
 

 

 

 
 

 

 

Preparation of mixed metal oxide 

catalysts for VOC total oxidation 

 

 

 

Parag M. Shah 

 

Submitted in fulfilment of the requirements for the 

degree of PhD 
 

 

 



  



APPENDIX 1 - STATEMENTS AND DECLARATIONS TO BE 

SIGNED BY THE CANDIDATE AND INCLUDED IN THE THESIS 

STATEMENT 1  

This thesis is being submitted in partial fulfilment of the requirements for the 

degree of ... (insert PhD, MD, MPhil, etc., as appropriate) 

Signed………………………………………………….                

Date……………………………………………………. 

STATEMENT 2 

This work has not been submitted in substance for any other degree or award 

at this or any other university or place of learning, nor is it being submitted 

concurrently for any other degree or award (outside of any formal 

collaboration agreement between the University and a partner organisation) 

Signed………………………………………………….                

Date……………………………………………………. 

STATEMENT 3 

I hereby give consent for my thesis, if accepted, to be available in the 

University’s Open Access repository (or, where approved, to be available in 

the University's library and for inter-library loan), and for the title and 

summary to be made available to outside organisations, subject to the expiry 

of a University-approved bar on access if applicable. 

Signed………………………………………………….                

Date……………………………………………………. 

DECLARATION 

This thesis is the result of my own independent work, except where 

otherwise stated, and the views expressed are my own. Other sources are 

acknowledged by explicit references. The thesis has not been edited by a 

third party beyond what is permitted by Cardiff University's Use of Third 

Party Editors by Research Degree Students Procedure. 

Signed………………………………………………….                

Date……………………………………………………. 

WORD COUNT……………………………………….. 

(Excluding summary, acknowledgements, declarations, contents pages, 

appendices, tables, diagrams and figures, references, bibliography, footnotes 

and endnotes)  



 



 

i 

 

I. Acknowledgments 

Firstly, I would like to thank my supervisor, Professor Stuart Taylor for providing me the 

opportunity to undertake a PhD under his guidance. Thank you for being there through 

the highs and lows during the three years and support along the way. I am also forever 

grateful to Cardiff University for providing funding for the project.  

I would also like to thank the many staff members who kept the project flowing. Thank 

you to Dr. Tom Davies for his help with the electron microscopy and Dr. David Morgan 

for his assistance with the XPS. A big thank you to the team in the chemistry workshop 

and technical staff for all their support with the various reactors across the lab. I would 

like to thank all postdocs, past and present, for their help no matter how large the problem 

was. This project would have been impossible without all your help.  

I am also indebted to all the project students who helped me throughout the project. It 

was a pleasure to train you all and was a great experience. Particular thanks to Andy Day, 

Joe Burnett, Lara Reustch, Kieran Aggett, John Turner and Aoife Taylor for their 

contribution to this project.  

Next, I would like to thank all the PhD students who put up with me in the CCI for the 

past five years and thankful to everyone who made me feel welcome from day one as a 

young bachelor’s project student. The office, labs and pubs would have been boring 

without all of you. So, thank you for all the cups of teas, coffees, beers and morale 

throughout the project. Particular thanks to Luke, Simon and DM for being there since 

day 1. Another thanks have to given to Nia, for helping me set up the reactors and putting 

up with my nagging over the past 3 years. To the rest of the ‘Rigade’ keep the vortex 

flowing without me and good luck to all of you. 

I would also like to thank everyone I have met in Cardiff throughout my time here. From 

everyone who I have lived with over the years or spent time in the pub with it was a 

pleasure. Especially to Nick and Roddy for providing company at the cricket. A big 

thanks to Kokos for being my second home and the Cardiff University Cricket Club, 

especially the ‘Saturday Saucers’ for providing me constant entertainment throughout the 

years.  

Finally thanks to all my friends and family back in London and across the world. In 

particular to my parents, your support pushed me when times were tough. I owe you both 

a lot.  

 



 

ii 

 

II. Abstract  

The preparation, characterisation and total oxidation of VOCs, propane and naphthalene, 

over ceria-zirconia, ceria-manganese and iron-manganese mixed metal oxide catalysts 

were investigated. Ceria-zirconia mixed metal oxides were prepared using a 

mechanochemical method from nitrate and carbonate precursors. Addition of low 

concentrations of zirconia into ceria produced the most active ceria-zirconia mixed metal 

oxide catalysts. Ceria-zirconia mixed metal oxides produced from nitrates were more 

active for naphthalene total oxidation, and the catalysts prepared from carbonates were 

more active for propane. The higher activity of the ceria-zirconia mixed metal oxides was 

ascribed to higher surface area, lower reduction temperatures and higher relative 

concentration of surface oxygen defects, when compared to the parent oxides.  

Ceria-manganese mixed metal oxides with higher concentrations of manganese produced 

the most active VOC total oxidation catalysts. The optimal way to produce ceria-

manganese mixed metal oxide catalysts were co-precipitation which were washed with 2 

l of water. The presence of large crystallites of Mn2O3, higher surface area and lower 

reduction temperatures led to the high VOC total oxidation activity over these catalysts. 

Along with this, phase separation between ceria and manganese oxide crystallites led to 

an increase in activity.  

The preparation of iron-manganese mixed metal oxides was optimised using co-

precipitation. Fe0.50Mn0.50Ox prepared using ammonium hydroxide and calcined at 500 

°C produced the most active propane total oxidation catalyst of the study. However, no 

synergy between iron oxide and manganese oxide for naphthalene total oxidation was 

observed over these catalysts. The high activity of the Fe0.50Mn0.50Ox sample was 

attributed to the presence of bulk and surface Mn3O4, which was noted to be more active 

than Mn2O3 in the iron-manganese mixed metal oxide catalysts. These catalysts also had 

large manganese oxide crystallites and no bulk or surface contaminants from sodium or 

potassium which also led to the high activity.  
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1 Introduction 

1.1 Introduction to Catalysis 

The first human civilisations took advantage of catalysts without specifically knowing it, 

during production of alcohol, bread and other food products. The term ‘catalytic force’ 

was coined by J.J Berzelius in 1835, in which he was describing materials which could 

accelerate the rate of a reaction whilst remaining unaffected during the reaction [1]. This 

occurs by the catalyst effecting the kinetics of a reaction and with the thermodynamics of 

the reaction unaltered. This occurs by providing the reaction with an alternative reaction 

pathway, which has a lower activation energy. The molecules form bonds with the 

catalyst, which provides this lower energy pathway, which then react on the catalyst then 

the final product desorbs from the catalyst, leaving it unaffected, Figure 1-1 .  

 

Figure 1-1: An energy level diagram of an uncatalysed and catalysed reaction 

Catalysis has allowed for reactions which were previously very difficult to undertake to 

be carried out at more manageable conditions or allowed for reduction of costs due to 

lower energy requirements needed to carry out these reactions. This has led to a 

significant growth in the catalysis sector, with hundreds of thousands of articles, reports 

and books published since Berzeluis’ initial finding. Industrially catalysis provides 

around 85-90 % of products in the chemical industry and around 80 % of all manufactured 

products require a catalyst at some point in their manufacture [2]. Overall catalysts are 
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estimated to be responsible for generation of $3.5 trillion in 2002 with this number rising 

every year since [3]. Therefore, catalysts are integral to daily life with the modern lifestyle 

impossible without them.  

Catalysts are split into three categories: heterogeneous, homogeneous and biological. 

Heterogeneous catalysts are in a different phase to the reactants, and are normally in the 

form of solids which react with gas or liquid phase mixtures. Homogeneous catalysts are 

in the same phase as the reactants and are typically in the liquid phase. Homogeneous 

catalysts can be more active or selective than heterogeneous catalysts. However, they are 

not as robust to changes in conditions and are harder to remove from the reaction solution. 

Biological catalysts are normally formed of large macromolecule structures, such as 

enzymes. These are very active for specific reactions, however, only under certain 

conditions, with slight variations causing significant loss of activity and deactivation.   

1.2 Introduction to Volatile Organic Compounds 

1.2.1 Classification of VOCs 

Volatile organic compounds (VOCs) are identified by a range of characteristics. The 

USA’s Environmental Protection Agency describe VOCs as: 

 ‘A large group of organic chemicals that include any compound of carbon excluding 

carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates, and 

ammonium carbonate’ [4]. The EU define VOCs as ‘any organic compound having a 

vapour pressure of 0.01 kPa or more at 20 °C [5].’ This means the definition of VOCs is 

very broad and can include many different types of organic molecules, and they can be 

from a range of sources.  

The two major sources of VOCs emissions occur either from nature, biogenic, or 

produced from man-made activities, anthropogenic. Biogenic sources are out of human 

control and are released from forests, swamps, animal, insects and volcanic activity. 

Biogenic VOCs account for ~75 % of total VOC emission in the USA [4] with an 

estimated 1,150,000,000,000 kg of VOCs emitted from natural sources [6]. Most of the 

biogenic VOC emissions comes from plants using VOCs to communicate or self-repair, 

with isoporene and monoterpene accounting for most of these biogenic VOC emissions 

[6,7].  

Anthropogenic activities, such as large-scale chemical or petroleum refining, or smaller 

scale petrol stations, dry cleaning produce VOCs. VOCs are also produced at a domestic 

scale from a large range of sources including solvents, cleaning materials, cooking and 

from insulating materials [8]. However, the largest source of VOC production arises from 
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products or by-products of hydrocarbon oxidation. Due to advancement in catalytic 

technologies and legislation, such as the Gothenberg Protocol [9], VOC emissions are 

decreasing year upon year [4]. However, the global human population is continuously 

growing and modernising. This means the energy and structural requirements are 

increasing year upon year too. Therefore to make sure anthropogenic emissions of VOCs 

are controlled and limited, increased development of technologies, including catalysis is 

needed.  

1.2.2 Propane as a VOC 

Propane is a simple three carbon linear hydrocarbon which is normally in the gas phase. 

However, due to the nature of the molecule it can be easily compressed and liquified 

allowing for increased concentrations of propane can be used as a transportation fuel. The 

majority of propane production comes from by-products of oil and petrochemical refining 

[10]. Due to the low price of propane it is normally sent for further refinement or 

dehydrogenation into propene. However, currently there is a move away from traditional 

fossil fuels which had led to an increase in the use of liquified propane gas (LPG), which 

is propane mixed with other short chain hydrocarbons such as butane.  

