water saturator was fitted to the Ar line to facilitate the co-feeding of H2O.  
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3.3.1 Temperature Programmed Reduction (TPR) 

TPR experiments are convenient methods used to determine the reduction and oxygen-

storage properties of a catalyst. It is sensitive to textural, structural and morphological 

changes of the material. In practice, a reducing gas such as H2 or CO is flowed over the catalyst 

while increasing the temperature of the system at a known rate. By following the 

concentration of the reductant, the temperature at which the catalyst is reduced can be 

determined. The quantity of reductant consumed through oxidation can also be used as an 

indicator of the oxygen storage capacity (OSC) of materials such as ceria [12]. H2-TPR 

experiments were used to investigate changes to the Pt/CeZrO2 after they had been treated 

with ion bombardment.  
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Figure 3.5 - P&ID of the experimental rig used for gas phase testing 
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3.3.2 Temperature Programmed Surface Reaction (TPSR) 

TPSR experiments are a method used to study reactions under temperature programmed 

conditions [12]. This is a useful technique for investigating the activity of a catalyst and 

determining the light-off temperatures of specific reactants. Light-off curves obtained from 

such experiments are an effective method for comparing the reactivity of various catalytic 

materials under similar conditions. TPSR experiments have been carried out in this work to 

compare the activity of OMS-2 catalysts with Ce/Mn mixed oxides in oxidation reactions 

under conditions which resemble those of the after-treatment system of a lean-burn 

combustion vehicle. They have also been used to understand the effect of ion bombardment 

on the activity of the Pt/CeZrO2 catalysts.   

The reactants were fed to the reactor by the thermal mass flow controllers, with a total flow 

rate of 16.7 cm3 g-1 s-1. Light-off tests were carried out to determine the CO and C3H6 light-off 

temperatures achievable over each catalyst. The temperature was increased from 313 K to 

773 K at a rate of 0.083 K s-1 while flowing a reactant feed composed of 10% O2, 4.5% H2O, 

2000 ppm CO, CH4, C3H6, 200 ppm NO and Ar balance. The outlet gases were analysed using 

an online Pfeiffer Vacuum OmniStar (quadrupole mass spectrometer). Three light-off tests 

were carried out on each sample to verify their stability. The results reported hereafter are 

from the third oxidation cycle. The catalyst light-off conversion curves are reported as a 

function of temperature, with reference to the T50 values; the temperature at which 50% 

conversion is observed.   
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4 Developing a one-pot sol-gel method for the synthesis of 
Ce/Mn mixed oxides 

4.1 Introduction 

It is well-documented that combining cerium and manganese in the form of mixed oxides can 

produce materials that are highly active for low-temperature CO, HC and VOC oxidation. The 

catalytic activity of Ce/Mn mixed oxides is dependent on the synthesis method used, which 

has a considerable effect on the structure and morphology of the materials.  

Octahedral molecular sieves (OMS) make up a variety of manganese oxides which form 

tunnel frameworks, as described in section 2.3.3. The most commonly reported OMS 

material is Cryptomelane (K-OMS-2) [1]. This can largely be attributed to the positioning of 

appropriately sized K+ ions within the MnO2 tunnel structure, which provides effective 

stabilisation of the framework [2] [3]. It has been frequently reported as a useful catalytic 

material for oxidation reactions due to having excellent redox properties which stem from 

the presence of mixed valence Mn and good OSC properties [4]. 

There are many methods that can be used for the synthesis of K-OMS-2 including reflux, 

hydrothermal, co-precipitation, and sol-gel methods [5] [6]. As previously discussed, the 

choice of synthesis route can have a considerable impact on the catalytic and structural 

properties of the resulting material. The effect of the preparation route on the structure and 

morphology of K-OMS-2 was shown by Hapeshi et al. [7], who compared reflux and sol-gel 

synthesis methods. They found that K-OMS-2 synthesised using the sol-gel method 

demonstrated a lower degree of crystallinity; however, this sample had a significantly higher 

surface area (256 m2 g-1) compared with the sample prepared using a reflux method (73 m2 

g-1). Almquist et al. [8] also reported morphological differences between K-OMS-2 prepared 

using various methods. They compared the catalytic activity of samples synthesised using sol-

gel, reflux and milling methods in ethanol oxidation reactions. It was found that when using 
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a sol-gel method, the surface area of the resulting materials was notably higher (up to 91 m2 

g-1) than those prepared using a reflux method (62 m2 g-1). Another important finding of this 

work was the dependence of surface area and crystallinity on the calcination temperature 

used during the sol-gel synthesis process. When the calcination temperature was increased 

from 623 K to 873 K, the catalyst surface area was significantly reduced. This was found to be 

a result of increased crystal growth. Furthermore, the properties of the materials which were 

influenced by the preparation route were also found to correlate to their catalytic activity. It 

was noticed that the increased surface area of the K-OMS-2 samples were consistent with 

the activity for ethanol oxidation. However, it was also found that the K-OMS-2 catalyst – 

which was calcined at 350 K and had the highest surface area – did not fit this trend. This was 

due to the presence of carbonates from the precursor, which had not been removed during 

the calcination stage of synthesis process, remaining on the catalyst surface.  

As discussed in section 2.3.3, the combination of ceria and manganese in mixed oxides has 

been reported to provide materials which are highly active for low-temperature oxidation 

reactions. For example, Lui et al. [9] studied the effect of varying the Ce/Mn mole ratios of 

MnOx-CeO2 catalysts using a co-precipitation method for CO oxidation. They showed that a 

1:1 Ce/Mn mole ratio provided the highest surface area of the other Ce/Mn samples (175 m2 

g-1) and was around 120 m2 g-1 more than MnO2. Moreover, H2-TPR reactions suggested that 

the addition of ceria enhanced the mobility of bulk oxygen through the material’s lattice with 

the reduction peak lowered by around 50 K. The effects of increased surface area and redox 

properties were related to the increased activity in CO oxidation reactions. A CO T50 value of 

373 K was observed over the Ce/Mn catalyst (1:1 mole ratio), which was around 100 K lower 

than that of MnO2 and around 300 K lower than CeO2.  

Ceria has also been introduced into K-OMS-2 materials as a dopant, to further enhance the 

catalytic properties of the material. As with the synthesis route used to prepare K-OMS-2, 
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the method used for the addition of ceria has a considerable effect on the crystal structure. 

Hapeshi et al. [7] showed that samples synthesised using sol-gel method were less crystalline 

than those synthesised using reflux method. They prepared K-OMS-2 using these two 

methods before adding ceria using an ion-extraction technique. The sol-gel Ce/OMS-2 also 

had surface areas of up to 340 m2 g-1, which were around 250 m2 g-1 higher than samples 

prepared by reflux using the same Ce loading. This suggested that Ce4+ ions were substituted 

for Mn in the K-OMS-2 framework of samples synthesised by reflux method. However, they 

were replacing the K+ ions inside the OMS-2. Additionally, this work reported that only low 

concentrations of Ce were successfully introduced into the OMS-2 catalysts using a 

potassium ion extraction method. This was in agreement with reports by Ching et al. [3] that 

highlighted the limitations of cation doping when introducing H+, Li+, Na+ and Cu2+ by 

potassium ion extraction, with substitution of around 10 % of K+ ions.  

Similar to the synthesis of OMS-2 materials, the methods adopted for the preparation of 

Ce/Mn mixed oxides can have a strong influence on the morphological characteristics and 

catalytic activity of the final material. In addition, the Ce/Mn ratio can also be a factor 

dependent on the synthesis methods used. These are factors which can have a significant 

impact on the catalytic properties of the material. For example, work published by 

Venkataswamy et al. [10] compared various methods for the preparation of Ce/Mn mixed 

oxides for CO oxidation. These synthesis methods included hydrothermal, co-precipitation, 

and sol-gel methods with a Ce:Mn mole ratio of 7:3. They found that the mixed oxide 

prepared by a hydrothermal method was the most active catalyst for low-temperature CO 

oxidation, with 50% conversion (T50) observed at a temperature of 355 K. This temperature 

was around 35 K lower than the CO T50 value observed over the catalysts prepared by co-

precipitation method, and around 65 K lower than the sample prepared by sol-gel method. 

Further, the study evaluated the stability of the catalyst prepared with hydrothermal method 

by carrying out temperature-programmed oxidation reactions. This demonstrated that 
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material was relatively unstable with the CO T50 value increasing by around 30 K after just 4 

consecutive CO oxidation cycles. 

Each of the synthesis techniques discussed above enable the preparation of highly active 

Ce/Mn mixed-oxide catalysts, although some present factors which may limit the scale up in 

industrial applications. Hydrothermal and reflux methods require relatively high 

temperatures of (>353 K) and considerably long periods of reaction time (around 24 h) [11], 

while co-precipitation methods require sensitive adjustment of the precursor solution’s pH 

during the reaction [12]. On the other hand, sol-gel methods can be carried out at ambient 

temperature with a synthesis reaction time of around 1 h, whilst also resulting in materials 

with similarly high surface areas and catalytic activity compared to other previously 

mentioned synthesis techniques [3]. For this reason, a sol-gel synthesis route has been 

applied to K-OMS-2 in this work.  

The synthesised K-OMS-2 has also been doped with Ce using a potassium ion extraction 

method and compared with a corresponding Ce/Mn mixed oxide synthesised using a sol-gel 

method. Each of the samples have been assessed for low-temperature activity for the 

oxidation of CO and C3H6 using a complex reaction mixture, before and after hydrothermal 

ageing. This study introduces the prospect of using a sol-gel technique for the preparation of 

Ce/Mn mixed-oxide catalysts for the application of emission control of lean-burn combustion 

engines. 

 



 

90 
 

4.2 Experimental Methods 

4.2.1 Material synthesis 

K-OMS-2 and Ce/Mn mixed oxide catalysts were prepared using a sol-gel method as 

described in chapter 3. In this section, a sample of OMS-2:40, synthesised by sol-gel method, 

was used to prepare Ce[0.5]-OMS-2. The potassium-ion extraction described by Hapeshi et 

al. [7] was used to dope a sample of OMS-2:40 with Ce. A sample of OMS-2:40 was suspended 

in a solution of Cerium nitrate hexahydrate Ce(NO3)3・6H2O (Sigma Aldrich) and deionised 

water, with a Ce/Mn mole ratio of 0.5. The solution was stirred for 48 h at ambient 

temperature. Water was removed by vacuum filtration and the suspension was washed twice 

with deionised water. The catalyst was then dried overnight at 363 K.  

4.2.2 Catalytic testing 

The catalytic activity of each sample was tested under relevant conditions for a combustion 

engine using the TPSR method described in chapter 3.  

Fresh samples of Ce [0.25]-Mn, Ce [0.5]-Mn and Ce[0.5]-OMS-2 were aged under 

hydrothermal conditions using the same reactor setup previously described. The samples 

were aged for 24 h at 873 K in a continuous flow (16.7 cm3 g-1 s-1) of 5% H2O and 10% O2 with 

an Ar balance. After ageing, the catalyst was cooled to ambient temperature and two 

consecutive light-off tests (as previously described) were carried out. 
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4.3 Results and discussion  

4.3.1 Effect of catalyst synthesis time 

Different samples of K-OMS-2 were synthesised using the sol-gel method described in section 

4.2.1, varying the stirring time from 5 minutes to 60 minutes (Table 4.1). The CO, C3H6 and 

CH4 light-off curves obtained from these experiments are reported in Figure 4.1A, Figure 4.1B 

and Figure 4.1C respectively.  

Figure 4.1A shows a reduction of the temperature at which 50% CO conversion was observed 

(CO T50 value) as the stirring time is increased. OMS-2:40 and OMS-2:60 – which had been 

stirred for 40 minutes and 60 minutes respectively – gave similar CO T50
 values and conversion 

profiles. The CO T50 value of both OMS-2:40 and OMS-2:60 was 482 K. The profile of the CO 

light-off curve observed over OMS-2:10 occurs between OMS-2:5 and OMS-2:40, with a T50 

value of 528 K. The most significant reduction in CO light-off temperature is observed with 

OMS-2:40 (stirring time 40 minutes), which has a difference in T50 value of around 65 K 

compared to OMS-2:5. The C3H6 light-off curves of the OMS-2 samples are reported in Figure 

4.1B. A similar trend is seen from the C3H6 light-off curves as was observed for CO conversion 

(Figure 4.1A), with C3H6 T50 decreasing as the stirring time was increased.  

The most remarkable difference in C3H6 T50 values was measured between OMS-2:5 and 

OMS-2:40, with a reduction of 95 K by extending the stirring time from 5 minutes (OMS-2:5) 

to 40 minutes (OMS-2:40). It can also be observed from Figure 4.1B that OMS-2:60 and OMS-

2:40 gave respective C3H6 T50 values of 521 K and 509 K. A similar trend can be perceived in 

Figure 4.1C, which shows the CH4 light-off curves measured over all the OMS-2 synthesised 

using different stirring times. The highest CH4 conversion is observed on OMS-2:40, which 

was around 40% at 773 K. This was around 5% higher than the CH4 conversion measured over 

OMS-2:60 and over 25% higher than the CH4 conversion observed over OMS-2:5 at the same 
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temperature. The data collected during the light-off experiments carried out on all the OMS-

2 catalysts showed no evidence of NO oxidation and are, therefore, not reported. Further 

insights into NO oxidation will be discussed in later. These results suggest that an extension 

of the stirring time beyond 40 minutes resulted in no further enhancements to the oxidation 

activity of OMS-2.   
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Figure 4.1 - CO conversion (A), C3H6 conversion (B) and CH4 conversion (C) obtained over K-OMS-2 catalysts which 
were synthesised using stirring times from 5 minutes – 60 minutes. 
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Insights into the reactivity of the OMS-2 samples can be obtained from the characterisation 

findings of the OMS-2 samples. The crystal structures of the OMS-2 samples prepared with 

varying stirring times have been analysed by powder X-Ray diffraction and are reported in 

Figure 4.2. The XRD patterns of all the samples express crystalline phases at 2θ values of 18⁰, 

25.8⁰, 28.7⁰, 37.5⁰, 42⁰, 50⁰, 56.5⁰, 60.5⁰ and 65⁰ indicating the presence of (200), (220), 

(310), (211), (301), (411), (600), (521) and (002) facets of OMS-2, respectively [12] [3] [6]. 

OMS-2:40 and OMS-2:60 showed similar crystalline structures; however, the diffraction 

patterns of both showed less intense and broader peaks than those of OMS-2:5 and OMS-

2:10. This indicates a reduction in crystal size in samples prepared with a higher stirring time. 

In fact, crystal sizes were estimated by the Scherrer equation using the most intense peak at 

2θ = 37.5⁰, and in the samples prepared with a longer stirring time were determined to be 

<40 nm, which was slightly lower than samples prepared with a shorter stirring time (46 nm). 

 

BET analysis (Table 4.1) showed that OMS-2:40 and OMS-2:60 had surface areas of 90.8 m2 

g-1 and 133 m2 g-1 respectively. These were notably higher values compared to those of OMS-

2:10 and OMS-2:5, which had corresponding surface areas of 57.4 m2 g-1 and 77.3 m2 g-1. 

 

Figure 4.2 - XRD patterns of the K-OMS-2 catalysts, synthesised using a variation of stirring times ranging from 5 
minutes to 60 minutes. 
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Furthermore, the pore volume of these samples was similar, with values of around 0.18 cm3g-

1. SEM images of the OMS-2 samples are reported in Figure 4.3 and they show that the sol-

gel method initiates the formation of nano-rods, as expected from literature [7] [13]. A 

progressive increase in the length of the nano-rods with longer stirring times is also observed 

(around 700 nm for OMS-2:60).  

As previously mentioned, the surface area of a material can significantly influence CO 

oxidation activity. As Table 4.1 suggests that increased stirring time during the synthesis of 

OMS-2 can impact the surface area of the catalyst, the presence of a correlation between 

stirring time and CO T50 has also been assessed. Figure 4.4 shows a plot of BET surface area 

and CO T50 values and C3H6 T50 values against stirring time used in the synthesis of each 

corresponding catalyst. The plot shows that stirring time has an effect on the surface area (as 

represented by the bar chart) of the subsequent catalyst sample. A correlation can be noted 

with longer stirring times corresponding to higher surface areas. The only sample which does 

not follow this trend is OMS-2:10, which employed a stirring time of 10 minutes, having a 

lower surface area than OMS-2:5. Furthermore, the plot also shows the influence of stirring 

time on the CO T50 value (represented by the line graph) which decreased as stirring time 

increased. Although this relationship is not linear, the figure does show that CO T50 values 

reach a minimum of 482 K as the surface area increases up to 90 m2 g-1. This was observed 

on OMS-2:40 and OMS-2:60, prepared using stirring times of 40 and 60 minutes respectively. 