Over 2.4 million barrels of LPG were consumed in the US each day in 2012 [11] with 

this number projected to increase yearly [10]. Most of the increased propane use has been 

in internal combustion engines. However, LPG can also be used in large or small scale 

energy production. LPG can burn more efficiently than other fuels [12]. However, due to 

the increase in use of propane. Higher concentrations of unburnt propane are being 

emitted due to inefficiencies in the combustion process. This is leading to increased 

emission of the VOC [13].  

Propane is a non-toxic VOC, however, when inhaled it can act as a mild asphyxiant. 

Propane can lead to suffocation if the concentrations increase above 10 % [14]. Due to 

the flammable nature of propane, high concentrations of propane can also become a 

potential fire hazard. The major reason to abate propane from the atmosphere is its 

increased effect on global warming. It has a global warming potential 3.3 times greater 

than that of carbon dioxide [15], and can stay in the atmosphere for long periods of time 

[16]. Therefore, it is essential to remove or reduce emissions of propane.  

1.2.3 Naphthalene as a VOC 

Naphthalene is the simplest polycyclic aromatic hydrocarbon and is present in the solid 

phase at room temperature. However it’s extremely volatile and can sublime at relatively 

low temperatures. Naphthalene is normally obtained from heavy petroleum fractions 
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during fractional distillation, or from coal tar distillation [17]. Industrially naphthalene, 

is used as a feedstock for phthalic anhydride or insecticide production. Domestically 

naphthalene-based products were used in mothballs and other fumigants. However, due 

to the potential mutagenic and carcinogenic nature of naphthalene, its use in domestic 

settings has been slowly phased out.  

Naphthalene is emitted during incomplete combustion of diesel [18], coal [19] and wood 

burning [20]. Diesel is still a common fuel for vehicles, and coal is regularly used in 

power plants across the developing world, significant concentrations of naphthalene are 

emitted, and potentially will be for many years to come. Naphthalene causes a whole 

range of environmental effects, which will be discussed below in section 1.3, and 

therefore needs to be abated from the atmosphere.  

1.3 Environmental Effects of VOCs 

1.3.1 Effects on ozone 

VOC emissions can affect ozone concentrations in both ground (troposphere) and upper 

atmosphere (stratosphere) levels. Ground level ozone is a key component of 

photochemical smog [21] and changing concentrations in the stratosphere will lead to 

formation of the ozone hole, as seen in areas in Australia [22]. Both reactions occur via 

different mechanisms. Ground level ozone formation occurs by a combination of VOCs, 

nitrogen oxides, oxygen and sunlight: 

𝑁𝑂2 + ℎʋ → 𝑁𝑂 + 𝑂 

𝑅 − 𝐶𝐻3 + 2 𝑁𝑂 + 2 𝑂2 → 𝑅𝐶𝐻𝑂 + 2 𝑁𝑂2 + 𝐻2𝑂 

  𝑂 +  𝑂2 →  𝑂3 

Ground level ozone causes problems for human health, such as breathing problems and 

tissue injury. With concentrations of ground level ozone increasing year upon year, this 

has led to increased cases of respiratory problems, which may cause a loss of billions in 

dollars of productivity and required healthcare [23]. It is also a pathogen in plant-life, 

making its presence significantly damaging for all land living life [22].   

Ozone is naturally present in the upper atmosphere and helps protect the earth’s surface 

from the harmful UV radiation emitted from the sun. However, if a VOC is present in the 

upper atmosphere, it can act as a catalyst for ozone depletion following the mechanism 

below [24]: 

𝑋 +  𝑂3 → 𝑋𝑂 + 𝑂2 

𝑋𝑂 + 𝑂3 → 𝑋  
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This reaction is more pronounced in chlorine containing compounds, however, it is noted 

to occur in aromatic VOCs [25]. Due to the breaking down of the ozone layer in the upper 

atmosphere, increased levels of UV radiation will enter the earth’s atmosphere. This will 

lead to increased exposure to UV radiation to humans causing higher cases of sunburn 

and skin cancer. The increased levels of UV radiation will also effect surface 

concentrations of ozone too. With the ground level ozone formation mechanism requiring 

a source of radiation, the increased UV radiation will allow this reaction to occur more 

freely, thus leading to more ground level ozone [26]. With both reactions occurring via 

the presence of a VOC, it is essential that emissions of VOCs are reduced. 

1.3.2 Formation of nitrogen oxides  

 

Figure 1-2: Formation cycle of compounds which contribute to smog formation from 

reactions of VOCs, nitrogen oxides and oxygen [27] 

Nitrogen oxides are formed of nitrogen species with any number of oxygen atoms bound 

to it. The formation of nitrous oxides is shown in Figure 1-2, and involves several 

different species including VOCs. These nitrogen oxide species contribute to ground level 

ozone formation, along with smog, therefore it is essential to stop formation. Nitrogen 

oxides also have a secondary effect on the environment, which also causes significant 

harm, in the form of acid rain. Nitrogen oxides can react with water vapour in air and 

form nitric and nitrous acid, following the equations below [28]:  

4𝑁𝑂2 +  𝑂2 + 2𝐻2𝑂 → 4𝐻𝑁𝑂3 

4𝑁𝑂 + 𝑂2 + 2𝐻2𝑂 → 4𝐻𝑁𝑂2 
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These acids then lower the pH of the rain, causing the formation of acid rain. Acid rain 

can cause significant damage to stone structures via erosion and weathering. It can also 

acidify soil and water causing problems for plant and aquatic life. This will cause 

problems in the ecosystem which in turn will affect food and water supplies for human 

consumption.  Therefore to reduce the effects of acid rain and increased levels of smog, 

VOCs emissions need to be reduced.  

1.3.3 Formation of particulate matter and soot 

Particulate matter is a combination of solid particles and liquid droplets found in air. It is 

defined by its size in micrometres ranging from coarse to ultrafine particulates [29]. The 

majority of particulate matter occurs naturally from sand, dust and biogenic sources [30]. 

However, soot is the main particulate matter emitted from anthropogenic activities and 

occurs during VOC combustion. Soot, a mass of impure carbon particles, is formed during 

incomplete combustion of organic compounds, when the C/O ratio is below 0.5 [31]. 

However, soot can be formed at either higher or lower C/O ratios depending on the nature 

of the VOC being combusted [32]. Diesel engines convert 10-20 % of its fuel into soot 

[32], with a portion of it arising from poly aromatic hydrocarbons [33].  

Soot formation from poly aromatic hydrocarbons can occur via two pathways. Either the 

poly aromatic hydrocarbon can condense and polymerise around an existing aromatic 

structure. Or the aromatic hydrocarbon can fragment and condense with other smaller 

linear or branched hydrocarbons to form soot. However, the fragmentation route is 

significantly slower than the condensation route [31]. Both condensation reactions occur 

during reactions with water vapour in the atmosphere. Other gas phase molecules, such 

as sulfur oxides, nitrogen oxides along with ammonium based molecules can also allow 

these processes to occur [34].  

Soot is a major component of smog and can affect the environment in this manner [35]. 

Also due to the other impurities present in soot, it can lead to damage, or acidification of 

water supplies, which can significantly harm aquatic life and ecosystems [36].  High 

levels of soot inhalation or exposure can cause a range of health problems. Soot inhalation 

can affect both the cardiovascular and respiratory systems. It also reported to be 

carcinogenic due to its toxic nature at high concentrations [37]. Therefore to keep these 

environmental and health problems to a minimum, VOC emissions and especially those 

coming from poly aromatic hydrocarbons, such as naphthalene, need to be significantly 

reduced.   
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1.3.4 Greenhouse effect 

As mentioned previously, some VOCs have a much higher global warming potential than 

carbon dioxide. Along with this, VOCs can remain stable in the upper atmosphere for 

significantly longer periods of time compared to carbon dioxide. Therefore, with higher 

and higher concentrations of pollutants including VOCs in the atmosphere, this will lead 

to increased effects of global warming. This will cause an increase in the greenhouse 

effect which will then lead to an increase in the surface temperature. The increase in 

surface temperature will lead to more VOCs being evaporated into the higher atmosphere 

making the greenhouse effect worse. This will become a continuous cycle leading to very 

high surface temperatures which will effect all forms of life. Therefore the reduction in 

VOC emissions will be required.  

1.4 Current Methods of Removing VOCs 

1.4.1 Thermal oxidation 

Thermal oxidation, or incineration, is the simplest way to remove VOCs from exhaust or 

waste streams [38], it is oxidation over a very hot flame. It can be used for a variety of 

VOCs, making this technique very flexible. Depending on the VOC being destroyed, the 

main products are carbon dioxide and water. As mentioned above, carbon dioxide has 

less of an impact on the environment compared to emission of the original VOCs.  

However, this simplicity and flexibility comes with its own disadvantages. It is very 

expensive to run a thermal incinerator. High temperatures are required to combust many 

VOCs therefore some incinerators have to run above 1000 °C. Most of the energy required 

to run a VOC incineration plant will come from fossil fuels, therefore adding to the 

greenhouse gases emitted during this process. The conditions in the incineration have to 

be carefully managed otherwise harmful by-products may also be formed. These by-

products arise from reactions between impurities from the VOC, the VOC itself or air. 

By-products such as dioxins, nitrogen oxides and soot can be emitted. Therefore due to 

these factors other VOC abatement technologies have been researched.  

1.4.2 Absorption methods 

Absorption methods involve the VOC absorbing into a suitable liquid. Due to different 

types of VOCs available, a range of absorbents can be used including toluene [39], water 

[40] or silicone oil [41,42]. The absorbent is then treated using oxidation agents, heated, 

biological agents or centrifuged to remove the VOC contaminant. Like incineration, this 

method has been commercialised. A key advantage of this method is the potential 

recuperation of the VOC which can be purified and used in further chemical processes. 
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Any production of potential by-products is reduced in this process therefore making the 

process more environmentally friendly compared to incineration.   