In addition, OMS-2:60 also had a surface area around 47% higher than OMS-2:40, which could 

indicate that CO oxidation is limited by another factor such as pore diffusion or mass transfer. 

A similar effect can be noted from the plot of C3H6 T50 values, with light-off temperatures 

decreasing as the surface area increased.  
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The light-off curves reported in Figure 4.1 show a similar trend for CO and C3H6 oxidation with 

regards to the order of activity of the catalysts. The CO light-off curves show the continual 

reduction in the T50 values as stirring time increased, with the CO T50 over OMS-2:40 being 

64 K lower than that of OMS-2:5. The increase in activity can be attributed to a greater 

availability of oxygen vacancies on the surface of the material. In fact, previous studies of 

metal oxides have shown that Mn-O bonds are the weakest metal oxygen bond, and that 

oxygen vacancies are easily created by heating the material, providing active sites for the 

oxidation of substrates. This also mobilises oxygen from within the lattice, which is then 

replenished during oxidation reactions by a Mars van Krevelen-type mechanism under lean 

Sample Name 
Synthesis 
method 

Stirring 
time 

Theoretical 
Ce/Mn molar 

ratio 

BET Surface 
Area (m2 g-1) 

Pore Volume 
(cm3 g-1) 

OMS-2:5 Sol-gel 5 minutes - 77.3 0.177 

OMS-2:10 Sol-gel 10 minutes - 57.4 0.169 

OMS-2:40 Sol-gel 40 minutes - 90.8 0.187 

OMS-2:60 Sol-gel 60 minutes - 133.2 0.183 
Table 4.1 - BET surface area and pore volume of OMS-2 samples prepared using different stirring times 

 

Figure 4.3 - SEM micrographs of the K-OMS-2 catalysts, synthesised using a variation of stirring times ranging 
from 5 minutes to 60 minutes, showing the presence of nano-needles on each sample. 

5 min 10 min 

40 min 60 min 
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conditions [2]. CO oxidation activity has been reported to be positively correlated to the 

amount of lattice oxygen stored on the catalyst and the oxygen diffusion rate through the 

lattice [14]. These properties are further promoted with an increase of the catalyst surface 

area reported in the samples synthesised with longer stirring times. Although the 

improvement in low-temperature activity of CO light-off can be related to the increase of the 

surface area, the same does not apply for hydrocarbon oxidation.  

 

 
 

Figure 4.4 - BET surface area of the OMS-2  samples and the corresponding CO T50 (top) and C3H6 T50 (bottom) 
values against stirring time 
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Figure 4.1 also shows a continual decrease in C3H6 T50 values as stirring time was increased; 

although the C3H6 T50 values were 509 K and 521 K over OMS-2:40 and OMS-2:60, 

respectively. The difference in C3H6 light-off indicates that C3H6 oxidation is dependent on 

another property of the catalyst, rather than oxygen vacancies. An explanation for this 

difference could be due to reduced accessibility of C3H6 to the active sites of OMS-2:60, as 

the pore size was around 5 nm. In comparison, a pore size of OMS-2:40 was around 8 nm. 

Almquist et al. [8] synthesised K-OMS-2 using sol-gel and reflux methods. They reported 

differences in the activity of K-OMS-2 catalysts in ethanol oxidation, despite having similar 

surface areas. The variation in ethanol oxidation was attributed to the accessibility of the 

surface area as the pore size distribution of the samples differed greatly.  

However, these results show that increasing the synthesis time beyond 40 minutes did not 

show any further enhancement of the catalytic activity. For this reason, a stirring time of 40 

minutes was used to prepare catalyst samples for further study of the ‘one-pot’ sol-gel 

method. 

4.3.2 Effect of ceria incorporation 

The effect of introducing ceria into the synthesis method of K-OMS-2, to create an 

amorphous Ce/Mn mixed solid solution, was evaluated by varying the Ce/Mn molar ratio of 

the catalysts prepared. The theoretical Ce/Mn molar ratio used in the 60-minute sol-gel 

synthesis method was increased from 0.025 to 0.25. A comparative study was carried out on 

samples synthesised using the 40-minute sol-gel method, using theoretical Ce/Mn ratios of 

0.175 and 0.75. 

The structural information of these catalysts was obtained using powder X-ray diffraction. 

The XRD patterns of the catalyst samples synthesised using the 60-minute method are shown 

in Figure 4.5. These reveal that increasing the Ce content of the materials leads to the demise 
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of the crystalline structure. OMS-2:60 expressed all of the phases characteristic of the tunnel 

structure of OMS-2; showing peaks at 2θ = 18⁰, 25.8⁰, 28.7⁰, 37.5⁰, 42⁰, 50⁰, 56.5⁰, 60.5⁰ and 

65⁰ which correspond the (200), (220), (310), (211), (301), (411), (600), (521) and (002) facets 

respectively [15]. All of the Ce/Mn samples are amorphous with the exception of Ce[0.025]-

Mn:60, which expressed the phases associated with OMS-2, albeit with lower intensity 

compared to OMS-2:60. Peaks characteristic of CeO2 are absent from the XRD pattern of 

Ce[0.025]-Mn:60 which may elucidate that cerium is present in the form of cations, 

positioned inside the tunnel structure of OMS-2, or in a well-dispersed ceria phase. It can be 

deduced that when using the sol-gel method applied in this work, the crystalline structure 

characteristic of OMS-2 will form using a low Ce/Mn ratio of 0.025. As discussed in the 

previous chapter, the incorporation of larger Ce3+ cations into the OMS-2 framework, hinders 

the formation of the atomic tunnel structure [15] [16] [7]. This may indicate that Ce3+ replaces 

the Mn4+ in the OMS-2 lattice when using the sol-gel method, rather than being positioned 

on the Mn framework or replacing K+ tunnel cations. Therefore, the less intense peaks 

observed in the XRD pattern of Ce [0.025]-Mn show the reduced crystallinity of the OMS-2 

phase. This could also be a result of partial inhibition of the structural formation leading to 

two phases: crystalline OMS-2 and amorphous Ce/Mn mixed oxide phases. Figure 4.5 also 

demonstrates that as the Ce/Mn mole ratio increases above 0.08, the higher concentration 

of Ce3+ in the precursor solution prevents any formation of the crystalline tunnel structure of 

OMS-2, and the resulting materials become amorphous Ce/Mn mixed oxides. This was also 

demonstrated by Chen et al. [16] when synthesising Ce/Fe/Mn mixed oxides using a sol-gel 

method. They found that the XRD patterns of the Fe/Mn (1:2 mole ratio) mixed oxides 

present the peaks characteristic to a ramsdellite (2x1 edge sharing) MnO2 structure. After the 

addition of a small quantity of Ce (Ce/Fe/Mn = 2/33/65 mole ratio), no crystalline phases of 

MnO2 were detected while Fe2O3 crystals were formed. This was a result of the replacement 

of Mn4+ with larger Ce3+ ions, which prevented the formation of the MnO2 structure and 
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promoted the growth of Fe2O3 crystals. Liu et al. [13] also reported the formation of an 

amorphous mixed oxide when substituting Ce into the OMS-2 structure by hydrothermal 

method. Their sample contained a high Ce/Mn mole ratio (0.34), and the absence of the 

OMS-2 structure was a result of large Ce3+ entering the MnO2 framework and preventing 

crystal growth. A similar effect was revealed through XRD analysis of the 40-minute samples, 

as reported in Figure 4.6. This shows that the Ce/Mn mixed oxides synthesised using the 40-

minute sol-gel method, with mole ratios ranging from 0.175 to 0.75, were also amorphous. 

To fully understand the structures and atomic environments of the catalysts would require 

more in-depth characterisation such as XAFS or TEM-EDX analysis.  
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Figure 4.5 - XRD patterns of Ce/Mn catalysts compared with OMS-2:60 

 

 

Figure 4.6 - XRD patterns of 40-minute Ce/Mn catalysts compared with OMS-2:40 
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The surface area of each catalyst prepared in this study was determined by BET analysis and 

is reported in Table 4.2. This information tells us that the addition of Ce alone in the sol-gel 

method increases the surface area of the subsequent material. The surface areas of 

Ce[0.175]-Mn:60 and Ce[0.25]-Mn:60 were 225.1 m2 g-1 and 337 m2 g-1, respectively. This 

shows an increase of surface area by a factor of more than 2, between Ce[0.25]-Mn:60 and 

OMS-2:60 (124.6 m2 g-1). A similar effect can be noted between samples synthesised with a 

stirring time of 40 minutes. Ce[0.175]-Mn:40 and Ce[0.25]-Mn:40 have surface areas of 

around 200 m2 g-1, which is substantially higher than that of OMS-2:40 (126.8 m2 g-1). Table 

4.2 also reports the data collected from ICP-OES analysis from each catalyst sample. This data 

was used to determine the actual Ce/Mn mole ratio in each sample in comparison to the 

expected theoretical value as used in the preparation of each sample. These values show that 

the one-pot sol gel method was effective for the incorporation of up to 0.25 Ce/Mn. 

However, as the mole ratio increased further, Ce was not successfully incorporated into the 

final material.  

Material 
Surface area 

(m2 g-1) 

Pore 
volume 
(cm3 g-1) 

ICP-OES (wt.%) Theoretical 
Ce/Mn mole 

ratio 

Actual Ce/Mn 
mole ratio Ce Mn K 

OMS-2:60 124.6 0.203 - 71.7 7.9 - - 

OMS-2:40 126.8 0.203 - 61.3 8.8 - - 

Ce[0.025]-Mn:60 177.5 0.232 5 58.1 8 0.025 0.03 

Ce[0.08]-Mn:60 275.2 0.302 10.3 49.6 8.8 0.08 0.08 

Ce[0.175]-Mn:60 225.1 0.358 20.8 48.9 4.7 0.175 0.167 

Ce[0.175]-Mn:40 207.1 0.312 20.1 45.3 4.9 0.175 0.174 

Ce[0.25]-Mn:60 337.1 0.497 25.3 37.9 3.3 0.25 0.25 

Ce[0.25]-Mn:40 198.9 0.41 27.4 42 3.1 0.25 0.25 

Ce[0.5]-Mn:40 217.8 0.384 38.5 38.9 0.21 0.5 0.39 

Ce[0.75]-Mn:40 215.1 0.657 45.8 37.8 0.7 0.75 0.48 

Ce[0.5]-OMS-2 113.1 0.219 6.1 61.8 4.1 0.5 0.04 

CeO2 9.8 0.04 - - - - - 
Table 4.2 - BET surface area (m2 g-1) and pore volume (cm3 g-1) of all synthesised OMS-2, Ce/Mn and Ce/Zr/Mn 
catalysts 
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The catalytic activity of each sample was assessed and compared with pure OMS-2:60. CO, 

C3H6 and CH4 light-off curves are reported in Figure 4.7. From Figure 4.7A, it can be observed 

that the addition of ceria to the manganese catalysts gave a reduction of the CO T50 value. 

Figure 4.7A shows that the decrease in CO light-off temperature is consistent with the 

addition of the Ce content in the amorphous mixed oxides. The lowest CO T50 was observed 

over Ce[0.25]-Mn:60 (412 K), which was around 70 K lower than that of OMS-2:60 (481 K). A 

similar trend can be discerned from the C3H6 light-off curves in Figure 4.7B which shows that 

the light-off temperature was reduced by up to 37 K after the incorporation of Ce in OMS-2. 

However, it can be noted that Ce [0.175]Mn:60 and Ce[0.25]-Mn:60 provided similar C3H6 T50 

values. OMS-2:60 also showed similar C3H6 T50 values to that of Ce[0.025]-Mn:60, despite 

having a lower surface area. This may be attributed to the fact that Ce [0.025]-Mn was 

crystalline, unlike the other amorphous Ce/Mn mixed oxides which were more active. 

However, it can also be seen that OMS-2:60 gave a faster reaction rate above 500 K and C3H6 

T90 at 575 K. This was around 45 K lower than the C3H6 T90 over Ce[0.025]-Mn:60. The catalytic 

activity of Ce[0.025]-Mn:60 in C3H6 oxidation can also be compared with results reported by 

Liu et al. [13] for benzene oxidation. They doped OMS-2 with Ce by wet impregnation. Their 

catalyst had a Ce/Mn ratio 0.01 and crystal structure similar to Ce[0.025]-Mn:60. They 

observed a similar benzene T50 value than with the corresponding OMS-2 catalyst. However, 

the OMS-2 catalyst gave a faster rate of reaction above 500 K and a lower T90 value compared 

with the Ce doped sample. Figure 4.7C shows the CH4 light-off curves measured over each 

sample. These results show that the incorporation of ceria had little effect on CH4 oxidation 

with conversion of around 30% measured over each sample.  

  



 

104 
 

 

 

 

 
 

Figure 4.7 - Comparison of CO conversion (A), C3H6 conversion (B) and CH4 conversion (C) obtained over OMS-2:60 
and Ce/Mn samples synthesised for 60 minutes, compared with CeO2. 
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In section 4.3.1, it was found that after 40 minutes of stirring during the synthesis process 

there was no further enhancement to the activity of the catalyst [17]. It was also discussed 

above that the catalysts synthesised using Ce/Mn ratios of 0.175 and 0.25, and a stirring time 

of 60 minutes, gave the lowest CO and C3H6 light-off temperatures (Figure 4.7). Therefore, a 

similar study has been carried out by synthesising Ce/Mn catalysts using a stirring time of the 

precursor of 40 minutes and Ce/Mn ratios of ranging from 0.175 to 0.75. The 40-minute 

Ce/Mn samples were also compared with an OMS-2 which had also been synthesised using 

a stirring time of 40 minutes.   

The catalytic performance of the 40-minute Ce/Mn samples was tested using the same light-

off testing procedure as was used on the 60-minute Ce/Mn samples. Figure 4.8 shows the 

CO, C3H6 and CH4 light-off curves observed over each 40-minute Ce/Mn mixed-oxide catalyst. 

CO light-off curves reported in Figure 4.8A show that the T50 values for CO light-off decreased 

with increasing Ce content up to a Ce/Mn mole ratio of 0.25. The CO T50 of Ce[0.25]-Mn:40 

was measured at 427 K, which was around 60 K lower than that of OMS-2:40 (485 K). As the 

Ce/Mn mole ratio increased to 0.5, there was a detrimental effect on the CO light-off 

temperature. The CO T50 values observed over Ce[0.5]-Mn:40 and Ce [0.75] were 455 K and 

472 K, respectively. A similar trend can be discerned across the C3H6 light-off temperatures 

from Figure 4.8B, with a coherence between the shift C3H6 T50 towards lower temperature 

and increased Ce/Mn mole ratio. However, in the case of C3H6 light-off, it is apparent that 

the T50 decreased further as the Ce/Mn increased to 0.5. The C3H6 T50 value of Ce[0.5]-Mn:40 

was 463 K, which is a decrease of around 50 K lower than that of OMS-2:40 (510 K). 

Furthermore, the C3H6 light-off observed over Ce[0.175]-Mn:40 and Ce [0.75] were very 

similar.  

It can be seen from Figure 4.8A that two-step CO oxidation occurred over the Ce/Mn mixed-

oxide catalysts. The CO light-off curves of the Ce/Mn catalysts display a shoulder in the 
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conversion profile. This can be attributed to the competitive adsorption between CO and 

hydrocarbons, particularly as intermediate species are formed on the surface during C3H6 

oxidation in the presence of NOx  [19] [20]. This shoulder is not observed in the CO light-off 

curves of OMS-2:60 (Figure 4.7A) and OMS-2:40 (Figure 4.8A). The initial rate was similar for 

both Ce [0.5]-Mn and Ce [0.75], with 10% CO conversion measured at around 390 K for both 

materials. A similar trend can also be observed from the CO light-off curves of Ce[0.175]-

Mn:40 and Ce[0.25]-Mn:40. This could be due to the inhibition of CO adsorption on the 

catalyst surface due to the formation of intermediates during C3H6 oxidation.  

It can also be seen from Figure 4.8 that the incorporation of Ce and Mn using a stirring time 

of 40 minutes had a moderate effect on CH4 oxidation with the highest conversion measured 

at around 40% for each sample. This is similar to the results observed over the catalysts 

prepared using a stirring time of 60 minutes (Figure 4.7C). It is also important to note that 

each of the catalysts prepared using a stirring time of 40 minutes presented as active in CH4 

oxidation at a temperature of 773 K, while CH4 conversion was not observed on CeO2 

(reported in Figure 4.7C). 

A comparable study on CeO2 (Sigma Aldrich) was also carried out. The CeO2 sample was 

tested using the same method as previously mentioned and the CO and C3H6 light-off curves 

are included in Figure 4.7 for the purpose of comparison. CO and C3H6 T50 values over CeO2 

were measured at 576 K and 645 K respectively. These light-off values are remarkably higher 

when compared with those observed over the manganese-based catalysts synthesised in this 

work. Figure 4.7 reports the CO and C3H6 T50 values of Ce[0.25]-Mn:60 (412 K and 484 K 

respectively). These values show that CO and C3H6 light-off temperatures were 164 K and 161 

K (respectively) lower than the light-off temperatures observed over CeO2. A comparable 

result is found over Ce[0.25]-Mn:40 in Figure 4.8 with the CO and C3H6 light-off temperatures 

decreasing by 149 K and 166 K respectively when compared with CeO2. Similar to the 60-
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minute samples, it can also be seen from Figure 4.8C that all the samples prepared with a 

stirring time of 40 minutes were active for CH4 oxidation, with a maximum of around 40% 

conversion measured. This effect can be compared with CeO2, which was seen to be inactive 

for the oxidation of CH4.   
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Figure 4.8 - Comparison of CO conversion (A), C3H6 conversion (B) and CH4 conversion (C) obtained over OMS-2:40 

and Ce/Mn samples synthesised for 40 minutes. 
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In the previous section, a correlation between stirring time and the surface area of the 

subsequent OMS-2 samples was discussed. It was also shown that there was a correlation 

between the specific surface area of the OMS-2 samples and the corresponding CO T50 

observed over the catalysts. However, the same correlation between surface area and CO 

light-off is not seen from the results measured over the Ce/Mn mixed oxides. Figure 4.9 

reports the CO and C3H6 T50 values observed over each Ce/Mn mixed oxide as a function of 

their respective surface area. Figure 4.9A shows no direct relationship between the specific 

surface area of the catalyst and CO light-off. The figure shows that Ce[0.25]-Mn:60 was the 

most active catalyst for CO oxidation (CO T50=412 K). However, Ce[0.75]-Mn:40 gave the 

highest CO T50 (472 K) despite having a similar surface area to Ce[0.175]-Mn:40, Ce[0.25]-

Mn:40 and Ce[0.5]-Mn:40, all of which gave much lower CO light-off temperatures (432 K, 

427 K and 455 K respectively). In fact, Figure 4.9A shows that the Ce/Mn catalysts synthesised 

using a stirring time of 40 minutes had similar specific surface areas, ranging between 198 

m2 g-1 to 217 m2 g-1. However, Ce[0.175]-Mn:40 and Ce[0.25]-Mn:40 gave CO light-off 

temperatures of 432 K and 427 K, which were substantially lower than those observed over 

Ce[0.5]-Mn:40 and Ce[0.75]-Mn:40 (455 K and 472 K respectively). This indicates there may 

be a more significant relationship between CO light-off temperature and the Ce content of 

the catalyst. CeO2 and OMS-2 have been excluded from Figure 4.9 as the surface area and 

light-off values are too dissimilar from those measured of the Ce/Mn mixed oxide catalysts. 

Figure 4.10A shows a plot of the actual Ce/Mn mole measured from each sample as a 

function of their corresponding CO light-off temperatures. The figure suggests that the 

addition of Ce and Mn does result in a decrement of the CO T50 value. However, this is only 

true up until a certain Ce/Mn mole ratio. The figure shows that for both 40-minute and 60-

minute samples, a Ce/Mn mole ratio of 0.25 provided the most active catalyst for CO 

oxidation. As the Ce content increased further in the 40-minute samples, it can be observed 

that the CO light-off temperature of the catalysts began to increase. This may suggest that 
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there is a formation of CeO2 phase as the Ce content increases, which Figure 4.7 and Figure 

4.8 show is less active than the Ce/Mn mixed oxide. Further, no CeO2 contributions were 

observed from the XRD analysis of these samples, indicating that the CeO2 is well dispersed 

and may be creating an inhibition of the catalysts’ active sites, thus causing a detrimental 

effect to the CO oxidation activity of the material.  

Similarly, Figure 4.9B shows no direct correlation between catalyst surface area and C3H6 

light-off temperature. The figure shows C3H6 T50 values measured over Ce[0.25]-Mn:40 and 

Ce[0.25]-Mn:60 were similar, despite the latter having a surface area around 70% higher. On 

the other hand, Ce[0.175]-Mn:60 gave a C3H6 T50 value, which was 20 K less than the 

corresponding Ce[0.175]-Mn:40 sample even though both materials had similar surface 

areas. This indicates that C3H6 oxidation can be related to another characteristic of the 

catalyst besides surface area and the presence of oxygen vacancies. In addition, Figure 4.10B 

shows a plot of the C3H6 T50 values of the catalysts as a function of their respective Ce/Mn 

mole ratios. Comparable to the trend seen in Figure 4.10A, the increase of Ce content 

appears to enhance the C3H6 light-off. However, as the Ce/Mn mole ratio surpasses 0.5, a 

detrimental effect can be observed on the C3H6 oxidation activity. 

These results show that the relationship between the incorporation of Ce and Mn using the 

‘one-pot sol-gel’ is dependent on a variety of physical and chemical properties. In fact, 

Gandhe et al. [18] reported that hydrocarbon oxidation occurs in the presence of Mn4+- O2- 

Lewis acid-base pairs as the active site. The decrease of C3H6 light-off seen in the Ce/Mn 

catalysts prepared in this work may be attributed to the presence of Mn4+ - O2- pairs. The 

increase of surface area brought with the addition of Ce to Mn, using the one-pot sol-gel 

method, would also provide higher exposure of these active sites, thus contributing to the 

decrease in C3H6 light-off. As described above, the increase of the Ce/Mn mole ratio may 
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result in the inhibition of the active sites of the catalyst through the formation of CeO2. 

Therefore, this may also explain the increase in C3H6 light-off shown in Figure 4.10B.  

  

 

 

Figure 4.9 - A plot of specific surface area vs CO (A) and C3H6 (B)T50 

A 

B 
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Figure 4.10 - Actual Ce/Mn mole ratio of the samples vs CO T50 (A) and C3H6 (B) T50 
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The light-off testing method included 200 ppm of NO in the feed to provide a reaction mixture 

which represents the exhaust stream of a lean-burn combustion engine. This is an important 

component to consider in the development of after-treatment catalysts as its presence can 

influence the reaction mechanism as described above. In the case of Ce/Mn mixed oxides, 

the presence of adjacent Mn-Ce pair sites have been reported to have NOx adsorption 

capacity [23]. In fact, Ji et. al. [24] prepared 1% Pd promoted Mn-Ce-Zr mixed-oxide supports 

using an aqueous precipitation method. They assessed the NOx storage efficiency by 

calculating the percentage of NOx passed over the catalyst, which was stored on the sample 

at 393 K. They found that increasing the Mn concentration from 9 mol% to 27 mol% resulted 

in an increase of the NOx storage efficiency from 73% to 92%. This indicated that Mn was a 

key component in providing a NOx storage capacity. This was thought to be related to the 

reaction of NO with surface oxygen, which was weakly bound to Mn, forming nitrate 

absorbates. However, in this work the oxidation of NOx is difficult to assess accurately due to 

the limitations of using on-line mass spectrometry as an analytical method. As a result of the 

fragmentation of NO2 to NO-, it is difficult to differentiate between NO2 which is formed by 

the oxidation of NO and can give a better indication of the total NOx [25]. Figure 4.11 shows 

the 30 and 46 m/z signals (masses NO and NO2, respectively) measured during the 3rd light-

off test of Ce[0.5]-Mn:40 as the temperature increases over time. The figure shows that there 

is unlikely to be any NO2 formation, although the issue described above renders this 

inconclusive. The figure also reports NO uptake at low temperatures (320 K to 375 K) 

suggesting NOx adsorption capacity. At higher temperatures (375 K -425 K)—NO desorption 

occurs. As the temperature increased further, the figure shows an uptake of NO of between 

450 K and 500 K. As the data presented in Figure 4.11 is from the 3rd light-off test cycle carried 

out on Ce[0.5]-Mn:40, this illustrates that NOx species remained adsorbed on the catalyst 

surface following the 2nd light-off cycle and highlights a NOx storage capacity. Further 

interpretation of the signal for m/z 30 also indicates that NOx mass balance does not close at 
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the end of the 3rd reaction cycle, proving that NOx was stored on the catalyst surface rather 

than oxidised to NO2. These observations have been confirmed by repeating TPSR 

experiments on different batches of Ce/Mn catalysts with the same composition, which 

included TPD (temperature programmed desorption) tests between each light-off cycle. 

From these experiments, it was estimated that the adsorbed NOx at the end of the 3rd cycle 

was only 3% of the total concentration of NO fed to Ce[0.5]-Mn:40. This low NOx storage 

capacity was consistent for each of the catalysts tested. This NO uptake activity was not 

noted in the tests carried out on OMS-2:40 or CeO2. 

In order to provide a complete and accurate conclusion regarding the oxidation of NO and 

quantitative results on the NOx storage capacity, it is necessary that more appropriate 

analytical techniques such as in-situ FTIR studies are implemented. Also, as NOx storage has 

not been a focus of this research and the estimated NOx storage capacities for these samples 

are small, it has been excluded from the analysis of other catalysts prepared in this work. 

 

 

 

Figure 4.11 - m/z signals of NO and NO2 measured during the 3rd light-off test of Ce [0.5]-Mn as the 
temperature increases over time. 
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4.3.3 Comparison of synthesis techniques 

Two synthesis methods were used to introduce ceria into the manganese oxide structure. 

The ‘one-pot’ sol-gel method was used to prepare Ce/Mn mixed-oxide materials with Ce/Mn 

mole ratios ranging from 0.025 to 0.75, as reported in the previous section. In this section, 

the one-pot sol-gel synthesis technique is compared with a material synthesised using a 

potassium ion-extraction method, carried out on a sample of OMS-2:40. Both Ce/Mn samples 

compared were prepared using a theoretical Ce/Mn mole ratio of 0.5. Specific details of the 

ion exchange method used in this chapter have been reported in section 4.2.1.  

The chemical compositions of each of the catalysts containing Ce were determined by ICP-

OES and the results are listed in Table 4.2 (section 4.3.2). A Ce/Mn mole ratio of 0.5 was used 

in the precursor solution for the synthesis of Ce[0.5]-OMS-2 by potassium ion-extraction. The 

Ce content of the resulting sample was 6.1 wt. %, and thus the actual Ce/Mn mole ratio was 

only 0.04. This value is significantly lower than the Ce/Mn molar ratio of 0.5 used in the 

precursor solution. In comparison, the same theoretical Ce/Mn mole ratio (0.5) was used in 

the precursor solution for the preparation of Ce[0.5]-Mn:40 and had Ce content of 38.5 wt. 

% and an actual Ce/Mn mole ratio of 0.39. A similar effect was reported for all samples 

prepared using the one-pot sol-gel method, with ICP-OES analysis showing that the actual 

Ce/Mn ratio was much closer to the theoretical value. This demonstrates the one-pot sol-gel 

method is a much more effective way to incorporate Ce into the manganese oxides than the 

ion-extraction technique. However, the low Ce content introduced into Ce[0.5]-OMS-2 by 

ion-exchange is in line with materials which were prepared using similar methods in 

literature. For example, Ching et al. [3] synthesised K-OMS-2 using a sol-gel method before 

doping it with various cations by ion-extraction method. Each sample was prepared using 1 

M ion salt solution (ion/Mn mole ratio of 184). Elemental analysis showed that the quantity 

of ions successfully doped into the K-OMS-2 was dependent on the ion species. They found 

that Cu was the most readily doped ion into K-OMS-2 with a Cu/Mn ratio of 0.01 in the final 
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material. Hapeshi et al. [7] also prepared K-OMS-2 by sol-gel method and used ion-extraction 

for the addition of Ce ions. In their study, a Ce/Mn mole ratio of 20 was used in the precursor 

solution. However, the resulting catalyst had a Ce/Mn ratio of around 0.06.  

The BET surface area and pore volume of each catalyst sample were also calculated, and 

these values are reported in Table 4.2. The surface area of Ce[0.5]-OMS-2, prepared by 

potassium ion exchange method, was 113.1 m2 g-1. This was comparable to the surface area 

of OMS-2:40 (90.8 m2 g-1), which was the material used to synthesise Ce[0.5]-OMS-2. On the 

other hand, the catalysts prepared using the one-pot sol-gel method show a significant 

increase in BET surface area and pore volume compared to the corresponding OMS-2 

samples. Ce[0.75]-Mn:40, Ce[0.5]-Mn:40, Ce[0.25]-Mn:40 and Ce[0.175]-Mn:40 all had 

significantly higher surface areas (>210 m2 g-1) than OMS-2:40.  

The structural differences of samples prepared using both methods with a theoretical Ce/Mn 

mole ratio of 0.5 were analysed by XRD. The diffractograms were compared with that of 

OMS-2:40 and are presented in Figure 4.12. The XRD pattern of Ce[0.5]-OMS-2 presented 

peaks which correspond to all of the crystalline phases that are characteristic of pure 

cyrptomelane (as previously described) and align with those seen on the XRD pattern of OMS-

2:40. Therefore, it can be observed from Figure 4.12 that the crystalline structure 

characteristic of OMS-2 is maintained during the addition of Ce by ion extraction. Moreover, 

the crystal size of Ce[0.5]-OMS-2 was estimated using the Scherrer equation which was 

calculated to be the same value as found for OMS-2:40 (42 nm). This indicated that the ion 

extraction procedure had no effect on the average crystal size. The XRD pattern of Ce[0.5]-

OMS-2 also shows the addition of a small peak at 2θ = 47⁰ indicated by the dashed line in 

Figure 4.12. This phase is not associated with K-OMS-2, but with the (220) facet of CeO2 [21] 

[7]. This indicates the presence of a free ceria phase in Ce[0.5]-OMS-2. This is similar to XRD 

patterns reported by Jothiramalingam et al. [11] which showed a free ceria phase in Ce/K-
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OMS-2 materials, synthesised by reflux/ion-extraction methods, with a Ce/Mn mole ratio of 

0.03. 

Ce/Mn mixed-oxide catalysts, which were synthesised using the one-pot sol-gel method, 

show that the samples had amorphous structures and indicated the collapse of the OMS-2 

tunnel structure.  

 

The catalysts prepared using different methods of Ce incorporation were characterised using 

SEM. The SEM images of the catalysts are reported in Figure 4.13. Figure 4.13A shows a SEM 

image of OMS-2:40 and reveals the presence of nano-rods which have formed on the 

surfaces of the particles. This is a typical formation on the surface of K-OMS-2 and has also 

been reported on materials prepared by other sol-gel, reflux and hydrothermal methods [6] 

[7] [15]. Figure 4.13B shows a SEM image of Ce[0.5]-OMS-2, prepared by potassium ion-

extraction. This shows an absence of nano-rods on the surface of Ce[0.5]-OMS-2 despite 

previous confirmation of the crystallinity of the material by XRD (Figure 4.12). This is in 

agreement with the work of Hapeshi et al. who also reported the demise of nano-needles on 

the surface of OMS-2 following the addition of Ce (Ce/Mn mole ratio of 0.06) by potassium 

 

Figure 4.12 - XRD patterns of OMS-2:40, Ce[0.5]-OMS-2 and Ce[0.5]-Mn:40. Labelled facets are those 
characteristic of OMS-2. 
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ion-extraction, while XRD analysis confirmed that the OMS-2 structure was maintained. In 

their work, it was reported that the absence of defined nano-rods may have been due to the 

mechanical grinding of the particles during the extended period of stirring of the ion-

extraction process [7]. Figure 4.13C shows an SEM image of Ce[0.25]-Mn:40 which also 

confirmed the absence of nano-needles on the surface of the catalyst. This is in line with 

results of the XRD analysis which showed that Ce[0.25]-Mn:40 was an amorphous material 

(Figure 4.12). The images reported in Figure 4.13 show similar surface morphology to 

comparable Ce/Mn mixed-oxide samples synthesised by sol-gel/ion-extraction methods and 

reflux routes [7] [15].  

 

Light-off tests were carried out on each of the catalysts containing Ce using the same testing 

procedure described in section 3.3.2. Light-off curves of CO, C3H6 and CH4 are presented in 

Figure 4.14.respectively. The CO and C3H6 light-off curves observed over OMS-2 and CeO2 are 

also reported for comparison purposes. 