However, due to the specific conditions required to use this method for singular VOC 

abatement, this will make it difficult to abate mixtures of VOCs from waste streams. Also 

due to the multiple step process required to regenerate the absorbent, this will complicate 

the process leading to increased costs and time required for this method. Some VOC 

contaminants can’t be removed from the absorbent. If the absorbent needs to be constantly 

replaced, this will increase the costs required for the method from waste management and 

absorbent replacement.   

1.4.3 Adsorption methods 

Adsorption methods comprise of the VOC contaminant to be adsorbed onto a solid 

material. The adsorbate is then heat treated to remove the VOC, sometimes regenerated 

and then used for adsorption again. Zeolites [43] and activated carbon [44] based 

materials are normally used for adsorption. This is due to the porous structure and  very 

high surface area associated with these materials, which allow for maximum adsorption 

to occur on the surface. Like absorption methods, different materials characteristics are 

needed for different VOCs. However, this method can be used for both gas and liquid 

phase reactions, which increases the variety of this method compared to the absorption 

method.  

As seen from the absorption, the disadvantage of this method are the multiple steps 

required to remove VOCs from the adsorbent. This will add to the costs and time required 

for this method. Also the regenerative process normally requires high temperatures and 

harsh oxidising environments. This affects the adsorbing properties of the material, 

resulting in less VOC contaminants being adsorbed on the material upon successive uses. 

After multiple uses the material will then become nonviable for adsorption use and will 

have to be deposed of, increasing costs and time required for changing the material. 

1.4.4 Catalytic oxidation 

An alternative method to the above methods is catalytic oxidation of VOCs. This method 

uses a similar set up to the thermal incineration, however the VOC containing gas stream 

is passed over a catalyst bed rather than a heated flame. As seen in section 1.1, addition 

of a catalyst reduces the activation energy and total energy required for the reaction. This 

means the temperature required to oxidise the VOCs will be significantly reduced 

compared to the non-catalysed thermal oxidation reactions. This will lead to decrease in 

energy requirement of the process leading to a decrease in costs too [45]. The presence 
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of the catalyst will also increase the selectivity of the reaction leading to decreased 

formation of by-products. The reduction in by-products will also occur from the lower 

temperature of the reaction.  

Catalytic oxidation is also very flexible compared to the adsorption and absorption 

methods. Only one step is required for catalytic oxidation of VOCs making the process 

much simpler. Also due to the higher selectivity of the catalyst, only one catalyst bed will 

be required if a range of VOCs are being abated. Adsorption and absorption methods may 

require a range of materials to be used to abate the mixture of VOCs, which adds to the 

complexity of these methods compared to the catalytic oxidation. Also catalytic oxidation 

can remove VOCs from a large range of concentrations whereas the other methods are 

normally limited to concentrations above 1 % [38].  

VOC total oxidation catalysts can be formed from a range of materials which will be 

discussed in the section below.  

1.5 VOC total oxidation catalysts 

1.5.1 Supported nanoparticles on metal oxides  

Currently supported noble metal oxides make up ~75 % of VOC total oxidation catalysts 

[46]. These catalysts are based on either platinum, palladium, silver and gold 

nanoparticles which can be alloyed with other closely related metals [47]. The 

nanoparticles are then deposited on metal oxide based supports. The supports are 

categorised on their activity during the oxidation reactions and are characterised as inert, 

silica or alumina, or reducible, ceria, iron oxides or manganese oxides. Platinum and 

palladium based catalysts are the most commonly used oxidation catalyst and have been 

intensely studied since the 1970’s [48].  

High activity of noble metal catalysts is reported for a wide range of VOC total oxidation 

reactions. Platinum is noted to be more active than palladium for a range of VOC total 

oxidation reactions. The higher activity is attributed to the small nanoparticles of the 

noble metal, which lead to increased dispersion of the metals and more active sites for 

VOC total oxidation [49,50]. The particle side can also effect the redox mechanism, 

oxygen binding on the nanoparticle and the reaction pathway that occurs over the 

nanoparticle [51]. Other factors, such as the precursor used to prepared the catalyst, 

potential poisoning and nature of the support also significantly affect noble metal 

catalysts [51]. 

However, this increased activity comes at a cost both economically and chemically. Due 

to the rarity of the noble metals this means the price of the metals are significantly more 
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expensive compared to the transition metal oxide catalysts. Even though only small 

amounts of noble metals are supported on the catalysts (typically between 0.1-5 %), the 

price is higher compared to the transition metal oxide alternatives. Due to the smaller 

quantities of active sites in noble metal oxide catalysts compared to transition metals they 

are more susceptible to deactivation [52]. Deactivation of noble metal catalysts can arise 

from a range of sources and occur instantaneously or over a long period of time [53]. 

Small species such as chlorine [52–54] and sulfur [55,56], present in the precursor or in 

the reactant feed, can significantly affect noble based catalysts. Chlorine causes the 

redispersion of noble metal nanoparticles and changes the oxidation state of platinum, 

making it less effective as a VOC total oxidation catalyst [52]. Sulfur and other small 

molecules can bind irreversibly with platinum and palladium nanoparticles leading to 

inhibition of the active site on noble metal catalysts. As mentioned above, particle size of 

the noble metal can affect the VOC total oxidation activity of a catalyst. Thermal 

degradation can affect the size of the nanoparticle by sintering the particle leading to loss 

of active phase or crystallisation of the material. This is determined by the melting point 

of the noble metal, and with most VOC total oxidation reactions occurring at high 

temperatures, this will cause thermal degradation to occur [57].  

To counteract the high cost of the components and deactivation occurring in the supported 

noble metal catalysts, a shift toward noble metals alloyed with transition metals has been 

occurring. Vanadium and ceria alloyed with platinum is reported to increase naphthalene 

[58] and methane [59]  total oxidation activity respectively. Cobalt has been used to 

enhance both gold [60] and platinum [61] catalysts for VOC total oxidation reactions. 

Along with increased activity, addition of transition metals can decrease the effects of 

sulphur poisoning on noble metal catalysts [62].  

Recent discoveries report that metal oxide catalysts can have higher VOC total oxidation 

activity compared to supported noble metals. Manganese oxides had significantly higher 

ethyl acetate and hexane total oxidation activity compared to supported platinum catalysts 

[63]. The increased thermal stability of metal oxide catalysts, resistance to poisons and 

lower cost of transition metal oxide catalysts has led to increased research on these 

materials.  

1.5.2 Metal oxide catalysts 

1.5.2.1 Ceria 

Cerium is the most abundant rare earth metal with bastnaesite and monazite as its main 

ores [49]. Cerium can be easily oxidised to produce cerium dioxide (or ceria) [64], which 
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has a cubic fluorite structure with Fm3m space group [65].  Ceria is used in a wide range 

of industrial applications, including solid oxide fuel cells, removal of sulfur oxides from 

gaseous streams, treatment of liquid waste, photocatalytic water splitting and water gas 

shift reactions [65–67]. Ceria is most prevalently used in oxidation reactions and three-

way catalysts for vehicle emission control [68,69]. Ceria based materials have been 

extensively investigated over the past 20 years, with a number of publications a year 

increasing from under 500 to over 2000 a year between 1994-2015 [66]. This is due to 

ceria’s ability to change between Ce4+ and Ce3+ oxidation states and form non-

stochiometric CeO2-x. This forms defect sites on the surface of the lattice, which forms 

active sites and oxygen defect sites. Ceria has a high melting point, making it resistant to 

thermal degradation and increasing the stability of the material during VOC total 

oxidation reactions, Table 1-1.  

Table 1-1: Selected studies of ceria for VOC total oxidation reactions 

VOC Preparation 

Method 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Benzene Citric acid 0.17 60,000 526 [70] 

Toluene Co-precipitation 0.70 7,600 600 [71] 

 Citric acid 0.17 60,000 380 [70] 

 Sol-gel 0.10 200,000 245 [72] 

 Commercial 

sample 

0.70 7,600 210 [73] 

 Hydrothermal 0.05 22,500 220 [74] 

Chlorobenzene  Sol-gel 0.10 15,000 - [75] 

Naphthalene Co-precipitation  0.01 60,000 275 [76] 

 Urea 0.01 60,000 175 [76] 

 Nano-casting 

with KIT-6 

0.045 50,000 225 [77] 

 Combustion with 

ethyl glycol 

0.045 45,000 200 [78] 

Trichloroethylene Thermal 

decomposition of 

nitrate salts 

0.01 15,000 150 [79] 

Propane Modified co-

precipitation 

1.00 - - [80] 

 Hydrothermal 0.20 30,000 - [81] 

Formaldehyde Co-precipitation 0.05 21,000 250 [82] 

 Co-precipitation 0.058 30,000 250 [83] 

Methanol Reverse nano-

emulsion 

0.50 - 340 [84] 

 Commercial 

sample  

0.70 7,600 260 [73] 
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Methane Polyol based 

annealing 

1.00 4,000 - [85] 

 Co-precipitation 1.00 34,000 672 [86] 

Acetone Reverse nano-

emulsion 

0.50 - 325 [84] 

The method used to prepare ceria has a significant effect on its activity for VOC total 

oxidation. The preparation method used to synthesise the ceria, will affect the surface 

area and crystallite size of the material. Both of these effects are reported to have the 

greatest influence on ceria for VOC total oxidation [72]. These factors are also affected 

by the calcination temperature used to prepare the ceria, along with other variables. The 

nature of the VOC also has a significant effect on the activity of ceria for total oxidation. 

Ceria is noted to have poor performance for total oxidation of VOCs containing chlorine 

species [66]. Also as seen in Table 1-1, ceria has low propane total oxidation activity. 

This may have arisen from the method used to prepare the ceria, which produced ceria 

with low surface area.  

1.5.2.2 Zirconia 

Table 1-2: Selected studies of zirconia for VOC total oxidation reactions 

VOC Preparation 

Method 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Toluene Commercial 0.07 - 500 [87] 

 Commercial 0.10 30,000 275 [88] 

 Silica-

nanosphere 

0.40 - 450 [89] 

Propene Co-precipitation 2.30 40,000 - [90] 

Methane Co-precipitation 1.00 - 550 [91] 

 Urea hydrolysis 2.00  700 [92] 

Chloromethane Co-precipitation 1.00 - 450 [91] 

Dichloromethane Commercial 0.10 30,000 350 [88] 

Trichloroethylene Commercial 0.10 30,000 400 [88] 

Formaldehyde Hydrothermal - 52,000 277 [93] 

Zirconium is a transition metal, which has seen increased use in recent years. It is 

primarily mined from zircon ore. Many of the zirconium containing ores are contaminated 

with an array of other transition metals with hafnium is the most common contaminant 

[94]. Zirconium can be easily oxidised into zirconium dioxide (or zirconia). Zirconia has 

three polymorphs, monoclinic, tetragonal and cubic, which are dependent on the 

temperature used to prepare the zirconia [95]. Zirconia has a number of commercial uses, 

however its main uses are in refractories, ceramics and advanced ceramics and catalysts 

[96]. The percentage of zirconia used for catalysts rose from 6 % to 12 % between 2002-
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2005, and this number has been rising ever since. Industrially, zirconia is used to upgrade 

hydrocarbons with functional groups [97,98].  

Like ceria, zirconia can also form oxygen defect sites. The defects arise from 

paramagnetic F-centres, which can excite and activate surface oxygen species [99]. The 

ability to activate oxygen, and thermal stability of zirconia, has lead to an increase in 

studying the material for oxidation reactions. It is mainly used to support noble metal 

nanoparticles, however, zirconia is also noted to be active for VOC total oxidation, Table 

1-2. Zirconia has poor activity for naphthalene total oxidation when prepared using urea 

and co-precipitation [100]. However, rather than a pure metal oxide catalyst, zirconia is 

added to another metal oxide to enhance the catalytic activity of the material. This will 

be mentioned in later sections of this chapter.  

1.5.2.3 Manganese oxides 

Table 1-3: Selected studies of manganese oxides for VOC total oxidation reactions 

VOC Preparation 

Method 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Ethylene Solution 

combustion 

0.10 19,100 225 [101] 

Propylene Solution 

combustion 

0.10 19,100 200 [101] 

Naphthalene Thermal 

decomposition of 

nitrates 

0.045 75,000 210 [102] 

Toluene Solution 

combustion 

0.10 19,100 210 [101] 

 Hydrothermal 0.10 32,000 210 [103] 

 Urea-nitrate 

combustion 

0.06 - 240 [104] 

 Hydrothermal 0.05 22,500 210 [105] 

 Co-precipitation 0.10 20,000 175 [106] 

 Citrate 1.00 - 210 [107] 

 Calcination of 

commercial 

materials 

0.10 - 250 [108] 

Propane Decomposition 

with acids 

0.80 - 240 [109] 

Ethanol Urea-nitrate 

combustion 

0.16 - 220 [104] 

 Reflux 0.40 16,000 150 [110] 

 Citrate 1.00 - 200 [107] 

Ethyl acetate Urea-nitrate 

combustion 

0.18 - 240 [104] 
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Acetaldehyde Reflux 0.40 16,000 195 [110] 

Ethyl acetate Citrate 1.00 - 252 [107] 

Methane Co-precipitation 1.00 36,000 350 [111] 

Benzene Oxalic acid 0.01 - 200 [112] 

Manganese is an abundant material and can be easily oxidised. This is shown by thirty 

known manganese containing ores reported across the globe [113]. Manganese is stable 

in many oxidation states, however, the most common oxides are MnO, MnO2, Mn2O3 and 

Mn3O4. Industrially a majority of manganese consumption occurs by the steel industry 

and upgrading ferroalloys [114]. It is also used for a number of other applications, 

including electronics and batteries, along with agriculture uses [115]. Manganese oxides 

are catalytically active for a wide range of reactions, including: alcohol decomposition, 

partial and total oxidation, reduction, decomposition of sulphur species, and can act as 

adsorption materials [116].  It is reported than manganese oxides are the most promising 

metal oxide for total oxidation of short-chain VOCs [38], due to their low toxicity and 

cost of the catalytic material. This is seen in the range of different VOCs oxidised over 

manganese oxide catalysts, Table 1-3. 

The VOC total oxidation performance of manganese oxides depend on the surface area, 

preparation method and oxidation state [25]. The oxidation state of manganese is reported 

to have a significant effect on naphthalene total oxidation activity [102], with Mn2O3 

reported to be the most active phase. The oxidation state of manganese also affects toluene 

total oxidation, with Mn3O4 reported to be the manganese oxide phase with the highest 

activity [108]. Manganese’s ability to remain stable at a number of oxidation states allows 

for defect site formation, which leads to increased defect sites, oxygen mobility and 

vacancies [63]. 

1.5.2.4 Iron oxides 

Iron is one of the most abundant and cheapest materials available for chemical uses. Iron 

is commonly found in hematite, goethite and jarosite ores on the earth’s surface [117], 

and over 3,000 million tonnes of iron ore is extracted each year [118]. Iron can be easily 

oxidised, and like manganese, it can be stable in a range of oxidation states. Iron oxides 

are normally found in the FeO, Fe3O4 or Fe2O3 phases, depending on the oxidation state 

of the iron. Like many of the transition metals, iron has a variety of uses. It is the main 

component of steel, found in pigments for paints, adsorbents for water and gas production 

along with a range of other uses [119]. Iron oxides are a vital part of the catalyst industry 

with many large-scale processes using the material. Ammonia production, water gas shift 

and Fischer-Tropsch reactions all use either iron oxides as bulk catalysts or for supports 
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for nanoparticles [119,120]. Iron compounds are one of the first oxidation catalysts 

reported in the literature. Aqueous oxidation of tartaric acid was conducted over iron 

[121] and since then a number of water treatment catalysts have been developed based on 

iron materials [122]. The use of iron oxides for gas phase VOC total oxidation is not that 

common, compared to other metal oxides, however, examples are shown in  Table 1-4. 

Table 1-4: Selected studies of iron oxides for VOC total oxidation reactions 

VOC Preparation 

Method 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Ethanol Citrate  1.00 - 260 [107] 

 Co-precipitation 1.00 - 180 [123] 

Ethyl acetate Citrate 1.00 - 290 [107] 

Toluene Citrate 1.00 - 260 [107] 

 Nanocasting 0.10 30,000 185 [124] 

Acetone Co-precipitation 0.70 7,600 200 [125] 

Propane Nanocasting 0.80 20,000 305 [124] 

 Co-precipitation 2.00 - 400 [123] 

 Co-precipitation 0.50 15,000 - [126] 

Naphthalene Co-precipitation 0.01 60,000 300 [76] 

Methanol Co-precipitation 0.70 7,600 280 [127] 

Methane Co-precipiation 1.50 - 460 [128] 

The surface area and morphology affects the VOC total oxidation activity of iron oxides. 

The morphology of the iron oxide affected the surface and oxygen defects, along with its 

reducibility, which was a significant factor for toluene total oxidation over iron oxides 

[124]. However, for a number of VOC total oxidation reactions, iron has poor activity, 

although, iron has shown some promise as an additive to other metal oxide catalysts. This 

will be discussed in a later section of this chapter.  

1.5.3 Mixed metal oxides 

1.5.3.1 Ceria-zirconia mixed metal oxides 

Ceria has appreciable activity for a variety of VOC total oxidation reactions, section 

1.5.2.1, however it has some limitations. It has noticeable thermal resistance, however, 

over extended periods of time ceria can sinter leading to a decrease in surface area, 

oxygen storage capacity and overall catalytic activity [129]. Addition of a secondary 

metal into the ceria lattice minimises these effects by stabilising the surface area and 

crystallite size. Zirconia can incorporate into the cubic fluorite structure of ceria [130]. 

This will lead to increased surface defect sites on the ceria-zirconia oxide lattice. This 

will lead to an increase surface oxygen species, leading to an increase in oxidation 

activity. This is observed by decrease in surface reduction temperatures when 20 % 
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zirconia is added into the ceria lattice [87]. Addition of zirconia into ceria has been shown 

to increase the thermal stability and increase the oxygen storage capacities compared to 

pure ceria [131,132]. Along with these, the surface area of ceria-zirconia mixed metal 

oxides is reported to increase compared to the pure metal oxides [133,134]. Industrially 

ceria-zirconia mixed metal oxides have been exclusively used for oxidation catalysts. In 

particular it has helped the development of three-way catalysts for catalytic convertors 

[132,135]. With all these factors considered, ceria-zirconia mixed metal oxide catalysts 

have shown appreciable activity for VOC total oxidation reactions, as shown in Table 

1-5. 

Table 1-5: Selected studies of ceria-zirconia mixed metal oxides for VOC total 

oxidation reactions 

VOC Preparation 

Method 

Optimum 

Ce:Zr ratio 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Propane Citric acid Ce0.33Zr0.67Ox 0.08 60,000 540 [136] 

Naphthalene Urea  Ce0.75Zr0.25Ox 0.02 - 225 [137] 

 Urea Ce0.99Zr0.01Ox 0.01 135,000 210 [100] 

 Co-precipitation Ce0.99Zr0.01Ox 0.01 135,000 210 [100] 

Methane Co-precipitation Ce0.83Zr0.17Ox 1.00 20,000 600 [138] 

 Urea Ce0.75Zr0.25Ox 2.00 - 525 [92] 

Toluene Co-precipitation  Ce0.50Zr0.50Ox - 12,000 240 [139] 

 Co-precipitation Ce0.94Zr0.06Ox - - 330 [87] 

 Commercial Ce0.80Zr0.20Ox 0.10 30,000 205 [88] 

1,2-

Dichloroethane 

Commercial Ce0.50Zr0.50Ox 0.10 30,000 295 [140] 

 Commercial Ce0.50Zr0.50Ox 0.10 30,000 295 [88] 

Trichloroethylene Commercial Ce0.15Zr0.85Ox 0.10 30,000 385 [140] 

 Commercial Ce0.15Zr0.85Ox 0.10 30,000 385 [88] 

Hexane Commercial Ce0.80Zr0.20Ox 0.10 30,000 250 [140] 

Ethyl acetate Hydrothermal Ce0.70Zr0.30Ox 1.21 335 325 [141] 

Addition of zirconia into the ceria decreased the T50 temperature, the temperature at which 