Figure 4.14A shows the CO conversion curves for the Ce/Mn mixed-oxide catalysts prepared 

using the one-pot sol-gel method and ion-extraction method. A decrease in the CO T50 of 30 

K was observed on Ce[0.5]-Mn:40 through the addition of Ce (Ce/Mn = 0.39) using the one-

pot sol-gel method, compared to OMS-2:40. Moreover, the CO T50 values of Ce[0.5]-Mn:40 

A. OMS-2:40 B. Ce [0.5]OMS-2 C. Ce[0.25]-Mn:40 

Figure 4.13 – SEM images of Ce/Mn catalyst samples prepared using different synthesis techniques, 
compared with pure OMS-2 (magnification x100,000) 
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was 121 K lower than the CeO2 sample. When comparing the Ce/Mn catalyst prepared with 

the same theoretical Ce/Mn mole ratio (0.5) by ion extraction (Ce[0.5]-OMS-2) and sol-gel 

(Ce[0.5]-Mn:40) methods, it can be seen that CO T50 over the former was remarkably higher 

(500 K). This higher light-off temperature can be attributed to the chemical composition and 

structure of the catalyst. Furthermore, the addition of Ce to OMS-2 using the ion exchange 

method had a detrimental effect on the activity of OMS-2 in CO oxidation. Figure 4.14 shows 

that the CO T50 value over OMS-2:40 increased by 15 K after it was doped with Ce (Ce[0.5]-

OMS-2). This increase in CO T50 may be attributed to the presence of a free ceria phase as 

indicated by XRD (Figure 4.12). Figure 4.14 shows that CeO2 was significantly less active for 

CO oxidation than all the catalysts containing Mn. Therefore, the presence of a ceria phase 

in Ce[0.5]-OMS-2, which is less active for CO oxidation, may contribute to the decrease in CO 

T50 observed after the OMS-2 was doped with Ce by ion exchange. The difference in activity 

may also be correlated to the different crystal structures of each material (Figure 4.12). The 

addition of Ce through ion-exchange resulted in crystalline structure consisting of two 

phases, while the one-pot sol-gel method gave an amorphous material with a much higher 

surface area as reported in Table 4.2.  

Analogue to Figure 4.14A, Figure 4.14B presents C3H6 light-off curves measured on the Ce/Mn 

mixed oxide prepared by sol-gel and ion-extraction methods. The C3H6 light-off curves 

observed from Figure 4.14B show that all of the Ce/Mn catalysts were more active for low-

temperature C3H6 oxidation than CeO2. Ce[0.5]-Mn:40 (sol-gel) was the most active catalyst, 

achieving a C3H6 T50 value of 463 K. This was a decrease in C3H6 light-off of around 45 K 

compared to OMS-2:40, and over 180 K less CeO2 sample. The addition of Ce to OMS-2:40 by 

ion exchange in Ce[0.5]-OMS-2 had a similar influence on C3H6 light-off to that reported for 

CO conversion. The C3H6 T50 value over Ce[0.5]-OMS-2 was slightly higher (517 K) compared 

to that of OMS-2:40 (510 K). This was also 54 K higher to the C3H6 T50 value 54 K of the 
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corresponding sample of Ce[0.5]-Mn:40. Figure 4.14C shows that the incorporation of ceria 

using both methods had no influence on CH4 oxidation. 
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Figure 4.14 - CO (A), C3H6 (B) and CH4 conversion (C) obtained  over Ce[0.5]-Mn:40 and Ce[0.5]-OMS-2 

compared with OMS-2:40 and a commercial sample of CeO2 
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4.3.4 Effect of hydrothermal ageing 

As discussed in chapter 1, catalysts employed in automotive emission control must be stable 

at the elevated temperatures of vehicle exhaust systems. When exposed to high 

temperatures, the catalysts can undergo structural and morphological changes which cause 

the catalyst to age. This can lead to considerable deterioration of the catalytic properties. For 

this reason, the catalysts have been evaluated for their resistance to hydrothermal ageing. 

Fresh samples of OMS-2:40, CeO2 and Ce[0.5]-OMS-2 and Ce[0.5]-Mn:40 were evaluated for 

their resistance to ageing. Each catalyst was aged at 873 K, flowing 5% H2O and 10% O2 for 

24 h. Following the ageing procedure, two consecutive light-off tests were conducted on the 

catalyst using the same reactor set-up. 

Figure 4.15 shows a comparison of the CO conversion profiles observed on the second light-

off test of the aged samples with the third oxidation cycle over corresponding to fresh 

samples (already reported in Figure 4.14). As reported before, CO light-off temperatures are 

expressed as T50 conversion values. Figure 4.15A shows a significant increase in the CO light-

off temperature over aged OMS-2:40 with a CO T50 value of 613 K; around 130 K higher than 

the fresh OMS-2:40. It is observed from Figure 4.15B that the ageing procedure had a 

substantial effect on the catalytic activity of CeO2 with a maximum CO conversion of 40% at 

773 K. The CO light-off curves of aged samples of both Ce[0.5]-OMS-2 (Figure 4.15C) and Ce 

[0.5]-Mn (Figure 4.15D) were remarkably lower than that of aged OMS-2:40. CO T50 of the 

aged Ce/Mn catalysts were slightly higher than the corresponding fresh samples (15 K over 

Ce[0.5]-OMS-2 and 25 K over Ce[0.5]-Mn:40). The CO T50 value observed over the catalyst 

prepared by ion-exchange shows a smaller shift towards higher temperature compared to 

the sample prepared by sol-gel method after ageing. However, after ageing the CO T50 over 

Ce[0.5]-Mn:40 was still around 25 K lower than that of fresh Ce[0.5]-OMS-2.  
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A similar effect can be observed from the C3H6 light-off curves shown in Figure 4.16, with 

Ce[0.5]-OMS-2 and Ce[0.5]-Mn:40 displaying significantly higher resistance to ageing than 

OMS-2:40. The C3H6 T50 values over aged samples of Ce[0.5]-OMS-2 (Figure 4.16C) and 

Ce[0.5]-Mn:40 (Figure 4.16D) were 539 K and 505 K, respectively; around 20 K and 45 K higher 

than the fresh corresponding samples. In comparison, C3H6 light-off over OMS-2:40 (Figure 

4.16A) after ageing was 728 K, which was around 220 K higher than the fresh sample.  

These results may also indicate the structure of the Ce[0.5]-OMS-2 catalyst. As shown in 

Figure 4.15 and Figure 4.16, the ageing process resulted in a significant decrease of the CO 

and C3H6 light-off temperatures over OMS-2:40 and CeO2 compared to Ce[0.5]-OMS-2, which 

proved to be highly resistant to ageing. This may provide evidence that cerium ions are 

present within the tunnel framework of OMS-2, rather than in the form of a secondary CeO2 

phase located around the OMS-2 tunnel. Considering the results shown in Figure 4.15B, it 

would be expected that the ageing procedure would have had a much greater impact on the 

activity of Ce[0.5]-OMS-2 if a crystalline CeO2 component was present. However, this 

improved resistance to ageing observed from Ce[0.5]-OMS-2 compared to undoped OMS-

2:40 may also indicate that cerium ions were positioned within the OMS-2 structure and 

enhanced the structural integrity of the framework. A more specific characterisation of aged 

samples would be required to provide a conclusion. 

Although not reported here, the effect of ageing on Ce[0.25]-Mn:40 (synthesised by sol-gel 

method) was also evaluated. It was found that the ageing procedure had a similar effect on 

the activity of Ce[0.25]-Mn:40 for CO and C3H6 oxidation (respectively) in comparison to what 

was observed on Ce[0.5]-Mn:40. Although the light-off curves are not reported, CO and C3H6 

T50 values over aged Ce[0.25]-Mn:40 were around 25 K and 45 K (respectively) higher than 

the fresh catalyst.  
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Figure 4.15 - A comparison of CO conversion curves over fresh (continuous lines) and aged (dotted lines) 

samples of OMS-2:40 (A), CeO2 (B), Ce[0.5]-OMS-2 (C) and Ce[0.5]-Mn:40 (D) 

  

  
Figure 4.16 - A comparison of C3H6 conversion curves over fresh (continuous lines) and aged (dotted lines) 

samples of OMS:40 (A), CeO2 (B), Ce[0.5]-OMS-2 (C) and Ce[0.5]-Mn:40 (D) 
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The catalytic stability of the Ce/Mn catalysts shown in Figure 4.15 and Figure 4.16 is in 

agreement with similar catalysts prepared by Liu et al. [13]. They prepared amorphous 

Ce/Mn (0.34 mole ratio) mixed oxides using a hydrothermal method and evaluated their 

catalytic activity for benzene oxidation. In a long-term durability test, benzene conversion 

remained above 90% after 80 h at 513 K. Their study also reported little change in the 

crystallinity of the material after prolonged oxidation testing.  

These results show that manganese oxides are a better catalytic material than ceria alone. 

However, they have also shown that manganese oxides can be enhanced with the 

incorporation of ceria into the structure. The method used for the addition of Ce to 

manganese oxide is an important factor that can provide mixed-oxide catalysts which have a 

high Ce content. These results have shown that higher Ce/Mn mole ratios can be introduced 

into the catalysts by using the ‘one-pot’ sol-gel synthesis route, compared to potassium ion 

extraction method. By introducing high concentrations of Ce into the solid solution, the 

catalysts become amorphous with significantly higher surface areas than corresponding 

crystalline OMS-2. The high Ce concentrations and large surface areas of the mixed oxides 

can be attributed to their activity for low-temperature CO and hydrocarbon oxidation. The 

addition of Ce to manganese oxides also influenced the stability of the materials, showing 

remarkable resistance to ageing.  

4.4 Conclusion 

The length of the stirring time used during the synthesis of K-OMS-2 was assessed to 

understand the effect it has on material produced. Cryptomelane, also known as K-OMS-2, 

was synthesised by sol-gel method. The duration of the stirring time was varied from 5 

minutes to 60 minutes. The subsequent materials were characterised by powder X-ray 

diffraction, BET surface-area analysis, and SEM to understand the effect that stirring time has 
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on structural properties. SEM micrographs confirmed the presence of nano-needles which 

are typical of OMS-2 materials. The crystallinity of the samples was analysed by PXRD, 

confirming that all the samples had the crystalline structure which is characteristic of OMS-

2. It was found that increasing the stirring time during the synthesis results in a product with 

a higher surface area and reduced crystal size. However, it was also found that a stirring time 

of more than 40 minutes had no effect on the end product, with similar structural properties 

seen in OMS-2:40 and OMS-2:60 (which had been stirred for 40 minutes and 60 minutes 

respectively). Each of the OMS-2 samples were tested for their application as oxidation after-

treatment catalysts using a complex mixture. It was found that increasing the stirring time 

also resulted in more active catalysts. The CO and C3H6 light-off temperatures were reduced 

by 69 K and 73 K, respectively, when the stirring time was increased from 5 minutes to 40 

minutes. It was also noted that the light-off temperatures for CO and C3H6 over OMS-2:40 

and OMS-2:60 were similar. 

Considering these findings, ceria was incorporated into the manganese material in order to 

prepare Ce/Mn mixed-oxide catalysts. Two different techniques were used for the synthesis 

of Ce/Mn mixed-oxide materials. These materials were characterised and tested, and the 

results were compared with OMS-2:40 and commercial CeO2.  

A one-pot sol-gel method was used to synthesise Ce/Mn mixed oxide-materials, with Ce/Mn 

mole ratios ranging from 0.025 to 075. XRD analysis showed that these samples were 

amorphous and did not have the tunnel structure associated with OMS-2. It was also found 

that these Ce/Mn mixed-oxide materials had significantly higher surface areas than any of 

the crystalline OMS-2 samples tested. Light-off test on the mixed-oxide catalysts showed high 

activity for low-temperature CO and C3H6 oxidation with the most active material having a 

Ce/Mn mole ratio of 0.25. 
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Ceria was incorporated into the OMS-2 structure using a potassium ion exchange method. 

Potassium ion exchange was used for the addition of Ce tunnel cations to OMS-2:40 while 

maintaining the characteristic crystal structure. Cerium nitrate hexahydrate Ce(NO3)3・6H2O 

was used in the precursor solution with a theoretical Ce/Mn ratio of 1:2 to produce Ce[0.5]-

OMS-2. The structure of OMS-2 was maintained in the sample and ICP-OES analysis 

confirmed the presence of Ce in a small quantity, as expected, of less than 6 wt. %. In 

conjunction with the light-off curve observed over the aged catalyst, this information 

provides some evidence that Ce cations were successfully exchanged with K+ cations and 

were positioned inside the tunnel structure of the OMS-2. However, this led to a slight 

reduction of the surface area. The CO and C3H6 light-off temperatures obtained over Ce 

[0.5]OMS-2 was similar to that of pure OMS-2:40. Moreover, CO and C3H6 light-off 

temperatures achieved over both OMS-2:40 and Ce[0.5]-OMS-2 were lower than that 

observed over commercial CeO2.  

Each of the catalyst samples were hydrothermally aged and their catalytic activity was then 

tested using the same method as was used to test the fresh samples. The CO and C3H6 light-

off curves of the aged catalysts were reported and showed that the activity of CeO2 was 

significantly reduced after ageing, failing to achieve 50% conversion of either species below 

773 K. Pure K-OMS-2 (OMS-2:40) showed an improvement in ageing resistance compared 

with CeO2. However, the CO and C3H6 light-off temperatures were still increased significantly. 

The addition of Ce by ion exchange resulted in a catalyst which showed much higher stability, 

with the CO and C3H6 light-off temperatures increasing by no more than 25 K. The amorphous 

Ce/Mn mixed-oxide catalyst (Ce [0.5]-Mn) showed slightly less stability than the materials 

prepared by ion exchange. However, the aged sample of Ce [0.5]-Mn still achieved CO and 

C3H6 light-off temperatures lower to those of the fresh materials prepared by ion exchange. 
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This work opens up the prospect of incorporating ceria within MnO2 materials using the ‘one-

pot’ sol gel method as a way to synthesise highly active, Ce/Mn mixed-oxide catalysts which 

have greater stability and resistance to ageing compared to traditional OMS-2 or CeO2.  
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5 Doping manganese oxides with CeO2-ZrO2 using a one-pot 

sol-gel method 

5.1 Introduction 

Due to the mixed valence of the manganese combined with the high surface area of 

amorphous manganese oxide, the material has excellent oxygen mobility and can easily form 

oxygen vacancies, which is a desirable property for an effective oxidation catalyst [1]. 

Different routes have been used for the synthesis of cryptomelane (K-OMS-2), including sol-

gel, reflux and hydrothermal methods. Comparisons of the various techniques used to 

synthesise K-OMS-2, as described in literature, report that materials synthesised using a sol-

gel method have the largest surface area and least crystalline structure [2] [3] [4]. The 

modification of OMS-2 through the addition of dopants has been studied in order to enhance 

its catalytic capabilities [5]. Ceria is one dopant which has been used to enhance OMS-2 due 

to its redox and OSC properties, and has been used to substitute K+ tunnel cations in K-OMS-

2 [6] [7]. Different modification methods have been reported, including the incorporation of 

ceria in the OMS-2 structure for the oxidation of various hydrocarbons and CO. Yu et al. 

reported that the addition of ceria reduced the crystal size of K-OMS-2 and increased the 

surface area, resulting in a reduction of dimethyel ether (DME) combustion light-off 

temperature [7]. It was also reported by Hapeshi et al. that when K-OMS-2 that had been 

synthesised using a sol-gel method was doped with cerium using potassium ion-exchange 

method, the cations would begin to replace the manganese within the OMS-2 framework [6]. 

Wang et al. also showed that the incorporation of ceria in the synthesis process would result 

in a hindrance of the tunnel structure formation due to the distortions created by the larger 

Ce4+ cations [8].  

Ceria and manganese oxide-based materials are commonly used as supporting materials for 

redox catalysts, such as noble metals, due to their participation in the reaction mechanism. 
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Traditionally, cerium zirconium oxide has been used for automotive emission control 

catalysts, in particular, three-way catalysts and diesel oxidation catalysts for the oxidation of 

CO and HCs [9]. Noble metals have been widely studied and used in the application redox 

catalyst. The use of Pt, Pd and Rh is considered to provide the active sites on which many 

oxidation reactions occur through the reduction of their oxides. Due to the low operating 

temperatures of diesel combustion engines, typically between 473 K and 573 K, the required 

noble metal loading on diesel oxidation catalyst can be up to 3 times higher than on a three-

way catalyst [10]. This is undesirable as the cost of noble metals is already high. Therefore, 

one approach in the development of such catalysts is to improve the activity of the support 

and interaction between the metal and the support.  

As discussed previously, diesel engines operate at relatively low temperatures which are 

higher than the typical activation temperature of a typical Diesel Oxidation Catalyst (DOC). 

Therefore, it is important to find a catalyst with a light-off temperature which is lower than 

the operating temperature of the diesel engine, without the need for higher noble metal 

loading. Much work has been done to improve the efficiency of the metal loading on DOCs. 