50 % of the VOC concentration has been removed, for many of the VOC total oxidation 

reactions, when compared to the parent oxide. The optimal ceria-zirconia ratio changes 

depending on the VOC oxidised. However, many of the reactions have increased activity 

over ceria-zirconia mixed metal oxides which are ceria rich. Phase separation causing the 

formation of bulk zirconia phases are reported to be inactive for naphthalene total 

oxidation reactions [100]. Increased activity in doped ceria was also ascribed to increased 

surface oxygen species and defects [142]. 
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1.5.3.2 Ceria-manganese mixed metal oxides 

Along with zirconia, ceria has also been doped with first row transition metals. Addition 

of copper and iron oxides into the ceria lattice led to increased naphthalene [142] and soot 

[143] total oxidation compared to the parent ceria. However manganese as a dopant has 

shown the most promise for ceria. Addition of manganese into the ceria causes migration 

of lattice oxygen, leading to increased surface oxygen for total oxidation reactions 

[66,67]. The combination of ceria and manganese can also stabilise the active surface 

oxygen, leading to increased amounts of oxygen available for total oxidation reactions 

[144,145]. The ceria can also stabilise higher oxidation states of manganese, which are 

reported to have higher VOC total oxidation activity [146]. Ceria-manganese mixed metal 

oxides have shown high activity for total oxidation of small molecules (CO and NO) 

[83,146–148]. Along with this ceria-manganese mixed metal oxides have been used for 

wet VOC total oxidation. Ceria-manganese mixed metal oxides were highly active for 

aqueous phase phenol total oxidation due to electron rich surface activating adsorbed 

oxygen [105,149]. Along with aqueous phase VOC total oxidation, ceria-manganese 

mixed metal oxides have also shown high total oxidation activity for a range of gas phase 

VOCs, Table 1-6. 

Table 1-6: Selected studies of ceria-manganese mixed metal oxides for VOC total 

oxidation reactions 

VOC Preparation 

Method 

Optimum 

Ce:Mn ratio 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Toluene Hydrothermal Ce0.15Mn0.85Ox 0.10 32,000 160 [103] 

 Hydrothermal Ce0.40Mn0.60Ox 0.05 22,500 190 [74] 

 Combustion Ce0.50Mn0.50Ox 0.06 - 235 [104] 

 Co-precipitation Ce0.25Mn0.75Ox 0.10 60,000 220 [150] 

Benzene Co-precipitation Ce0.25Mn0.75Ox 0.10 60,000 180 [150] 

Chlorobenzene Sol-gel Ce0.14Mn0.86Ox 0.10 15,000 200 [151] 

 Co-precipitation Ce0.25Mn0.75Ox 0.10 60,000 315 [150] 

Hexane Co-precipitation Ce0.50Mn0.50Ox 0.20 80 210 [152] 

Propane Nanocasting Ce0.60Mn0.40Ox - 10,000 232 [80] 

Methane Citric acid Ce0.40Mn0.60Ox 1.00 60,000 460 [153] 

Formaldehyde Co-precipitation Ce0.20Mn0.80Ox 0.058 30,000 100 [83] 

 Modified co-

precipitation 

Ce0.50Mn0.50Ox 0.058 21,000 80 [82] 

Ethanol Combustion Ce0.50Mn0.50Ox 0.16 - 175 [104] 

Ethyl acetate Combustion Ce0.50Mn0.50Ox 0.18 - 200 [104] 

Acetic acid Combustion Ce0.50Mn0.50Ox 0.14 - 210 [104] 
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O-xylene Co-precipitation Ce0.25Mn0.75Ox 0.10 60,000 250 [150] 

The majority of the ceria-manganese mixed metal oxides active for VOC total oxidation 

are manganese rich. This was due to the phase segregation of manganese oxides [104], 

and increased oxygen vacancies observed in the manganese rich mixed metal oxides 

[103]. Synergy between the two metal oxides have been noted for toluene and benzene 

total oxidation. With both ceria [154] and manganese oxides [102] noted to be active for 

naphthalene total oxidation, it can be assumed that synergy between the two metals will 

be observed for naphthalene and propane total oxidation.  

1.5.3.3 Iron-manganese mixed metal oxides 

Along with being a dopant, manganese oxides have also had additional metals doped into 

the lattice to improve the total oxidation activity of the material. Addition of first row 

transition metals into manganese oxide led to an increase in activity for a range of 

reactions. Copper-manganese mixed metal oxides reported to have increased total 

oxidation of naphthalene [155], benzene [156,157] and CO [158] compared to the parent 

oxide. Cobalt is reported to be an extremely active metal for a range of reactions including 

propane total oxidation [159]. Addition of manganese into the cobalt led to an increase in 

activity for a range of VOC total oxidation reactions [109,111,160]. Increased activity of 

the manganese containing mixed metal oxides were attributed to formation of solid 

solutions and changing of redox properties of the parent oxide upon addition of the second 

oxide [158,160].  

Table 1-7: Selected studies of iron-manganese mixed metal oxides for VOC total 

oxidation reaction 

Iron has also been used as a dopant for cobalt based catalysts. Improvement to cobalt 

oxide from iron dopants is noted for methanol [162], ethanol [163] and CO [164] total 

oxidation. Along with synergy between other first row transition metals, both iron oxide 

and manganese oxide have shown synergy for a range of reactions. Iron-manganese 

VOC Preparation 

Method 

Optimum 

Fe:Mn ratio 

Concentration 

of VOC / % 

GHSV / 

h-1 

T50 / 

°C 

Ref. 

Acetone Co-precipitation Fe0.50Mn0.50Ox - - 125 [161] 

Trichloroethylene Co-precipitation Fe0.40Mn0.60Ox - - 200 [161] 

Ethanol Citrate Fe0.25Mn0.75Ox 1.00 - 230 [107] 

 Co-precipitation Fe0.50Mn0.50Ox 1.00 15,000 180 [123] 

Toluene Citrate Fe0.25Mn0.75Ox 1.00 - 280 [107] 

Propane Co-precipitation Fe0.50Mn0.50Ox 2.00 15,000 300 [123] 
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mixed metal oxides showed synergy for olefin conversion [165] and dehydrogenation 

reactions [166]. Along with this, iron-manganese mixed metal oxides also showed 

appreciable activity for propane and propene partial oxidation [167]. Iron-manganese 

mixed metal oxides have been noted to be active for soot total oxidation [168], along with 

a handful of VOC total oxidation reactions, .  

Increased catalyst activity occurs due to smaller iron ions replacing the manganese in the 

lattice of the mixed metal oxide. This leads to defect formation leading to increased 

oxygen vacancies on the surface, which changes the redox activity of the surface [107]. 

1.6 Mechanism of total oxidation 

 

Figure 1-3: Mars-van Krevelen mechanism using an example catalyst (ceria) for VOC 

total oxidation  

The Mars-van Krevelen mechanism [169] is the reported reaction pathway for both 

propane [170] and naphthalene total oxidation [137], on copper-ceria mixed metal oxides 

supported on alumina and ceria-zirconia respectively. The reaction follows the scheme in 

Figure 1-3 and starts with adsorption of the VOC onto the catalyst surface. The VOC then 

becomes oxidised by lattice oxygen into carbon dioxide and water. These products will 

then desorb off the surface leaving the surface of the metal oxide reduced. Then an oxygen 

molecule from the reaction mixture will adsorb onto the surface to reoxidise the surface 

and allow the reaction to occur again. This mechanism will occur quicker if the surface 

is unstable from defect sites or oxygen vacancies which allows the recycling of oxygen 

to occur at a faster rate.  
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1.7 Project Aims 

The main aim of this project is to produce catalysts which are highly active and selective 

for naphthalene and propane total oxidation. To achieve this, the catalysts must perform 

both reactions at as low a temperature possible and for extended periods of time. Three 

catalyst systems will be investigated for both reactions, ceria-zirconia, ceria-manganese 

and iron-manganese mixed metal oxides.  

Catalysts can be prepared using a variety of different methods, with each method effecting 

the total oxidation activity of the catalyst, as seen in the various summary tables in this 

chapter. Therefore we hope to optimise the preparation method used for each of the three 

catalyst systems and understand the important catalyst features controlling the total 

oxidation reactions.  

Along with the investigation of catalytic activity, the catalysts will be characterised using 

a wide range of bulk and surface methods. The aim of this it to study the effects of addition 

of metal oxide dopants into the parent oxide and to correlate any factors with the propane 

or naphthalene total oxidation activities.  
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2 Experimental 

This chapter explains the techniques used to synthesise, characterise and test the catalysts 

along with a brief introduction into the theory required to operate the techniques. 

2.1 Catalyst Preparation 

2.1.1 Catalysts prepared via mechanochemical grinding  

 

Figure 2-1: Schematic of a planetary ball mill 

A Restch PM 100 planetary ball mill was used to prepare catalysts via mechanochemical 

grinding, Figure 2-1. This type of ball mill operates by rotation of a 10 cm zirconia 

grinding vessel containing seven, 15 mm zirconia balls around a central point. The vessel 

itself also rotates on its own axis, counter to the original rotation put into the system. This 

increases the kinetic energy of the system and energy transfer into the materials in the 

grinding vessel. 

2.1.1.1 Preparation of ceria-zirconia mixed metal oxide catalysts using 

mechanochemical grinding 

2.1.1.1.1 Preparation of Ce-Zr mixed metal oxide catalysts from nitrate precursors 

Ce(NO3)3. 6H2O (Sigma-Aldrich, 99 %) and ZrO(NO3)2. xH2O (Sigma- Aldrich, 99 %) 

were weighed to appropriate Ce:Zr ratios and lightly ground with a pestle and mortar 

before being placed into the ball mill crucible. The Ce:Zr molar ratios investigated were 

100:0, 95:5, 90:10, 75:25, 50:50, 0:100. The samples were ground for 4 hours at 300 rpm 

at room temperature. The resulting powders were collected and calcined under a flowing 

air atmosphere for 3 hours at 400 ○C with a ramp rate of 1 ○C min-1.  