Kim et al. synthesised a ZrO2 and SiO2 mixed-oxide support using a sol-gel method. They 

reported improved metal dispersion and improved resistance to hydrothermal ageing and 

sulphur poisoning and CO light-off at around 473 K [11]. Huang et al. investigated the 

promoting effect of loading a cerium zirconium oxide support with both platinum and 

vanadium. They reported a CO T50 of around 493 K over a Pt (1wt %) Ce0.75Zr0.25 catalyst and 

a decrement of approximately 30 K of the CO T50 V (1wt %). A similar effect on C3H6 light-off 

was also reported [12]. Tang et al. carried out the in-situ growth of ceria nano flakes on a 

cordierite monolith and compared the catalytic activity with a conventional DOC catalyst 

washcoat, showing an improvement of material use efficiency. Platinum was loaded on the 

ceria nanoflakes by atomic layer deposition and CO and C3H6 T50 values of around 323 K and 

333 K respectively were reported [13].  
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In this work, we have synthesised mixed-oxide catalysts, combining ceria and cerium 

zirconium oxide with manganese oxide using a sol-gel method, for low-temperature CO and 

C3H6 oxidation. The mixed-oxide catalysts were characterised to understand the effect 

combining the materials has on the structure and morphology of the materials. Light-off 

experiments were carried out, replicating the feed conditions typically associated with those 

of a light duty diesel vehicle. The catalysts were benchmarked by comparing the CO and C3H6 

light-off temperatures achieved over each sample. The most active samples were loaded with 

1 wt % Pt before comparing their catalytic performance with a model automotive catalyst, 

which was commercially sourced. 
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5.2 Experimental methods 

5.2.1  Material synthesis 

A similar sol-gel method as described in section 3.1.1 was used to synthesise Ce/Zr/Mn 

materials discussed in this chapter. In this synthesis route, Cerium Zirconium Oxide (Sigma 

Aldrich) with a CeO2 / ZrO2 ratio of 1 was added to the solution of KMnO4 and maleic acid 

before stirring for either 40 or 60 minutes. The concentration of Cerium Zirconium Oxide 

added to the solution provided theoretical Ce/Zr/Mn molar ratios of 0.09/0.09/1 and 

0.125/0.125/1. The subsequent samples were denoted as Ce[X]Zr[Y]-Mn:Z, where X and Y 

are the Ce and Zr mole ratios respectively, and Z is the stirring time in minutes. 

A sample of each Ce/Mn (as descirbed in chapter 4) and Ce/Zr/Mn catalysts were loaded with 

1 wt % Pt by incipient wetness impregnation using Platinum nitrate solution (15 wt %, Alfa 

Aesar), as a platinum precursor. After impregnation, the materials were dried at 393 K for 4 

h then calcined at 723 K for 4 h. 

5.3 Results and discussion 

5.3.1 Effect of Ceria Zirconia incorporation 

The effect of introducing ceria zirconia into the synthesis method of K-OMS-2, to create a 

Ce/Zr/Mn catalyst, was evaluated by varying the Ce/Zr/Mn molar ratio of the catalysts 

prepared. As descirbed in section 5.2.1, catalysts were prepared with equal Ce/Mn and 

Zr/Mn mole ratios in each sample of 0.09 and 0.125, using stirring times of 60 minutes and 

40 minutes. 

Each sample was characterised by BET surface-area analysis (Table 5.1) and powder X-Ray 

diffraction studies. The XRD diffractograms of the 40-minute samples prepared with 

Ce/Zr/Mn ratios of 0.09 and 0.125 are displayed in Figure 5.1, together with OMS-2:40 and 

Ce[0.5]Zr[0.5] (Ce0.5Zr0.5O2). Figure 5.1 shows that Ce[0.09]Zr[0.09]-Mn:40 has crystalline 
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phases characteristic of OMS:40 at 2θ = 18⁰, 25.8⁰, 28.7⁰, 37.5⁰, 42⁰, 50⁰, 56.5⁰ and 60.5⁰ and 

Ce[0.5]Zr[0.5] at 2θ = 29.5⁰, 33.8⁰, 49.1⁰, 58.5⁰ and 61.5⁰, indicating two crystalline phases 

contributing to the structures of the final materials; an OMS-2 phase and a Ce[0.5]Zr[0.5] 

phase. The XRD pattern of Ce[0.125]Zr[0.125]-Mn:40 shows peaks at 2θ = 33.6⁰, 49.3⁰, 57⁰ 

and 59.6⁰, which can be ascribed to the presence of a Ce0.5Zr0.5O2 phase. The OMS-2 phase is 

not evident from the XRD pattern, though the presence of Mn was verified through ICP-OES 

analysis. The XRD pattern of Ce[0.09]Zr[0.09]-Mn:40 shows a peak at 2θ = 37.6⁰, which can 

be related to the presence of the (211) facet of manganese oxide as is present in OMS-2:40. 

This peak became less intense as the Ce/Mn ratio was increased to 0.125. The same trend is 

followed by the peak observed at 2θ = 29⁰, which can be attributed to crystalline phases of 

either Ce[0.5]Zr[0.5] or OMS-2. It is observed that higher mole ratios of Ce/Zr/Mn prevent 

the formation of the tunnel structure of OMS-2 and an amorphous Mn phase is formed along 

with a crystalline Ce[0.5]Zr[0.5] phase. A similar effect is seen in the synthesis of the Ce/Mn 

materials previously reported in Figure 4.5 (chapter 3). This demise of the OMS-2 crystal 

structure with a higher Ce/Zr/Mn mole ratio can also be observed from the XRD patterns of 

the samples synthesised using a stirring time 60-minute sample reported in Figure 5.2. 

http://oms:40/
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BET surface-area analysis was also carried out on the Ce/Zr/Mn samples and the results of 

surface area and pore volume are reported in Table 5.1. It can be deduced from these values 

that the incorporation of Ce0.5Zr0.5O2 using the sol-gel method resulted in the decrease of the 

surface area of the samples synthesised with 60-minute stirring times. The surface area 

 

Figure 5.1 - XRD patterns of Ce/Zr/Mn synthesis using the 40 minute sol-gel method, compared against 
reference samples of OMS-2:40 (top) and Ce[0.5]Zr[0.5] (bottom). Characteristic peaks of OMS-2 which 
are present in Ce/Zr/Mn samples are indicated by the vertical green line, while characteristic peaks of 

Ce0.5Zr0.5O2 are indicated by the vertical red lines. 

 

Figure 5.2 - XRD patterns of 60-minute Ce/Mn/Zr catalysts compared with OMS-2:60 and Ce[0.5]Zr[0.5] 
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decreased from 124.6 m2 g-1 measured for OMS-2:60 to 62.9 m2 g-1 for Ce[0.09]Zr[0.09]-

Mn:60. The incorporation of Ce0.5-Zr0.5O2 in the sol-gel synthesis had no notable effect on the 

surface area of the samples prepared using a stirring time of 40 minutes (122.5 m2 g-1). 
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Light-off tests (as previously described) were carried out on the Ce/Zr/Mn catalysts 

synthesised using a stirring time of 60 minutes, and the results are reported in Figure 5.3. 

Figure 5.3A reports the CO oxidation results for the Ce/Zr/Mn mixed-oxide catalysts with a 

Ce/Mn ratio ranging from 0.09 to 0.125. The results are compared with those measured on 

manganese oxide synthesised using the same stirring time of 60-minutes and Ce0.5Zr0.5O2. 

Figure 5.3A shows that the CO T50 values of Ce[0.125]Zr[0.125]-Mn:60 (559 K) and 

Ce[0.09]Zr[0.09]-Mn:60 (570 K) are higher than that of the corresponding OMS-2:60 sample 

(484 K). However, the newly synthesised catalysts brought a reduction in CO T50 of around 20 

K compared to Ce[0.5]Zr[0.5]. From Figure 5.3B, it can be seen that the incorporation of 

Ce[0.5]Zr[0.5] into the manganese oxide had a negative effect on C3H6 light-off temperature, 

with an increase of 76 K measured between Ce[0.125]Zr[0.125]-Mn:60 and OMS-2:60. 

Similarly, it can be seen from Figure 5.1C that Ce[0.09]Zr[0.09]-Mn:60 and 

Ce[0.125]Zr[0.125]-Mn:60 also showed no activity in the oxidation of CH4. 

The activity of the Ce/Zr/Mn catalysts synthesised using a stirring time of 40 minutes were 

also assessed. The CO C3H6 and CH4 light-off curves obtained from these tests are reported 

in Figure 5.4 along with the corresponding OMS-2:40 sample and commercially prepared 

Material 
Surface 

area  
(m2 g-1) 

Pore 
volume 
(cm3 g-1) 

ICP-OES 

Ce Zr Mn K Pt 

OMS-2:60 124.6 0.203 - - 71.7 7.9 - 

OMS-2:40 126.8 0.203 - - 61.3 8.8 - 

Ce[0.09]Zr[0.09]-Mn:60 62.9 0.213 11.1 5 43.7 6.4 - 

Ce[0.09]Zr[0.09]-Mn:40 122.5 0.237 20 13 39.1 3.5 - 

Ce[0.125]Zr[0.125]-Mn:60 107.9 0.209 13.3 9.6 33 5.7 - 

Ce[0.125]Zr[0.125]-Mn:40 127.5 0.202 25.4 16.5 33.9 3 - 

Ce[0.5]Zr[0.5] 9.8 0.04 47.5 30.8 - - - 

Pt:Ce[0.25]-Mn:40 233.3 0.336 27.8 - 42.2 2.9 0.9 

Pt:Ce[0.125]Zr[0.125]-
Mn:40 

106.5 0.175 
10.6 3.5 35.6 5.7 0.7 

Pt:Ce[0.5]Zr[0.5] 88.2 0.193 47 30.5 - - 1 
Table 5.1 - BET surface area (m2 g-1), pore volume (cm3 g-1) and ICP-OES elemental analysis of all synthesised 

OMS-2 and Ce/Zr/Mn catalysts. 
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Ce[0.5]Zr[0.5] sample. Figure 5.4A reports the results attained from the CO oxidation over 

the newly synthesised Ce/Zr/Mn samples along with the corresponding manganese oxide 

and Ce[0.5]Zr[0.5] materials. The C3H6 conversion curves are reported in Figure 5.4B for the 

same samples. As observed for a stirring time of 60 minutes, the addition of Ce/Zr to 

manganese oxide has had a detrimental effect on the activity of the 40-minute samples. From 

the samples prepared with a stirring time of 60 minutes, it is also apparent in Figure 5.4C that 

Ce[0.09]Zr[0.09]-Mn:40 and Ce[0.125]Zr[0.125]-Mn:40 showed to be inactive for CH4 

oxidation. An increase in CO T50 value of 93 K was measured between Ce[0.09]Zr[0.09]-Mn:40 

and OMS-2:40 and an increase of 46 K between the C3H6 T50 values of Ce[0.09]Zr[0.09]-Mn:40 

and OMS-2:40. However, all the Ce/Zr/Mn materials showed a decrease in CO light-off 

compared to the commercial Ce[0.5]Zr[0.5] catalyst (almost 40 K for the Ce[0.09]Zr[0.09]-

Mn:40 sample and 20 K for the Ce[0.125]Zr[0.125]-Mn:60). 

One catalyst which does not follow the trend of decreasing CO and C3H6 light-off temperature 

with lower manganese content is Ce[0.09]Zr[0.09]-Mn:60. This sample shows CO and C3H6 

light-off temperatures that are slightly higher than the sample prepared using the same 

conditions, but with a higher Ce/Mn ratio (0.125). This can be explained by considering the 

surface area measured for Ce[0.09]Zr[0.09]-Mn:60, which is significantly lower than values 

measured for all other Ce/Zr/Mn materials (62.9 m2 g-1). As previously discussed in the 

introduction, the catalytic activity is directly related to the number of available oxygen 

vacancies and, thus, the surface area is an important physical property of the material for the 

reaction. As reported in Table 5.1, all of the Ce/Zr/Mn catalysts had larger surface areas than 

Ce[0.5]Zr[0.5]. This increase in surface area and presence of a manganese oxide phase in the 

Ce/Zr/Mn materials can be related to their increased catalytic activity in CO oxidation. 
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Figure 5.3 - Comparison of CO conversion (A) C3 H6 conversion (B) and CH4 conversion (C) obtained over 
OMS-2:60 and Ce/Zr/Mn samples synthesised for 60 minutes. 
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Figure 5.4 - Comparison of CO conversion (A) C3H6 conversion (B) and CH4 conversion (C) obtained over OMS-2:40 
and Ce/Zr/Mn samples synthesised for 40 minutes. 



 

143 
 

5.3.2 Effect of Pt loading 

Samples of the manganese-oxide catalysts, synthesised using a stirring time of 40 minutes, 

were assessed for their application as catalytic supports for emission control. OMS-2:40, 

Ce[0.25]-Mn:40 (as presented in chapter 4) and Ce[0.125]Zr[0.125]-Mn:40 were loaded with 

1 wt % Pt. The same light-off test, as previously described, was carried out on each of the 

manganese oxide-based catalysts after the Pt loading.  

The light-off curves measured on the Pt loaded manganese oxide-based samples were 

compared with those obtained over a model automotive catalyst that was commercially 

sourced; 1wt % Pt supported on CeO2/ZrO2. The CeO2:ZrO2 mole ratio of the model catalyst 

was 1:1 and the sample is denoted as Pt:Ce[0.5]Zr[0.5]. The light-off curves acquired over the 

Pt loaded catalysts are reported in Figure 5.5. Figure 5.5A reports that the model catalyst 

(Pt:Ce[0.5]Zr[0.5]) showed the lowest catalytic activity compared to the manganese oxide 

and mixed-oxide catalysts, providing a CO T50 value of 506 K. A reduction of 109 K in the T50 

value of CO was achieved with Pt:Ce[0.25]-Mn:40, which gave a CO T50 of 397 K. At this point, 

it should be highlighted that the CO T50 of Ce[0.25]-Mn:40 (the unloaded support material) 

was 427 K (Figure 4.8A, chapter 3), which was 79 K lower than Pt:Ce[0.5]Zr[0.5].  

A similar trend is reported for C3H6 conversion in Figure 5.5B, which also shows that all 

manganese oxide-based materials provided lower light-off temperatures than the 

commercial-model catalyst. Pt:Ce[0.25]-Mn:40 also gave the lowest C3H6 light-off 

temperature of 466 K, which was a reduction of 81 K compared to Pt:Ce[0.5]Zr[0.5]. It can 

also be noted that Ce[0.25]-Mn:40 gave a C3H6 T50 value of 479 K. This is 68 K lower than the 

C3H6 light-off temperature of Pt:Ce[0.5]Zr[0.5],despite having no Pt loading. Interestingly, 

none of the Ce/Zr/Mn catalysts showed CH4 oxidation activity after they had been loaded 

with Pt. 
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It can also be obersved from Figure 5.5A that the rate of CO oxidation slows down over the 

Ce/Mn catalysts, resulting in a 2 step oxidation profile. This phenomena could be attributed 

to the formation of intermediates during the oxidation of C3H6, particualrly in the presence 

of NO. This behaviour was demonstrated by Buzková et al. [19] who modelled CO oxidation 

over a Pt/Alumina in the presence of C3H6 and NO. They discussed how C3H6 inhibited CO 

oxidation due to the accumulation of intermediate species on the catalyst surface which 

block the active sites. This inhibition is then intensified in the presence of NO, as it strongly 

inhibits the total oxidation of C3H6 while partial oxidation and intermediate formation is less 

affected. This leads to the high-surface coverage of HC intermediates and thus strongly 

inhibits CO oxidation.  

The properties of the amorphous Ce/Mn mixed oxides synthesised using the one-pot sol-gel 

method indicate the potential for their application in automotive emission control. Many 

different CeO2 based materials for similar applications are discussed in literature. However, 

most of the catalysts reported have included a precious metal component [15] [16] [17] [18]. 

The CO and C3H6 light-off temperatures of 455 K and 463 K measured over Ce[0.5]-Mn in this 

study are comparable to catalysts which have a precious metal loading. For example, Jeong 

et al. [19] carried out CO and C3H6 oxidation over a 2 wt.% Pd/CeO2 catalyst, using a reaction 

mixture of 1% CO, 0.2% C3H6 and 10% O2 and a gas-space velocity of 33 cm3 g-1 s-1. They 

reported T50 values of around 440 K and 450 K respectively. Another study by Huang et al. 

[12] on CO and C3H6 oxidation over a 1 wt. % Pt/CeO2-ZrO2 catalyst employed a reaction 

mixture of 1000 ppm CO and 500 ppm C3H6 in the presence of 10% O2 and 500 ppm NO using 

a flow rate of 6.6 cm3 g-1 s-1. Their study showed CO and C3H6 T50 values of around 510 K and 

490 K respectively. In our study, the Pt:Ce[0.25]-Mn catalyst had a metal loading of 1% and 

was tested using a flowrate 16.7 cm3 g-1 s-1. This is half the metal loading and flowrate used 

by Jeong et al. and a double the flowrate used by Huang et al. When we compare the studies 

on metal loaded CeO2 based catalysts to the results from our work, it can be understood that 
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Pt:Ce[0.25]-Mn outperformed either to these studies, with a CO and C3H6 T50 values of 397 K 

and 466 K respectively. The low light-off temperatures measured over the Ce/Mn mixed-

oxide catalysts presented in this work, opens up the prospect of using the one-pot sol-gel 

method to prepare catalytic-support materials, which could significantly reduce dependency 

on expensive precious metals.  
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5.4 Conclusion 

Cerium Zirconium Oxide (Ce[0.5]Zr[0.5]) was introduced into the 60-minute and 40-minute 

sol-gel method to synthesise Ce/Zr/Mn mixed-oxide catalysts containing different Ce/Mn 

mole ratios. It was found that the addition of low concentrations of Ce[0.5]Zr[0.5] resulted 

in a two-phases material; a crystalline Ce[0.5]Zr[0.5] phase and a crystalline OMS-2 phase 

were detected. However, it was observed that the increment in the content of the 

Ce[0.5]Zr[0.5] in the synthesis solution prevented the formation of the OMS-2 structure. The 

final material was, therefore, constituted by an amorphous Mn phase and a crystalline 

Ce[0.5]Zr[0.5] phase. Furthermore, the addition of Ce[0.5]Zr[0.5] in the sol-gel method 

provided materials with similar surface areas to the corresponding OMS-2 catalysts. Light-off 

tests also showed that the incorporation of Ce[0.5]Zr[0.5] increased the CO and C3H6 light-off 

temperatures increased by between 50 K and 90 K compared to pure OMS-2. It was observed 

that the light-off temperatures of both CO and C3H6 also increased at high Ce/Zr/Mn ratio. 

 

Figure 5.5 - CO conversion (A) C3H6 conversion (B) and CH4 conversion (C) obtained over OMS-2:40, Ce[0.25]-
Mn:40 and Ce[0.125][Zr[0.125]-Mn:40 samples which had been loaded with 1 wt % Pt, compared with a 

commercial 1 wt % Ce0.5Zr0.5O2 catalyst. 
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This was attributed to the lower concentration of the active Mn phase in the samples which 

present a higher content of Ce[0.5]Zr[0.5].  

The effect of loading the synthesised catalysts with Pt was assessed. Samples from the 

materials synthesised using a stirring time of 40 minutes (OMS-2:40, Ce[0.25]-Mn:40, and 

Ce[0.125]Zr[0.125]-Mn:40) were loaded with 1 wt % Pt and compared with a commercially 

prepared 1 wt % Pt Ce0.5Zr0.5O2 catalyst (Pt:Ce[0.5]Zr[0.5]). These results showed that the 

addition of Pt improved the performance of each catalyst, reducing both CO and C3H6 light-

off temperatures. CO and C3H6 light-off temperatures were reduced by 97 K and 39 K over 

Pt:Ce[0.25]-Mn:40 compared with Pt:Ce[0.5]Zr[0.5]. This can be attributed to the high 

surface area and amorphous nature of the active support (Ce[0.25]-Mn:40).  

This work has shown that Ce/Mn mixed oxides are highly effective catalysts for oxidation of 

CO and C3H6. It has also shown their success as an application of a support material for a 

diesel-oxidation catalyst. The Ce/Mn mixed-oxide catalysts provided significantly lower CO 

and C3H6 light-off temperatures than a commercial diesel-oxidation catalyst opening the 

prospect of using such materials for the low-temperature oxidation of emissions from 

combustion engines. It also introduces the potential of using the material as an alternative 

to catalysts such as Pt/CeO2-ZrO2, for the application of an emission control catalyst for 

combustion engines, that are free from expensive precious metals while providing low-

temperature CO and HC light-off, resistance to ageing and reducing the problem of sintering.  
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6 Modifying the surface of Pt/CeZrO2 using ion bombardment 

6.1 Introduction 

Catalysis is an interface phenomenon which relies on the interaction between two 

independent materials. The interactions that occur are mostly determined by the surface 

properties of the materials. Therefore, modifying the surface of heterogeneous catalysts is 

an interesting method that can enhance their surface properties and improve their catalytic 

activity.  

In the case of ceria-based catalysts, redox properties are strongly related to the presence of 

surface oxygen vacancies which can determine their activity and the interactions with the 

reactant species in oxidation reactions [1]. As described in chapter 2, the interaction between 

precious metals and their supporting material can also strongly influence the activity of the 

catalyst. Therefore, modifying the surface of ceria is also an interesting method for improving 

metal-support interactions and enhancing catalytic activity. 

Ion beam engineering is a technique which has been used to controllably modify nanoscale 

surface structures of advanced materials. Gas phase ions with a range of different kinetic 

energies have been a recent choice for the enhancement and alteration of material 

interfaces, modifying their physical, chemical and morphological properties. The surface 

process that is induced by ion beam bombardment is dependent on the kinetic energy of the 

ions as shown in Figure 6.1. At thermal energies (<1 eV), the incident ions can physisorb or 

chemisorb on the surface, or scatter off the surface with a loss of kinetic energy. 

Hyperthermal ions (1 - 500 eV) can result in atom abstraction through abstraction reactions, 

or in the case of polyatomic ions, be dissociatively scattered. Further increasing the ion 

energy to the low energy range (0.5 – 10 keV), ions impart their kinetic energy onto the 

surface of the target material, which results in the non-reactive removal of atoms or ions 

through sputtering or the implantation of the incident ions in the target material. Increasing 
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the ion energy into the medium- and high- energy ranges can have similar effects but 

penetrates further into the bulk of the target material. This process can be used to indirectly 

sputter a target material before it is deposited on a substrate. Tsubokura et al. [2] studied 

high-energy heavy ion beams as a method for the direct micro-machining of PTFE surfaces 

for biomedical applications. It was found that the effects of surface etching were greater 

when MeV ions larger than N7+ were used, compared with the effects observed when using 

low energy Ga+ ions. It was suggested that the effects on the PTFE surface were related to 

the increased ion energy imparted to the surface (stopping power) of the higher energy ions. 

Magudapathy et al. used indirect medium-energy ion-beam sputtering as a way of depositing 

a thin film alloy of Cu and Ag nanoparticles onto a silica substrate. These oncoming metal 

particles could impart enough energy to cause localised heating, causing the atoms to melt 

and mix on the substrate surface and, therefore, create an alloy. A benefit of this was that 

metals which would normally react with its surroundings during preparation remained pure 

as the sputtering was carried out under vacuum. The study showed that the resulting alloy 

had a better composition and nanoparticle size compared with those formed through 

thermal mixing [3].  

 

 

Figure 6.1 - Fundamental surface processes which are induced depending on the energy of the ion beam 
[4]. 
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Ions with kinetic energies between 1 and 107eV are used for a variety purposes including the 

deposition of thin films on the surface of materials, revealing fresh interfaces by sputtering. 

This strengthens materials or creates micron- and nanometre-scale interface structures. It is 

a particularly useful method for the manipulation of nanomaterials and surfaces which are 

difficult to process. Some examples which use ion-processing are the creation of tough 

coatings on machining tools, CD-ROMs, biocompatible materials for tissue culture, medical 

implants, polymer films and adhesives [4].  

The use of ion beams for the development and processing of nanomaterials has become an 

interesting topic within a diverse range of research areas. In the field of catalysis, ion surface 

processing has been documented for the preparation of heterogeneous catalysts, 

particularly for the deposition of catalyst dopants or loading metals on supports. Fiala et al. 

[5] reported the simultaneous magnetron sputtering deposition (MSD) of Pt and CeO2 onto 

a carbon support for the fabrication of a proton exchange membrane fuel cell (PEMFC) anode 

catalyst. This work showed that MSD was an effective method for the preparation of Pt/CeO2 

thin films which provided a specific power output of more than twice that of the commercial 

catalyst. Similar findings were made by Fu et al. [6] when using magnetron sputtering 

deposition to prepare a Pt catalyst on a carbon support for a PEMFC, reporting significantly 

higher specific power output when compared with a commercial material. Zlobin et al. [7] 

reported the use of ion beam sputtering for the preparation of diesel oxidation catalysts 

(DOCs). The study used an ion beam to sputter a Pt target and implant the metal 

nanoparticles onto Al2O3 pellets and compared its activity with a commercial Pt/Al2O3 sample, 

prepared by impregnation. The CO T50 of the implanted catalyst was around 60 K higher than 

the commercial sample, though, 80% conversion was observed at around 573 K over both 

catalysts. It was also highlighted that the implanted catalyst had a Pt loading which was 15 

times lower than the commercial sample. While these studies indicate the potential of ion 

implantation as a method of manufacturing high-activity catalysts, there are disadvantages. 
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In particular, Wolf [8] argued that the most significant challenge when using ion implantation 

as a method of metal deposition was the loss of active surface area as atoms were buried 

into the substrate. This indicates the importance of tailoring the parameters of the ion beam 

when using the technique for modifying catalytic surfaces.  

Another way ion bombardment has been used to modify catalysts has been for the creation 

of structural defects in supporting materials. For example, Kimata et al. [9] used ion 

bombardment as a method for pre-treating carbon supports for PEMFCs. An Ar ion beam was 

used to induce structural defects on a carbon support, before depositing Pt nanoparticles by 

magnetron sputtering. Through XANES analysis, it was found that the Pt was in a reduced 

state on the irradiated supports, and a more significant degree of reduction was attributed 

to increased beam energy. EXAFS studies further highlighted that the bombarded catalysts 

had lower Pt-O coordination numbers than the untreated samples and this was also 

proportional to the increase of beam energy.  

Although ion beams have been used in many different ways to prepare solid catalysts, very 

few studies report the use of direct ion beam sputtering as a post-synthesis modification 

technique to impart modifications to the catalyst surface which enhance the activity. 

However, one study carried out by Machida et al. [10] investigated the effect of using ion 

bombardment as a method for the post-synthesis surface processing of supported noble-

metal catalysts. They used a high-energy ion beam to modify the surface of Al2O3 supported 

PGMs for CH4 oxidation. Samples of Al2O3 were loaded with Pt, Rh or Pd (1 wt.%) by incipient 

wetness impregnation and irradiated with a variety of ion doses (1 x1019 – 6.1x1018 ions g-1) 

of O+. This work showed that treating Pt and Rh catalysts decreased the respective CH4 light-

off temperature, and the significance of the effect was correlated to the increase of the O+ 

dosage. However, it was also demonstrated that ion bombardment had a detrimental effect 

on the CH4 oxidation activity of Pd/Al2O3 and the increased light-off temperatures were 
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correlated to higher ion dosages. It was determined through XRD and XPS analysis that ion 

bombardment resulted in the reduction of surface PdO to Pd, which was attributed to the 

deactivation of the catalyst. Samples of the Pt/Al2O3 and Pd/Al2O3 catalysts were also 

irradiated with N+ (14 x1018 ions g-1). The most significant improvement of CH4 activity was 

observed on the Pt catalyst after N+ bombardment. In fact, the CH4 light-off of the Pt/Al2O3 

catalyst decreased from around 713 K to 663 K after N+ irradiation, suggesting the importance 

of the ion beam species. A reduction in the surface area was also found in all the samples 

treated with ion bombardment. This was attributed to the fact that the penetration depth of 

100 keV ions exceeded the Al2O3 particle size, and thus induced a phase change from γ-

alumina to α-alumina. The greatest reduction in surface area was measured on the Pt/Al2O3 

catalyst after bombardment with N+, which decreased from around 190 m2 g1 to 150 m2 g-1. 

However, a chemisorption experiment of Pt sample treated with the lowest O+ dosage 

(1x1019 ions g-1) showed that the metal dispersion increased by 63% compared to the 

untreated catalyst, despite the decrease in surface area.  

In this study, we have used ion irradiation as a post-synthesis technique to modify powder 

catalysts typically used for automotive emission control. The modifications made to the 

surface of Pt/CeO2-ZrO2 catalysts using low-energy ion beams were assessed using XPS and 

EXAFS. The effect of the ion beam treatment on the activity has been evaluated using TPSR 

experiments under conditions which model those of an after-treatment system of a lean-

burn combustion engine.  

 

6.2 Experimental methods 

6.2.1 Catalyst preparation  

A commercially sourced Pt 1 wt.% supported on Ce0.5Zr0.5O2 catalyst (denoted Fresh) and a 

Ce0.5Zr0.5O2 (denoted CZ55) sourced from Sigma Aldrich, were treated with static and dynamic 
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ion beam irradiation using a variety of bombardment regimes. Static bombardment was 

carried out by placing 600 mg of catalyst in the sample holder, which provided an open area 

of 2 cm2
, and treating the sample without agitation or physical rotation of the powder grains 

during the bombardment. For each static dose, the sample was positioned in the vacuum 

chamber which was then degassed before the ion beam was activated. Following the desired 

duration of bombardment of the static powder, the ion chamber was pressurised to ambient 

and the sample was removed. Between ion treatments, the sample was removed from the 

vacuum chamber and mechanically agitated to expose fresh surfaces of the catalyst before 

returning it to the ion chamber and repeating the ion bombardment process. The ion beam 

was generated from a Kaufman N2 ion source, comprised of N+ (20%) and N2
+ (80%), to 

produce a monoenergetic ion beam and allow for the independent variation of the ion 

current. Allowing for a variation of beam energies provided the capability to alter the velocity 

at which ions would strike the catalyst surface, while independent variation of the ion current 

enabled the control of the quantity of ions in the beam. In this work, samples were treated 

using the continuous bombardment protocol with ion beam energies of 1.2 keV and 1.5 keV 

and the ion current ranging from 10 mA to 20 mA. The incident angle of the ion beam was 

fixed at 90⁰. The effect of the ion bombardment was evaluated by exposing batches of the 

fresh sample to ion beam treatments of various parameters. The influence of the parameters 

of the ion beam were assessed by applying different ion energies, currents, and duration of 

ion irradiation. The effect of increasing the surface area exposed to the ion beam was 

assessed by increasing the number of static treatments. Each modified Pt catalyst was 

denoted as PtX(Y), where X refers to the ion energy of the beam (keV) while Y is the number 

of ion treatments. An alternative sample was prepared by treating four 100 mg batches of 

the fresh catalyst 16 times each in a similar way as described above, using an ion energy of 

1.5 keV. These 4 batches were then mixed together, and the sample was denoted as 

Pt1.5(16x4). The irradiated Ce0.5Zr0.5O2 was denoted as CZ55-B. To investigate the effect of 
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the current of the ion beam, another sample was also prepared using a lower ion current of 

10 mA and was denoted as Pt1.5(8)-10. The effect of bombardment duration was studied by 

treating a sample 16 times, using a beam exposure time of 2 minutes, an ion energy of 1.5 

keV, and an ion current of 20 mA. Specific parameters of the treatments given to each sample 

are detailed in Table 6.1. 

Another collection of catalysts with various Pt loadings were treated with continuous ion 

bombardment. Commercially sourced Pt/Ce0.5Zr0.5O2 catalysts with metal loadings ranging 

from 0.25 wt.% to 1 wt.% were continuously stirred while irradiated with nitrogen ion 

species. These samples were placed in a holder which enabled the continuous physical mixing 

of the powder, while being exposed to the ion beam. These samples are listed in Table 6.2 

and are denoted as PtX-CB, where X refers to the Pt loading (wt. %) and CB indicates 

treatment by continuously stirred bombardment.  

The ion dose D (ions g-1) given to each sample was calculated using the equation 

𝐷 =
𝐼 ×  𝑡

𝑚 × 𝑞
 

Where I is the ion beam current (A), t is the time of exposure to the ion beam (s), m mass of 

catalyst treated (g) and q is elementary charge (1.6x10-19 C).  
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6.3 Results and discussion 

6.3.1 Catalytic testing 

The activity of each catalyst sample was tested using conditions which model those 

associated with the after-treatment system of a lean-burn combustion engine, as previously 

described. The effect of ion bombardment was assessed by comparing the light-off 

temperatures for CO and C3H6 oxidation observed on the 3rd reaction cycle over the treated 

catalysts to that of the fresh sample.  

The effect of ion bombardment on the Ce0.5Zr0.5O2 support material was evaluated. Figure 6.2 

shows the CO and C3H6 light-off curves measured over Ce0.5Zr0.5O2 before (CZ55) and after 

(CZ55-B) ion bombardment treatment (3x1021 ions g-1). The plot suggest that ion 

bombardment had little effect on CZ55, with a slight decrease of the CO and C3H6 light-off 

temperatures. The CO and C3H6 T50 values measured over CZ55-B were slightly lower (<10 K) 

than those of the fresh sample. Figure 6.2 suggests that ion bombardment treatment does 

not impart any significant modifications to the surface of the support material (Ce0.5Zr0.5O2) 

and may have detrimental effect on the catalytic activity. Both samples showed no activity 

for CH4 oxidation. 