2.1.1.1.2 Preparation of Ce-Zr mixed metal oxide catalysts from carbonate precursors 

Ce2(CO3)3.6H2O (Sigma-Aldrich 99.9 %) and Zr(OH)2CO3.ZrO2 (Sigma-Aldrich 95%) 

were weighed to appropriate Ce:Zr ratios. Once weighed out, the materials were lightly 

ground and placed into the ball mill crucible. The Ce: Zr ratios studied were 100:0, 95:5, 
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90:10, 75:25, 50:50 and 0:100. The samples were ground for 4 hours at 200 rpm at room 

temperature. The material was then collected and calcined at 400 ○C for 3 hours under a 

flowing air atmosphere with a ramp rate of 1 ○C min-1. 

2.1.1.2 Preparation of Ce25Mn75Ox catalysts using mechanochemical grinding 

2.1.1.2.1 Preparation of Ce25Mn75Ox using nitrate precursors  

A Ce25Mn75Ox catalyst was prepared by the following method. Appropriate amounts of 

Ce(NO3)3. 6H2O (Sigma-Aldrich 99 %) and Mn(NO3)2. 4H2O (Sigma-Aldrich 99 %) 

were weighed out to a 1:3 metal atomic ratio. The materials were lightly ground then 

deposited into the ball mill crucible. The materials were ground for 4 hours at 100 rpm at 

room temperature. A slurry was recovered and placed into a glass calcination boat. The 

slurry was dried for 16 hours under flowing air at 120 ○C. A solid sample was then 

collected and calcined at 500 ○C under flowing air for 3 hours with a ramp rate of 1 ○C 

min-1.  

2.1.1.2.2 Preparation of Ce25Mn75Ox using carbonate precursors 

Ce2(CO3)3 (Sigma-Aldrich 99.9 %) and MnCO3 (Sigma-Aldrich 99 %) were weighed out 

in a 1:3 metal ratio to produce the Ce25Mn75Ox catalysts. The weighed samples were 

lightly milled before being placed in the ball mill crucible. The material was ground for 

4 hours at 200 rpm. The resulting material was then calcined under flowing air for 3 hours 

at 500 ○C with a ramp rate of 1 ○C min-1. 

2.1.2 Catalyst preparation using co-precipitation methods 

2.1.2.1 Co-precipitation with autotitrator 

Another method used to prepare mixed metal oxides was co-precipitation using a 

Metrohm Titrando autotitrator, Figure 2-2. This system was used to control the co-

addition of metal salts, normally in the form of nitrates, and a precipitating agent, usually 

a base.  An electrochemical probe is used to monitor both pH and temperature of the 

solution. Both metal salts and precipitating agents were added into the precipitation vessel 

using two Dosino dosing units, which hold up to 50 ml of solution. The Dosino units are 

computer controlled and can dose solutions at flow rates between 50 µl min-1 and 50 ml 

min-1.  
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Figure 2-2: Schematic of the Titrando co-precipitation apparatus  

The general preparation method is as follows. Initially the pH probe calibrated using pH 

4, 7 and 10 buffer solutions (Acros Organics). The water bath that fills the single jacketed 

vessel is then set to temperature. Metal salt solutions were pre-mixed to the appropriate 

ratio and placed into a glass bottle. The base solution was also placed into a glass bottle 

and then both were attached to the Dosino units. Once the vessel is heated, 20 ml of metal 

salt solution is dosed to allow a part of the pH probe to become submerged in solution. 

Then the precipitating agent is dropped in to achieve the set pH. Following this both 

solutions are dosed at a constant rate to maintain the pH. Once 150 ml of the metal salt 

solutions were added, the resulting solution is then left to age for a set time and recovered 

by filtration. The precipitate is washed with 1 l of warm water and dried overnight at 110 

○C. The materials are then calcined to form the catalyst samples.  

2.1.2.1.1 Preparation of ceria-manganese mixed metal oxide catalysts using automated 

co-precipitation 

A set of ceria-manganese mixed metal oxide catalysts were prepared using the auto-

titrator system. Into the metal salt vessel, pre-measured volumes of Ce(NO3)3. 6H2O 

(Sigma-Aldrich, 99 %, 0.25M) and Mn(NO3)2. 4H2O (Sigma-Aldrich, 99 %, 0.25 M) and 

a Na2CO3 solution (anhydrous, Sigma-Aldrich, 1 M). The Ce:Mn ratios investigated were 

100:0, 95:5, 90:10, 75:25, 50:50, 25:75 and 0:100. The salts were dosed at 3 ml min-1 at 

pH 9 with the resulting solution aged for 2 hours at 60 ○C. The resulting precipitate was 

filtered and washed with warm water (1 l) and dried for 16 hours at 110 ○C. The samples 

were then calcined at 500 ○C for 3 hours with a ramp rate of 1 ○C min-1 to produce the 

final catalyst sample.  
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2.1.2.1.2 The effect of washing on the preparation of ceria-manganese mixed metal 

oxide catalysts 

The catalyst with the highest activity was prepared as mentioned in section 1.1.2.1 

however the volume of water used to wash the catalyst was varied (0, 1 and 2 l were 

investigated).  

2.1.2.2 Preparation of iron-manganese mixed metal oxide catalysts using 

automated co-precipitation 

A series of iron-manganese mixed metal oxide catalysts were prepared using the co-

precipitation method. The Fe:Mn ratios investigated were 100:0, 99:1, 90:10, 80:20, 

50:50, 20:80, 10:90, 1:99, 0:100. Fe(NO3)3. 9H2O (Sigma-Aldrich, 99%, 0.25 M) and 

Mn(NO3)2. 4H2O (Sigma-Aldrich, 99 %, 0.25 M) were pre-mixed and precipitated against 

a Na2CO3 solution (anhydrous, Sigma-Aldrich, 1 M). The pH was set to 9 with metal salt 

solutions dosed at 3 ml min-1. The solution was left to age for 2 hours and recovered via 

filtration. The recovered samples were dried and calcined at 500 ○C for 3 hours with a 

ramp rate of 1 ○C min-1. 

2.1.2.2.1 The effect precipitating agent on preparing iron-manganese mixed metal 

oxides 

The catalysts were prepared as described in section 1.1.2.2 however the base used to 

precipitate the iron-manganese mixed metal oxide precursor was modified. The following 

carbonate species: Na2CO3, K2CO3 and (NH4)2CO3 and hydroxide species: NaOH, KOH 

and NH4OH solution were investigated. 

2.1.2.2.2 The effect of calcination temperature on preparing iron-manganese mixed 

metal oxides  

Catalysts were prepared using the process described in section 1.1.2.2 however using 

NH4OH solution as the precipitating agent instead of Na2CO3. The calcination 

temperature was also varied with 400, 450 and 500 °C.  

2.1.2.3 Preparation of ceria-manganese mixed metal oxide catalysts via urea co-

precipitation  

A Ce25Mn75Ox catalyst was prepared using urea as the precipitating agent following a 

method from literature [1]. Appropriate amounts of (NH4)2Ce(NO3)6 (Sigma-Aldrich, 

99.9 %)and Mn(NO3)2. 4H2O (Sigma-Aldrich, 99 %) were weighed to produce a 1:3 

metal ratio and placed into a 100 ml round bottom flask containing 50 ml of deionised 

H2O. CH4N2O (3.235 g, Aldrich, 99-100.5 %) was then added. The solution was stirred 

and aged under reflux for 24 hours at 110 °C. The resulting slurry was filtered and washed 



 

35 

 

with 500 ml deionised water before being dried for 16 hours at 110 °C. The precursor was 

then calcined at 500 °C under flowing air for 3 hours at 1 °C min-1.  

2.1.2.4 Preparation of ceria-manganese mixed metal oxide catalysts via oxalic acid 

co-precipitation 

A Ce25Mn75Ox catalysts was prepared with a precipitating agent of oxalic acid, following 

a procedure from literature [2]. Ce(NO3)3. 6H2O (0.005 moles, Sigma Aldrich, 99 %) and 

Mn(NO3)2. 4H2O (0.015 moles, Sigma-Aldrich, 99 %) were weighed and placed into a 

beaker containing 200 ml ethanol (Sigma Aldrich, 99.8 %). The mixture was stirred 

allowing for the metal salts to dissolve before addition of oxalic acid (0.024 moles, Sigma 

Aldrich >99 %). The solution was left to age for 2 hours at room temperature. Once the 

aged, the solution was filtered and washed with 500 ml ethanol before dried in an oven at 

110 °C for 16 hours. The resulting solid was calcined for 3 hours at 500 °C at 1 °C  min-

1 ramp rate under an atmosphere of flowing air.  

2.1.2.5 Preparation of ceria-manganese mixed metal oxide catalyst via citric acid 

co-precipitation 

A method from previous studies was used to prepare a Ce25Mn75Ox catalyst using citric 

acid[3]. 50 ml deionised water was placed into a 250 ml round bottom flask which was 

heated to 50 °C. Ce(NO3)3. 6H2O (0.006 moles, Sigma-Aldrich, 99 %) and Mn(NO3)2. 

4H2O (0.018 moles, Sigma-Aldrich 99 %) was added to the stirred water and allowed to 

dissolve. Citric acid (0.024 moles, Sigma-Aldrich, >99.5 %) was added to the solution 

and the temperature was raised to 90 °C for 30 minutes. The temperature was then 

increased to 110 °C and the solution was left to age for 16 hours. The material is then 

collected from the round bottom flask and dried in an oven at 110 °C for 16 hours. The 

dried material was then transferred into a ceramic crucible and heated in a muffle oven 

for 2 hours at 200 °C with a ramp rate of 1°C min-1. To produce the catalyst, the sample 

is calcined at 500 °C for 3 hours with a ramp rate of 1 °C under a flowing air atmosphere.  

2.2 Catalyst Characterisation 

A range of analytical techniques were used to investigate the surface and bulk properties 

of the samples and these are described in this section.  
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2.2.1 X-ray diffraction (XRD) 

2.2.1.1 Background 

 

Figure 2-3: Diffraction of X-rays by a crystalline sample [4] 

XRD is a non-destructive bulk technique which can be used to identify crystal phases of 

crystalline materials. Crystalline materials are considered to have long range 3-

dimensional order and form planes is illustrated in Figure 2-3. When x-ray radiation 

interacts with a crystalline material, two possible interferences will occur: constructive or 

destructive. Destructive interference arises when the x-rays are out of phase causing the 

cancelling out of diffracted radiation.  Constructive interference occurs when the 

interactions obey Bragg’s law [5], below. This occurs when the incident x-rays are in 

phase and when the wavelengths of the reflected x-rays have the difference of an integer 

number. 