Sample 
Energy 

keV 
Current 

(mA) 
Number of 
Treatments 

Time of exposure 
(mins) 

Ion dosage 
(ions/g) 

CZ55 - - - - - 

CZ55-B 1.5 20 16 15 3x1021 

Fresh - - - - - 

Pt1.5(16x4) 1.5 20 
16 

(x4 100mg) 
15 18x1022 

Pt1.5(32) 1.5 20 32 15 6x1021 

Pt1.5(16) 1.5 20 16 15 3x1021 

Pt1.5(8) 1.5 20 8 15 1.5x1021 

Pt1.2(16) 1.2 20 16 15 3x1021 

Pt1.2(8) 1.2 20 8 15 1.5x1021 

Pt1.5(8)-10 1.5 10 8 15 7.5x1020 

Pt1.5(16)-2 1.5 20 16 2 4x1020 

Table 6.1 - Ion beam parameters used in the preparation of each catalyst modified by static bombardment.  
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Pt/Ce0.5Zr0.5O2 treated with ion bombardment was then studied to understand the effects on 

the supported metal. The influence of increasing the ion dosage given to the fresh Pt 1 wt.% 

Ce0.5Zr0.5O2 catalyst are reported in Figure 6.3, which shows that ion bombardment has 

influenced both CO and C3H6 oxidation. The CO light-off curves are presented in Figure 6.3A 

and shows the progressive decrease in T50 values as the number of treatments (and thus the 

ion dosage) increased. The lowest CO T50 value was measured over Pt1.5(16x4) (500 K), which 

had been treated with the highest ion dose of 18x1022 ions g-1. This shows a decrease in CO 

light-off of 13 K when compared to the fresh catalyst (513 K). A similar trend was observed 

from the C3H6 light-off curves shown in Figure 6.3B, as was seen from the CO light-off curves. 

Figure 6.3B reports the continuous reduction of C3H6 T50 values as the number of ion beam 

treatments increases. The C3H6 light-off over the fresh Pt/Ce0.5Zr0.5O2 catalyst was observed 

at 546 K. This value was decreased by up to 22 K after ion bombardment, with a C3H6 T50 

value of 524 K measured over Pt1.5(16x4). 
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Figure 6.2 - CO (continuous) and C3H6 (dotted) light-off curves obtained over a CZ55 (fresh Ce0.5Zr0.5O2) 
compared with those of CZ55-B, which had been modified by ion bombardment. Corresponding T50 values are 

reported in the legends. 
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Figure 6.3 - CO (A) C3H6 (B) and CH4 (C) light-off curves obtained over a fresh Pt 1 wt.% Ce0.5Zr0.5O2 
catalyst compared those of the samples which had been modified by ion bombardment. The 

number of treatments given to the samples range from 8 (Pt1.5(8)) to 64 (Pt1.5(16x4)). 
Corresponding T50 values are reported in the legends. 
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The consistent and progressive decrease of CO and C3H6 light-off temperatures with the 

increasing number of ion beam treatments – and, therefore, increased surface area exposure 

– indicate that the ion bombardment treatment imparts modifications to the surface of the 

catalyst which improve the activity. The increased catalytic activity after ion bombardment 

shown in Figure 6.3 is similar to the effect reported by Machida et. al. [10]. Their study 

showed enhanced activity in the catalytic oxidation of methane over Pt 1 wt. % supported on 

Al2O3, after the catalyst was treated with a 100keV N+ ion beam. The decrease in activity 

observed in their work was also dependent on the ion dosage. Although these results show 

an increase in CO and C3H6 light-off, it is observed from Figure 6.3C that ion bombardment 

has no remarkable effect on CH4 oxidation. This may be due to the significantly lower ion 

energy (up to 1.5keV) used in our work.  

The effects of each adjustable parameter of the ion beam were studied independently. The 

effect of ion energy was investigated by treating two separate batches of the fresh 

Pt/Ce0.5Zr0.5O2 catalyst with different voltages, while all other parameters of the treatment 

remained constant. Samples Pt1.2(8) and Pt1.2(16) were treated 8 times (1.5x1021 ions g-1) 

and 16 times (3x1021 ions g-1), respectively, with an ion beam voltage of 1.2 keV. Similarly, 

samples Pt1.5(8) and Pt1.5(16) received the same number of treatments with a 1.5 keV ion 

beam. Figure 6.4 reports the results from the light-off test carried out on each of these 

catalysts. Figure 6.4A displays a comparison of the CO light-off curves observed over each of 

the treated catalysts. These results show that the CO light-off temperature over both 

Pt1.5(16) and Pt1.2(16), which had been treated with the same ion dosage (3x1021 ions g-1) 

were measured at 503 K. Furthermore, the CO conversion curves observed over Pt1.5(8) and 

Pt1.2(8), which had been treated with an ion dose of 1.5x1021 ions g-1, were also similar and 

the T50 value measured over both catalysts was 511 K. A similar effect can be observed from 

Figure 6.4B which shows the C3H6 light-off curves over treated catalysts. The C3H6 T50 value 

measured over Pt1.5(16) and Pt1.2(16) was 533 K, while C3H6 light-off over Pt1.5(8) and 
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Pt1.2(8) was observed at 537 K. These results may indicate that ion energy has had a less 

significant impact on the modifications imparted to the catalyst surface than increasing the 

surface area exposure. However, the similar results observed over the modified catalysts 

could be attributed to the similar in ion energies of the irradiation and, therefore, the effect 

on each sample was unremarkable. However, the similar results measured over Pt1.5(16) 

and Pt1.2(16), or Pt1.5(8) and Pt1.2(8) confirm the reproducibility of the ion bombardment 

as a surface modification technique.    
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Figure 6.4 - CO (A) C3H6 (B) and CH4 (C) light-off curves over fresh Pt 1 wt.% Ce0.5Zr0.5O2 catalyst compared 
with samples treated with an ion beam of 1.2 keV and 1.5 keV. Corresponding T50 values are reported in the 

legends. 
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Figure 6.5 - CO (A) C3H6 (B) and CH4 (C) light-off curves over fresh Pt 1 wt.% Ce0.5Zr0.5 O2 catalyst compared 
with Pt1.5(8) and Pt1.5(8)-10) which had been treated with an ion beam with currents of 1.2 10 mA and 20 

mA respectively. Corresponding T50 values are reported in the legends. 
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Another parameter of the beam that has been considered is the ion beam density which was 

evaluated by adjusting the current of the ion beam. A batch of fresh Pt/Ce0.5Zr0.5O2 was 

treated 8 times (1.5x1021 ions g-1) with a current of 10mA and a voltage of 1.5 keV, and the 

catalyst was denoted as Pt1.5(8)-10. The catalytic activity of the sample was tested using the 

same oxidation experiment and the CO and C3H6 light-off curves were compared with those 

of the fresh material and Pt1.5(8) (treated 8 times with an ion beam current of 20 mA) and 

are reported in Figure 6.5. These results showed that using a lower ion current of 10 mA had 

no effect on the activity of the catalyst with CO, and the C3H6 light-off from the irradiated 

catalysts measured at similar temperatures to those of the fresh sample.   

The exposure time of each treatment is another parameter which contributes to the ion dose. 

The importance of beam exposure time was assessed by preparing and evaluating sample 

Pt1.5(16)-2, which was treated 16 times with an exposure time of 2 minutes using an ion 

beam voltage of 1.5 keV and a current of 20 mA. The ion dose was calculated to be 4x1020 

ions g-1. Figure 6.6 reports the CO and C3H6 conversion curves observed over Pt1.5(16)-2, 

compared with those of the fresh catalyst and Pt1.5(16) treated with an ion dose of 3x1021 

ions g-1. Figure 6.6A shows that the CO T50 over Pt1.5(16)-2 was 514 K. When comparing this 

with the light-off temperature measured over the fresh catalyst (513 K), there is no 

remarkable difference in the catalytic activity of the material. It can also be seen from Figure 

6.6A that CO T50 was Pt1.5(16)-2 was 12 K higher than that of Pt1.5(16) (502 K). A similar 

observation can be made from the C3H6 conversion curves which are reported in Figure 6.6B. 

The C3H6 T50 values observed over the fresh catalyst and Pt1.5(16)-2 were very similar (546 K 

and 547 respectively), while the light-off temperature of Pt1.5(16) was approximately 15 K 

lower (533 K). This shows that the effects on the surface are also time-dependant and 

suggests that a particular ion dose threshold exists, which must be met before sufficient 

surface modifications are made in order to influence the activity of the catalyst. 
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Figure 6.6 – CO (A) C3H6 (B) and CH4 (C) light-off curves over fresh Pt 1 wt.% Ce0.5Zr0.5O2 catalyst compared 

with Pt1.5(16) and Pt1.5(16)-2 which had been exposed to the ion beam for 15 minutes and 2 minutes, 
respectively, during each treatment. Corresponding T50 values are reported in the legends. 
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The ion bombardment protocol used for the catalysts reported above (listed in Table 6.1) 

involved multiple irradiation treatments of static-powder catalyst samples. The results from 

the light-off tests on the bombarded catalysts thus far elucidate that the most significant 

enhancement of catalytic activity corresponds with the increased number of treatments and, 

therefore, ion dose. Figure 6.7, shows a plot of the ion dosages used to treat all samples in 

this study, against the corresponding CO and C3H6 T50 values observed over each. In general, 

it can be seen that the increased ion dosage given to the Pt-Ce0.5Zr0.5O2 catalyst correlates to 

a decrease in the light-off temperatures of both CO and C3H6.Although the improvements 

observed here are subtle, this does indicate that the ion bombardment treatment is 

modifying the catalyst in a way that is influencing its activity.  

 
Figure 6.7 - Ion dose given to 1% Pt-Ce05Zr0.5O2, plotted against the corresponding CO T50 (green) and C3H6 T50 

(red) 

 

When using the static bombardment technique within the capabilities of the ion implanter, 

it is understood that in order to increase the catalyst surface area exposed to the ion beam, 

the number of irradiation treatments must be increased. This method of bombardment also 

increases the ion dose, but the procedure introduces limitations. Therefore, a number of 

Pt/Ce0.5Zr0.5O2 catalysts with metal loadings ranging from 0.25 – 1 wt.% were sputtered by 

continuously stirred ion bombardment method. The same ion beam parameters were used 
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for the continuous bombardment of each catalyst as listed in Table 6.2. However, these 

conditions vary from those used for static irradiation previously discussed. As these catalysts 

were prepared by an industrial partner, only the ion dose and beam energy are disclosed.     

Table 6.2 reports the CO and C3H6 T50 values of each Pt/Ce0.5Zr0.5O2 catalyst before and after 

being treated with the continuously stirred ion bombardment method and the corresponding 

light-off curves are shown in Figure 6.8. To independently assess the effects of sputtering 

over the catalysts with various metal loading, the difference between the T50 values of each 

sample before and after ion bombardment, are also reported in Table 6.2 (△T50). The most 

significant enhancement is reported on Pt1-CB, which had a 1 wt.% Pt loading. Although the 

CO △T50 value observed over Pt0.5-CB was similar to that of Pt1-CB, the C3H6 △T50 value was 

much lower (-5 K). Further, the △T50 values of Pt0.25-CB for both CO and C3H6 oxidation 

indicate that ion bombardment treatment has a more pronounced effect on catalysts with 

higher metal loading. This is coherent with the catalytic testing of irradiated Ce0.5Zr0.5O2 

reported in Figure 6.2 which showed that ion bombardment had little effect on the activity 

of the support. These results further imply that ion bombardment treatment has greater 

effect on the Pt loading than the supporting material. 

 

Sample Ion Dose (ion g-1) Ion Energy (keV) 
CO Light-off C3H6 Light-off 

T50 value △T50 T50 value △T50 

Pt1 - - 490 K 
-10 K 

519 K 
-23 K 

Pt1-CB 5.3x1018 35 480 K 496 K 

Pt0.5 - - 506 K 
-11 K 

513 K 
-5 K 

Pt0.5-CB 5.3x1018 35 495 K 508 K 

Pt0.25 - - 527 K 
-4 K 

533 K 
-4 K 

Pt0.25-CB 5.3x1018 35 523 K 529 K 
Table 6.2 – Parameters of continuous ion bombardment applied to Pt/Ce0.5Zr0.5O2 catalysts of various metal 
loadings. Corresponding CO and C3H6 T50 values of each sample, before and after ion sputtering. The difference 
between the CO and C3H6 T50 values are reported as △T50. 
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Additional insights to the ion bombardment can be gained by comparing the results from the 

continuous with the static bombardment methods. Pt1-CB was a Pt 1wt.% catalyst supported 

on Ce0.5Zr0.5O2, which had been treated using the continuous stirring method and an ion dose 

of 5.3x1018 ions g-1. The difference in CO and C3H6 T50 values after irradiation (△T50) were -10 

K and -23 K, respectively. In comparison, Pt1.5(16x4) orginated from the same batch of Pt 

1wt.%/Ce0.5Zr0.5O2, and had been treated using a static ion bombardment method and an ion 

dose of 18x1022 ions g-1 (Table 6.1). The CO and C3H6 △T50 values observed over this sample 

were -13 K and -22 K, respectively. This shows similar enhancement of both materials after 

sputtering. However, the lower ion dosage given to Pt1-CB by the continuous method proves 

suggests that this is a more efficient method for ion bombardment than the static method. 
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Figure 6.8 - CO and C3H6 light-off curves of catalysts bombarded using the continuous method compared with 
their untreated counterparts. Pt loadings of the samples are A) 1 wt.%, B) 0.5 wt.% and C) 0.25 wt.%. 
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6.3.2 Characterisation 

Results from the catalytic testing showed that the enhancements made to the activity of the 

materials was proportional to the ion dose. Also, it was found that the enhancements made 

by ion bombardment were more evident when the surface area treated by the beam was 

increased. The effects of ion bombardment treatment on the structural characteristics of the 

Pt/Ce0.5Zr0.5O2 catalysts were analysed by BET, XRD, TPR and XPS. BET analysis was used to 

determine the surface area of materials and the results are reported in Table 6.3 - Ion beam 

parameters used in the preparation of each catalyst modified by static bombardment and 

the corresponding BET surface areas and Pt-O coordination numbers. These values show that 

ion irradiation has had little effect on the surface area of the material. The fresh 

Pt/Ce0.5Zr0.5O2 sample had a surface area of 88.2 m2 g-1 while similar values were reported of 

each treated sample.  

 

Sample 
Energy 

keV 
Current 

(mA) 
Ion dosage 

(ions/g) 
BET Surface Area 

(m2 g-1) 
Pt-O coordination 

number 

CZ55 - - - - - 

CZ55-B 1.5 20 3x1021 - - 

Fresh - - - 88.2 5.3 (0.6) 

Pt1.5(16x4) 1.5 20 18x1022 - 3.9 (0.4) 

Pt1.5(32) 1.5 20 6x1021 - 4.6 (0.4) 

Pt1.5(16) 1.5 20 3x1021 86.7 4.9 (0.4) 

Pt1.5(8) 1.5 20 1.5x1021 89.7 4.7 (0.5) 

Pt1.2(16) 1.2 20 3x1021 88.2 - 

Pt1.2(8) 1.2 20 1.5x1021 89.5 - 

Pt1.5(8)-10 1.5 10 7.5x1020 87.2 - 

Pt1.5(16)-2 1.5 20 4x1020 89.9 - 
Table 6.3 - Ion beam parameters used in the preparation of each catalyst modified by static bombardment and 
the corresponding BET surface areas and Pt-O coordination numbers. 
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Figure 6.9 - XRD patterns of fresh Pt 1 wt.% Ce0.5Zr0.5O2 catalyst compared to those of the samples which had 
been modified with ion bombardment. The number of treatments given to the samples range from 8 

(Pt1.5(8)) to 64 (Pt1.5(16x4)). 