2𝑑𝑠𝑖𝑛𝛳 = 𝑛𝜆 

Where: 

d inter planar spacing 

ϴ angle of diffraction 

n integer multiple 

λ X-ray wavelength 

Constructive interference results in a signal being produced. When an x-ray beam 

interacts with a powdered sample a cone of diffracted x-rays is produced for each angle 

of diffraction observed on the sample. Each cone of x-rays will vary in intensity 

depending on the occurrence of the phase or crystal in the sample. The x-rays are then 

detected and analysed by a detector moving in an arc over the sample to produce a series 

of closely packed dots which can be extracted and formed into a pattern. The pattern can 

then be compared to references from databases and the phases present can be identified.  
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2.2.1.2 Calculating crystallite size using the Scherrer equation  

The crystallite size of a given crystal phase in a sample can be calculated using the 

Scherrer equation [6]. The equation relates the crystallite size to peak broadening as 

shown below: 

𝐿 =  
𝐾𝜆

𝐵 𝑐𝑜𝑠𝛳
 

Where: 

L crystallite size 

ϴ peak position 

K shape factor 

λ wavelength of radiation 

B line broadening constant derived 

from FWHM 

However, the equation has its limitations. Crystallites below 5 nm form broader and 

smaller peaks in diffractograms making the FWHM difficult to identify [7]. If the 

diffractogram has a low signal to noise ratio then smaller peaks may get hidden in the 

pattern. This leads to error when determining the crystallite size.  

The strain and disorder in the sample and x-ray source need to be considered [8].  By 

using an internal Si standard, the contribution from the x-ray source is noted and adjusted 

in the line broadening constant. The samples’ lattice strain in the sample is calculated 

using the following equation: 

𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 =  
𝐵

4 𝑡𝑎𝑛𝛳
 

Where: 

B √(𝐵𝑜𝑏𝑠
2 − 𝐵𝑠𝑡𝑑

2 ) 

Bobs peak width 

Bstd instrument line broadening width 

ϴ peak position  

2.2.1.3 Experimental procedure  

2.2.1.3.1 Powder XRD 

Samples were placed in metal sample holders and patterns were analysed using a 

Panalytical X’Pert diffractometer with a Cu X-ray source operating at 40 kV and 40 mA. 

Patterns were attained by 40 minute scans over a range of 5-80 ° 2ϴ angles. Phase 

identification was performed by matching experimental patterns against entries from the 

International Centre for Diffraction Data (ICDD) database.  

Calculating the crystallite size using the Scherrer equation is noted to have ~10 % error 

[9]. These errors arise from the Gaussian function used to define the peak shape, the line 

broadening occurring from the instrument and potential defects or changes in shape of 

the crystallites being investigated [10].  
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2.2.1.3.2 In situ XRD 

 

Figure 2-4: Temperature profile of the in-situ XRD experiments 

In-situ XRD was used to investigate phase changes during decomposition and calcination 

of catalyst precursors. A Panalytical X’Pert diffractometer with an Anton Paar 900K in-

situ cell was used to undertake these experiments. Data were collected by heating the 

sample from 200 to 600 °C under a flow of air (30 ml min-1), holding the temperature 

isothermally at 50 °C intervals for 30 minutes to acquire data, Figure 2-4. 
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2.2.2 Raman spectroscopy 

2.2.2.1 Background 

 

Figure 2-5: Excitation and relaxation of molecules when irradiated by electromagnetic 

radiation [11] 

When a molecule is irradiated by electromagnetic radiation, the energy produced can 

behave in 3 ways: transmission, absorbance or scattering of the radiation. Raman 

spectroscopy is a technique that investigates scattering of electromagnetic radiation by a 

molecule [12]. The radiation can scatter either elastically or inelastically. Elastic 

scattering (𝛥ʋ = 0) occurs when the energy of the photon returns to its original energy 

state which is referred to Rayleigh scattering, Figure 2-5. Raman scattering occurs when 

the reflection is inelastic (𝛥ʋ ≠ 0). If the photon gains energy, then the Stokes frequencies 

are observed and if it losses energy then Anti-stokes frequencies are observed.  

ʋ𝑖 −  ʋ𝑠 =  𝛥ʋ =  𝛥𝐸𝑚 

Where: 

ʋi frequency of the incident 

light 

ʋs frequency of scattered light 

 Δʋ frequency shift 

ΔEm energy change 

Not all molecules are Raman active. The molecule must have a change in polarizability, 

deformation in an electric field, for Raman scattering to occur. Raman spectroscopy 

measures the rotation or vibration transitions of the scattered molecule which are 
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observed in the visible region. Therefore, transitions of samples which can’t be seen under 

visible light are also difficult to observe during Raman spectroscopy.  

2.2.2.2 Experimental procedure  

Raman spectra were obtained using a Renishaw inVia confocal Raman microscope 

equipped with an Ar+ visible green laser with an emission of 514 nm. The laser was 

focused using an Olympus BH2-UMA microscope. The catalyst samples were placed 

onto a steel plate and spectra were collected in a reflective mode by a highly sensitive 

charge couple device (CCD) detector. 

2.2.3 Thermogravimetric analysis (TGA) 

2.2.3.1 Background 

Thermogravimetry is a technique which uses a highly sensitive balance in an oven to 

measure the mass loss of sample during its decomposition. Due to the methods used to 

synthesise the catalysts during the study, samples must be heat treated to produce the final 

metal oxide catalyst.  

The samples have different decomposition patterns however follow the same 

decomposition path. Physiosorbed water is the initial species desorbed followed by the 

decomposition of the precursor species, nitrate or carbonate, to produce the final metal 

oxide. Using this information, it can be related to the conditions required to calcine the 

sample to produce the final catalyst sample.   

2.2.3.2 Experimental procedure 

Approximately 50 mg of sample was placed into ceramic crucibles and loaded into a 

Perkin Elmer TGA 4000 instrument using a robotic arm. The samples were then heated 

from 30 to 995 °C at a rate of 5 °C min-1 under a flowing nitrogen atmosphere. Profile 

attained as expressed as a percentage loss from the initial mass placed into the crucible.  

2.2.4 Temperature programmed reduction (TPR) 

2.2.4.1 Background 

TPR is a method which investigates the reducibility of a sample under a flow a H2 in an 

inert gas over a temperature range. During this study the reducibility of species on the 

surface and in the bulk of metal oxides will be studied. Oxygen species present in the 

samples are reduced into water. The water becomes trapped in a molecular sieve the TPR 

equipment. Any remaining hydrogen is then analysed using a TCD.   

The reducibility of a sample can be correlated to its oxygen mobility. Peaks at low 

temperatures or which are very sharp in TPR patterns indicate high reducibility. The 
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reverse indicates that the sample has low oxygen lability. This is measured using the 

equation below, with the correlation factor calculated using a CuO reference. 

µ𝑚𝑜𝑙 𝑜𝑓 𝐻2  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓  𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑎𝑘 𝑥 5.8682 𝑥10−4 

This data can be correlated against catalytic activity data or used to find any alloying 

between the metals. Oxidation states can be calculated and identified using TPR studies 

[13].  

2.2.4.2 Experimental procedure 

Temperature Programmed Reduction (TPR) was performed using a Quantachrome 

ChemBET TPD/R/O apparatus. Samples were loaded into a  quartz u-tube (~30 mg) and 

pre-treated under a flow of He at 120 °C for 1 hour prior to analysis. Reduction profiles 

were obtained by the sample under a flow of 10 % H2 in Ar (30 ml min-1) over a 

temperature range from ambient to 1100 °C with a ramp rate of 15 °C min-1. 
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2.2.5 Brunauer-Emmet-Teller surface area analysis (BET) 

2.2.5.1 Background 

 

Figure 2-6: 6 Potential Isotherms. Type I is the Langmuir isotherm, type II the BET 

isotherm and IV the adsorption isotherm [7] 

Gas adsorption techniques are used to characterise the surface area of materials. The BET 

isotherm takes its inspiration from previous work by Langmuir. Langmuir assumed that 

only one monolayer of non-interactive gas is adsorbed onto the surface [14], Figure 2-6, 

producing the type I isotherm. However, BET extended this assumption to include a 

simplified model of mono-layer and multi-layer adsorption, type II or IV. They theorised 

that the gases adsorb on the surface indefinitely, producing multilayers. Each individual 

layer can have the Langmuir theory applied to it to produce the equation below [15]: 
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1

(𝑉(
𝑃°

𝑃 − 1))
=  

𝐶 − 1

𝑉𝑚 𝐶
 𝑥 

𝑃

𝑃°
+

1

𝑉𝑚 𝐶
 

Where: 

P Pressure 

Po Saturation Pressure 

V Volume of gas adsorbed on the 

surface  

Vm Volume of monolayer on the 

surface 

C BET constant 

The assumptions required for the multi-layer formation is expressed in the BET (C) 

constant, below. The first layer is adsorbed with a heat of adsorption with further layers 

adsorbed with equal heat of condensation. The C constant is also used to validate the 

application of the BET method. If the value is too low, then monolayer coverage is too 

high leading to poor interaction between the surface and adsorbate. 

𝐶 =  𝑒(
(𝐸1 −  𝐸𝐿)

𝑅𝑇
) 

Where: 

E1 heat of adsorption EL heat of condensation for the 

adsorbate 

If the BET method is valid for the sample the surface area can be calculated using the nm. 

N2 is the standard adsorbent used to calculate the BET method.   

𝑆𝐵𝐸𝑇 =
𝑛𝑚

𝑀
𝑁𝐴𝜎 

Where: 

nm molar volume of a monolayer of 

gas 

M mass of sample 

NA Avagadro’s number 

σ molecular area of N2 (16.2 Å2)

2.2.5.2 Experimental procedure 

The catalyst surface areas were determined using a Quantachrome Quadrasorb Evo 

analyser. Samples (~100mg) were placed into 9 mm quartz tubes with bulbs. Samples 

were pre-treated under a vacuum to remove any surface species. Surface area was 

determined from collection of 5-point N2 adsorption between 
𝑝

𝑝𝑜
 values of 0.05 and 0.35. 