 

The crystalline structure of each catalyst treated with ion bombardment was analysed by 

XRD, and the diffractograms were evaluated by comparison with that of the fresh Pt/CeZrO2 

sample. Figure 6.9 presents the XRD patterns of the catalysts exposed to an increasing 

number of treatments, ranging from 8 to 64 doses, which correspond to ion doses of 1.5x1021 

– 18x1022 ions g-1, in samples Pt1.5(8) and Pt1.5(16x4), respectively. It is observed that each 

sample expresses peaks at 2θ values of 29.2⁰, 33.8⁰, 48.6⁰, 57.1⁰, 60.5⁰, 71.1 and 78.7⁰ which 

correspond to the (111), (200), (220), (311), (222), (400) and (331) facets. These phases are 

characteristic of Ce0.5Zr0.5O2 [11]. No contributions from Pt are observed from the XRD 

patterns; however, the low noble metal loading (1 wt.%) is known to be below to the 

detection limits of the equipment. It can be seen from Figure 6.9 that each of the catalyst 

samples treated with ion irradiation show very similar XRD patterns to the fresh sample, and 

no remarkable differences are noticed in terms of peak intensity or width. This confirms that 

the ion bombardment treatment has had no effect on the crystalline structure of the 

material, and that any modifications are limited to the surface layer.  
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Temperature programmed reduction (TPR) experiments were carried out to assess the effect 

of ion bombardment on the redox properties of the Pt/Ce0.5Zr0.5O2 catalyst, and the results 

are presented in Figure 6.10. The fresh Pt/Ce0.5Zr0.5O2 sample showed peak H2 consumption 

at around 415 K, which can be attributed to the reduction of the platinum-oxide component 

of the catalyst [12] [13]. As the reduction of Ce0.5Zr0.5O2 is known to occur above 773 K, no 

other peaks were observed within the temperature range of the TPR method used (ambient 

temperature – 773 K). Moreover, the TPR profiles of each of the modified catalysts show a 

slight leftward shift compared to the fresh sample. This suggests that reduction over the 

treated catalysts occurred at a lower temperature than the fresh material and give indication 

that ion bombardment has imparted modifications which improved the reducibility of 

Pt/Ce0.5Zr0.5O2. The TPR profiles reported in Figure 6.10 implies that the fresh Pt/Ce0.5Zr0.5O2 

consumed more H2 than the samples which had been modified by ion irradiation. It was 

calculated that the H2 uptake over the fresh catalyst was 61.3 μmol g-1, while similar 

quantities of 46.5 μmol g-1, 41 μmol g-1 and 44 μmol g-1 were consumed over Pt1.5(8), 

Pt1.5(16) and Pt1.5(32), respectively. The lower H2 consumption observed over the treated 

catalysts may suggest that ion irradiation is resulting in the removal of Pt from the surface of 

 

Figure 6.10 - TPR profile of fresh Pt 1 wt. % supported on Ce0.5Zr0.5O2 compared with those of catalyst samples 
which had been exposed to various numbers of ion beam treatments, ranging from 8 (Pt1.5(8)) to 32 

(Pt1.5(32)) 
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the catalyst. These results are supported by the elemental analysis carried out by XRF which 

showed that the treated catalysts had around 30% less Pt content than the fresh sample. This 

gives further evidence of metal removal through ion bombardment treatment.  

XPS analysis was utilised to investigate changes to the surface chemistry following ion 

bombardment and determine the average oxidation states of Pt. The Pt 4f region (Figure 

6.11a) was deconvoluted into Pt0 and PtII (oxidic) and determined to be largely oxidic, with 

the exception of the Pt1.5(32) sample, which showed a slight degree of reduced Pt character 

from the ion bombardment. Overall platinum content (Figure 6.11b) decreased with etching 

time, suggesting either a slight removal of platinum/sintering during bombardment or the 

formation of oxidic overlayers which may retard the Pt signal [12]. In conjunction with the 

data collect from XRF analysis, these results confirm that the ion bombardment treatment 

has resulted in the removal of Pt metal from the surface of the catalyst sample. 
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Figure 6.11 - (A) Pt 4f XP spectra, (B) At% of Pt and deconvolution quantification of Pt metal content (C) Ce 4f 
XP spectra and (D) quantification of Ce3+ and Ce4+ in Fresh, Pt1.5(8), Pt1.5(16) and Pt1.5(32) materials. 

 

Analysis of the Ce 3d region (Figure 6.11c) indicated a largely mixed Ce3+/Ce4+ oxide, where 

Ce multiplets were fit using the parameters of Romeo et al. [14] Curve fitting of the multiplet 

envelopes revealed that the Ce3+ content increased as a function of ion bombardment time 

(Figure 6.11d), which agrees with the increased redox properties noted by TPD. This also 

suggests sputtering of oxygen atoms from the surface of ceria with the possible formation of 

oxygen vacancies. Zirconium 3d spectra revealed a consistent speciation of ZrIV across all 

samples, consistent with that of zirconia (Figure 6.12). Additionally, XPS analysis of the 

irradiation Ce0.5Zr0.5O2 (CZ55-B) showed no significant change in the oxidation state of Ce or 

Zr compared with the fresh sample (CZ55).  
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Figure 6.12 - Zr 3d XP spectra of Pt fresh, Pt8, Pt16 and Pt32. 
 

 

XAS measurements were carried out on Pt1.5(32), Pt1.5(16), Pt1.5(8) and fresh catalysts in 

order to gain further insights to the atomic environment of Pt species. X-ray absorption near 

edge structure (XANES) analysis reported in Figure 6.13 – Xanes measurements taken of each 

catalyst prepared by Static bombardment showed that a decrease of the whiteline intensity 

was consistent with the increased ion dosage. The Pt-O coordination numbers of each sample 

were also discerned through first shell fitting of the Extended X-ray absorption and fine 

structure (EXAFS) Fourier transform, and are reported in Table 6.3 - Ion beam parameters 

used in the preparation of each catalyst modified by static bombardment and the 

corresponding BET surface areas and Pt-O coordination numbers. The Pt-O coordination 

number of the fresh sample was determined to be 5.3, which was reduced to 3.9 in Pt1.5(32), 

after ion beam sputtering. These values show a continual decrease in the Pt-O coordination 

number as the ion dosage is increased. These results are in line with the data collected 

through XPS analysis which indicated the reduction of the PtO species on the support and 

further confirm the loss of metal from the surface. This is similar to the effects of 

bombardment as reported by Kimata et al. [9] who treated Pt supported on glassy carbon 
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substrates with an Ar+ ion beam. Through EXAFS experiments, they found a reduction of the 

Pt-O coordination number with increased ion energy.  

 

Figure 6.13 – Xanes measurements taken of each catalyst prepared by Static bombardment 

 

The results from the XPS and XAS measurements confirm that ion bombardment has an 

impact on the Pt metal loading on the surface of the catalyst. While the modifications made 

to the Pt are subtle, this data indicates that the bombardment has a greater impact on the 

metal loading than on the CeZrO2 support. This information is also in line with the results 

observed with the TPSR results, which also showed a decrease in CO and C3H6 light-off over 

the bombarded Pt-CeZrO2 samples, while no changes were observed in the activity of the 

CeZrO2 support after it was treated. The increase in activity shown by the TPSR experiments 

carried out on the metal-loaded catalysts is contrary to what would be expected after a 

quantity of Pt was lost from the catalyst. Therefore, when we consider both the TPSR results 

of the Pt-CeZrO2 catalysts in conjunction with the XPS and XAS data, the information indicates 

that ion bombardment affects the Pt in a way that activates the sample. This may be through 

the improved interaction between the metal and support, perhaps through increased 

dispersion of the remaining Pt loading. In order to expand on the understanding of the effect 

of ion bombardment on the catalyst, it is necessary to develop the protocol used to treat the 
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catalysts to achieve more significant enhancements. Future work could involve the 

investigation of higher beam energies and currents in order to increase the ion dose.   

 

6.4 Conclusion 

Low energy ion beam sputtering was used to modify the surface of Ce0.5Zr0.5O2 and multiple 

Pt/Ce0.5O0.5O2 catalysts with metal loadings ranging from 0.25wt.% to 1wt%. The 

bombardment methods of static powder samples and continuously stirred powders were 

used. Samples of Pt/Ce0.5Ze0.5O2 were treated under static conditions and the effect of 

increasing the number ion beam treatments was evaluated. Characterisation of the samples 

by BET and XRD confirmed that the treatment had no notable effect on the surface area or 

crystal structure of the materials; however, XRF results indicated a loss of Pt loading on the 

bombarded samples. Further characterisation by XPS showed the reduction of the Pt species 

on the catalyst surface after ion irradiation and that the degree of reduction was coherent 

with the increased number of treatments and ion dosage. The results also showed the 

presence of Pt metal on surface of the catalyst which had been treated with the highest ion 

dose (Pt1.5(16x4)). These results were substantiated through EXAFS analysis which indicated 

the reduction of the Pt-O coordination number, and which was also coherent with increasing 

ion dosage. Temperature programmed surface reactions demonstrated the improvement of 

catalytic activity for CO and C3H6 oxidation over the bombarded catalysts. The enhancements 

observed were in correspondence with the increasing ion dose, with CO and C3H6 light-off 

temperatures lowered by 13 K and 22 K, respectively, Pt1.5(16x4). The effect of each 

parameter of the ion beam - including ion current, ion energy and beam exposure time - were 

also evaluated using the static bombardment method on Pt/Ce0.5Zr0.5O2. However, no 

significant enhancements were observed under the conditions used. Moreover, no 
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enhancements were made to the activity of Ce0.5Zr0.5O2 after ion sputtering and no changes 

to surface chemistry were reported through XPS analysis.  

The effect of continuously stirring the powders during the ion bombardment treatment was 

studied on a variety of Pt/Ce0.5Zr0.5O2 catalysts with Pt loadings ranging from 0.25 wt.% to 1 

wt.%. Each of these catalysts were treated with the same ion dosage (5.3x1018) and ion 

energy (35 keV). It was revealed from temperature programmed surface reactions that ion 

sputtering treatment had a more significant impact on the enhancement of the catalysts with 

higher metal loadings (Pt1-CB). Furthermore, similar reductions in the CO and C3H6 light-off 

temperatures were reported for Pt1-CB and Pt1.5(16x4). This also showed that the ion 

bombardment treatment was more efficient when the continuous method was employed. 
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7 Conclusion 

Lean-burn combustion technologies are becoming more common in light-duty vehicles. 

Whilst this has been the operating principle of diesel vehicles for many years, increased air-

fuel ratios are also now being employed in gasoline vehicles. The advantage of this is the 

improvement of the engines’ thermal efficiency and the ability to downsize engine capacity, 

which can increase fuel economy. Further, the employment of electrified powertrains is also 

becoming common pracitce. These new technologies have consequently resulted in the 

reduction of engine operating temperatures, which brings new challenges for catalytic 

emission control strategies. With the continuous revison of vehicle emission legislation, the 

development and implementation of suitable after-treatment catalysts is imperative in order 

to be legally compliant. 

In this work, ceria was used as the key material for the development of catalysts for 

automotive after-treatment applications. The objective was to improve the characterisitics 

of ceria-based catalyst supports to pomote the low-temperature oxidation of typical vehicle 

emissions and reduce the dependency on noble metals. This has been achieved using two 

strategies: combining ceria with manganese oxides using a novel one-pot sol-gel method, 

and imparting surface modifcations using ion bombardment as a post-synthesis technique. 

Ce/Mn mixed oxides have been prepared by developing a new synthesis method. A sol-gel 

method was firstly investigated for the preparation of K-OMS-2 (cryptomelane). The effect 

of stirring time was assessed by comparing 4 samples, with stirring times ranging from 5 to 

60 minutes. It was found that the increase in catalytic activity of the resulting K-OMS-2 

samples was proportional to the stirring times used for their preparation. This was attributed 

to the surface area of the catalysts, which was significantly higher for samples prepared using 

longer stirring times.  
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The one-pot sol-gel method was used for the addition of ceria to the manganese oxides, with 

Ce/Mn mole ratios ranging from 0.25 - 0.75. These results showed that the addition of ceria, 

in this way, resulted in a significant increase in the activity of the catalyst up to a Ce/Mn mole 

ratio of 0.5. It was found that these samples had amorphous crystal structures and 

remarkably higher surface areas compared to conventional K-OMS-2. Furthermore, ICP-OES 

analysis also showed that actual Ce/Mn mole ratios of these catalysts were relatively close 

to the expected theoretical value. The higher activity of the catalysts were attributed to the 

structural properties and composition.  

Ceria was then added to K-OMS-2 using an ion extraction method with a theoretical Ce/Mn 

mole ratio of 0.5. This resulted in a decrease of the catalytic acitivty compared to the 

correpsonding K-OMS-2 catalyst. While the surface areas of the two materials were 

comparable, XRD analysis showed that the OMS-2 crystal structure was maintained. 

However, a separate ceria phase was also present in the catalyst structure. It was also 

determined through ICP-OES analysis that the true Ce/Mn mole ratio was 0.04, significantly 

less than the expected theoretical value.   

Samples of K-OMS-2 and the Ce/Mn mixed oxides were assessed for their thermal durability. 

It was found that the Ce/Mn mixed oxides, prepared using both methods, were significantly 

more stable than the conventional K-OMS-2 or CeO2 catalysts. CO and C3H6 light-off 

temperatures over the aged Ce/Mn catalysts were only slightly higher than the 

corresponding fresh samples, while the activity of K-OMS-2 and CeO2 diminished remarkably.  

It was found that the activity of the Ce/Mn mixed oxides was higher as the the Ce/Mn mole 

ratio increased from 0.25 to 0.5. However, further increasing the Ce/Mn mole ratio to 0.75 

resulted in the the shift of CO and C3H6 T50 values to higher temperatures. Therefore, the 

effect of Ce concentration in Ce/Mn mixed oxides was evaluated by preparing a range of 

Ce/Mn samples with mole ratios of 0.025-0.25. XRD analysis showed that the lowest Ce 
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content (Ce/Mn mole ratio of 0.025) was crystaline and expressed all of the phases 

associated with OMS-2. Increasing the Ce content resulted in amorphous catalysts. It was 

also found that the surface areas of all the Ce/Mn materials were considerably higher than 

the K-OMS-2 catalyst. Reactivity testing also showed that the Ce/Mn catalysts were more 

active for low-temperature CO and C3H6 oxidation, and the increase in activity was coherent 

with the increased Ce content.  

The effect of adding CeZrO2 to OMS-2 using the one-pot sol-gel method was also assessed. It 

was found that low Ce/Zr/Mn mole ratios resulted in a crystaline catalyst, which expressed 

phases common to both OMS-2 and CeZrO2. However, as the Ce/Zr/Mn increased, the 

formation of the OMS-2 tunnel structure was inhibited. The XRD patterns suggested that a 

crystaline CeZrO2 phase was present along with an amorphous manganese oxide phase. It 

was also observed that the activity of Ce/Zr/Mn was lower than conventional OMS-2, and the 

light-off temperatures increased with Ce/Zr/Mn mole ratio.  

Samples of Ce/Mn mixed oxides and K-OMS-2 were loaded with Pt (1 wt.%) by incipient 

wetness impregnation. TPSR experiments showed that Ce/Mn supported Pt catalysts were 

highly active for low-temperature CO and C3H6 oxidation, with T50 values of 397 K and 466 K 

respectively. These were considerably lower light-off temperatures to those observed over 

Pt supported on K-OMS-2 or CeZrO2.  

This work opens up the prospect of using the one-pot sol-gel method as a technique for 

synthesising low-temperature after-treatment catalysts. The materials synthesised in this 

work show the Ce/Mn mixed oxides prepared are effective for low-temperature oxidation of 

CO and C3H6, and indicate a reduced dependency on precious metals. It has also been 

demonstrated that these materials are highly stable and show remarkable resistance to 

thermal ageing. Studies into the activity in NOx oxidation and resistance to sulphur poisoning 
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would add further insights into the potential of using such materials for automotive after-

treatment applications. 

The second approach used in this work was to modify the surface of ceria using ion 

bombardment as a post-synthesis technique. The use of this technique has been investigated 

using both static and continuous sputtering. Both methods showed that processing of the 

samples resulted in a slight increase of the catalytic activity. The enhancement of activity was 

attributed to the increase in ion dosage and the catalyst surface area exposed to the beam. 

The effect of the ion beam parameters on the activity of the catalyst were investigated, 

including: ion current, ion energy, and duration of beam exposure. No significant 

enhancements were observed by changing any of these parameters; however, this may be 

due to the limitations of the ion beam used for the study.  

It was also determined that the effect of ion bombardment was strictly limited to the surface, 

with no changes to the surface area or structure of the catalyst found. The effects of the ion 

beam treatment also had a more significant impact on the Pt species on the surface. XPS 

analysis suggested the loss of Pt loading and also indicated the reduction of Pt-O to Pt metal. 

The reduction of surface Pt-O was also proportional to the ion dose. XPS results were 

supported by XAS and XRF analysis, which also implied the reduction of Pt-O and the loss of 

metal loading.  

The catalytic activity of the Pt/CeZrO2 catalysts were improved slightly by using ion 

bombardment to modify the surface. This shows the potential of using ion bombardment as 

a method for the enhancement of heterogeneous catalysts. More work remains in order to 

optimise the ion beam parameters, and maximise the enhancement of the catalyst activity.  

The results of this thesis have demonstrated that the combination of ceria and manganese 

oxide was the most effective method for providing active catalysts for low-temperature after-
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treatment applications. The catalysts synthesised using the novel one-pot sol-gel method 

showed to be active within a temperature range, which would be suitable for modern lean-

burn combustion engines. This highlights the potential of Ce/Mn mixed-oxide catalysts to be 

applied in after-treatment catalysis, and shows prospects for future research. 