Each point was attained at -196 °C by submersing the tubes in liquid N2. The data is then 

treated using the BET method.  

Errors arise from the assumptions used to determine the values in the BET method and 

can account for a ~20 % error in specific surface areas [16]. Errors can be kept to a few 
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percent if the C constant is over 80 and this was the standard used to determine the surface 

areas in this investigation.  

2.2.6 Microwave plasma- atomic emission spectroscopy (MP-AES) 

2.2.6.1 Background 

 

Figure 2-7: Atomic emission from excited electrons returning to ground state [17] 

Atomic emission spectroscopy is a technique which studies the wavelengths of photons 

emitted from electrons returning to a ground state after excitation, Figure 2-7. In MP-

AES a nitrogen plasma is used to excite the sample to produce photons. Samples are 

present in liquid form and sprayed into the plasma which excites the electrons present. 

When the electrons relax, a characteristic wavelength is emitted. The wavelength is 

detected by a charge-coupled device (CCD) and correlated against standard solutions to 

quantify the concentration of elements present.  

2.2.6.2 Experimental procedure 

Initially standards solutions were prepared by diluting 1000ppm stock solutions of the 

metals. The catalyst samples are prepared via adding aqua regia (~4 cm3) to a pre-weighed 

catalyst sample (~25 mg) in a 50 ml volumetric flask. The catalyst is left to digest 

overnight and topped up with deionised water. The solutions are then filtered to remove 

any undissolved material and analysed in an Agilent 4100 Microwave Plasma-Atomic 

Emission Spectrometer against the calibrated standard solutions. The solution is sprayed 

through a N2 plasma producing a response factor to determine the concentration of the 

solution. The spray is pressurised to 120 kPA and injected with air. The solution is 

analysed 3 times at each wavelength.  
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Two or three different wavelengths for each element were used to determine the 

concentration of the element present in the sample. These values are then averaged to 

provide the final concentration of the element present. The error for each element ~1 % 

based on the standard deviation of the values obtained from MP-AES analysis. Each 

element has a range of unique wavelengths; therefore care must be taken when selecting 

wavelengths when analysing multiple elements. If the wavelengths are too close, 

overlapping of peaks can occur producing a false result. The wavelengths used during the 

study are mentioned in Table 2-1: 

Table 2-1: Wavelengths used to analyse the element concentration of catalysts using 

MP-AES 

Element Wavelength used / nm 

Fe 371.993, 373.713, 385.991 

Mn 257.610, 403.076, 403.307 

Na 588.995, 589.592     

K 769.897, 766.491 

 

2.2.7 X-ray photoelectron spectroscopy (XPS) 

2.2.7.1 Background 

 

Figure 2-8: Schematic of an x-ray photo electron emission and proceeding Auger 

emission [18] 

XPS is a near surface sensitive technique which uses x-rays in a vacuum to cause the 

emission of photo-electrons, Figure 2-8. These electrons are identified as photo-electrons 

due to the electromagnetic radiation causing their emission. The loss of the electron leaves 

an excited ionised atom. When the atom relaxes, an electron from a higher orbital fills the 

hole in the core orbital. This is a high energy process which may cause the emission of x-

rays or another electron. The secondary electron is referred to as an Auger electron.  
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Due to conservation of energy, the relationship between the energy of the emitted electron 

can be calculated. This is calculated by measuring the kinetic energy of the electron and 

relating this to its binding energy: 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =  𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 +  ɸ) 

Where: 

Ekinetic  kinetic energy of ejected 

electron 

Ephoton  energy of photon emitted 

Ebinding  binding energy of electron ɸ  work function of 

spectrometer

The binding energy is affected by factors before (initial state effects) or after (in response 

to relaxation in the atom) photo-emission. This may cause peaks to shift to higher energies 

in the spectrum or formation of satellite peaks at lower energies. These effects are 

characteristic to certain elements or molecules. The kinetic and the binding energy is 

characteristic to its element allowing for identification and quatification of surface 

species. The oxidation states of metals can also be measured  

2.2.7.2 Experimental procedure 

X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Scientific K-

Alpha+ Spectrometer, equipped with an Ar ion source and Al Kα micro-focused 

monochromator operating at 72 W (6 mA, 12 kV). Survey and high-resolution scans were 

carried out at pass energies of 150 and 40 eV respectively with a 1 or 0.1 eV step size. 

Charge neutralisation was achieved using a combination of flux of low-energy electrons 

and Ar ions. Spectra were calibrated against the C(1s) peak at 284.8 eV. 

CasaXPS (v2.3.19rev1.1l) was used to analyse the data obtained from XPS, using a 

Scofield sensitivity factors and an energy dependence of -0.6, after removal of a Shirley 

background. 

2.2.8 Scanning electron microscopy- energy dispersive x-ray 

spectroscopy (SEM-EDX) 

2.2.8.1 Background 

Optical microscopy uses visible light wavelengths to obtain images. However, images 

from optical microscopy are limited by its resolving power and magnification due to the 

energy of the electromagnetic radiation used to obtain images. Electron microscopy uses 

electron beams with higher energy, these limitations can be overcome. This produces a 

higher resolution topographical image of the sample [19].  
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Heated W hairpins or LaB6 needles in a vacuum are common electron sources in SEM. 

The electron beams are focused onto the sample using a series of magnetic lenses. When 

the beam interacts with the sample elastically, high energy scattering occurs (>50 eV). 

Scattering occurs on the surface in a tear drop shape, the scattering volume. The higher 

the power, the larger scattering volume producing more backscattered electrons, Figure 

2-9. These backscattered electrons can then be collected and passed through a detector to 

produce a signal which is converted into image. Heavier elements will appear brighter in 

images as they scatter the electron more efficiently producing a higher energy electron. 

Back scattered detectors are placed above the sample and provide a image of the 

composition and phases present in the sample.   

 

Figure 2-9: Schematic of interactions between used for imaging 

If the electron path back to the detector becomes perturbed this causes inelastic scattering 

of electrons. This process produces secondary electrons which have an energy of 3-5 eV. 

Two types of secondary electron scattering can occur based on their energy and angular 

distribution. Secondary electrons can be detected from the surface or by backscattering 

electrons returning to the surface via several elastic interactions. The secondary electron 

is placed on the side of the sample stage and provides images of the topography of the 

sample. 

EDX is a technique using the high energies involved in the electron beam. This causes 

the core electrons can be removed, akin to the process observed during XPS (section 

2.2.7). When the atoms relax an electron from a higher orbital replaces the core electron. 

During this process a photon is emitted is remove the excess energy, in the form of x-ray 

radiation. Each element has a characteristic energy depending on the difference between 

in energy between the electrons. The technique is used to map multiple elements from an 
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image generated using SEM. Using this a samples bulk elemental distribution and 

quantification can be attained at a range of field views.    

2.2.8.2 Experimental procedure 

Microscopy was performed on a Tescan Maia3 field emission gun scanning electron 

microscope (FEG-SEM) fitted with an Oxford Instruments XMAXN 80 energy dispersive 

X-ray detector (EDX). Samples were dispersed as a powder onto adhesive carbon Leit 

discs mounted onto aluminium stubs. Before analysing the stubs were then sprayed with 

a 15 nm Au:Pd (80:20 ratio) coating. Images were acquired using the secondary electron 

and backscattered electron detectors at varying magnification and field view.  

EDX elemental analysis was undertaken by averaging elemental concentrations from 

three maps. The error in elemental analysis was ~5 %. However due to the small sample 

size of maps used to calculate the elemental concentrations the error may be significantly 

higher.  

2.2.9 Transmission electron microscopy (TEM) 

2.2.9.1 Background 

TEM is another form of electron microscopy which relies on electrons passing through 

the material. The electrons are detected with a screen and placed below the sample holder 

with lenses focusing the beams onto them [20]. TEM microscopes use a high energy beam 

of electrons passing through an ultra-thin sample. If areas of the sample are too dense, 

then the electrons become adsorbed. Whereas other thinner areas will allow the electrons 

to pass through and are detected on the screen. Images are then obtained by the contrast 

in the different phases present in the sample. 

The TEM equipment can also carry out electron diffraction experiments. This occurs due 

to wave-particle duality causing electrons to behave like a wave. Therefore the electrons 

can behave like the X-rays in XRD (section 2.2.1) and become diffracted by lattice planes 

in a sample [21]. The electrons are detected by a fluorescent screen producing either 

concentric rings or bright spots, depending on the crystallinity of the sample[22]. From 

these patterns, the crystal lattices present and the lattice spacing can be interpreted. This 

technique is limited by sample thickness, due to the high energies required to penetrate 

multiple layers of atoms.   

2.2.9.2 Experimental procedure  

A JEOL JEM-2100 operating at 200 kV was used to carry out TEM. Samples were 

prepared by suspension in ethanol by sonication and deposited on 300 mesh copper grids 

coated with holey carbon film. 
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2.3 Catalyst Testing 

The catalytic activity of the catalysts was investigated by undertaking propane and 

naphthalene total oxidation. Both reactions were carried out in continuous flow reactors. 

This section discusses the equipment used.   

2.3.1 Propane oxidation 

2.3.1.1 Reactor set-up 

Figure 2-10 shows the reactor set up of the testing of propane total oxidation which is 

attached to an Agilent 7090B GC. All the gas tubing was constructed out of 1/8-inch steel 

tubing. The lines leading out of the reactor and before the GC were heated using a heat 

tape and glass fibre insulation, to prevent any condensation of water or partial oxidation 

products. Propane in air cylinder (5000 vppm propane in air) was flowed at 50 ml min-1 

into the system using Brooks MFCs. The propane gas mixture is then flowed through a 

reactor tube heated by a tubular Carbolite furnace. The temperature is controlled by a K-

type thermocouple placed on top of the catalyst bed. An appropriate volume of catalysts 

was used to attain a desired GHSV with activity measured over a temperature range of 

200-600 ○C.  

 

 

Figure 2-10: Piping & Instrumentation Diagram schematic of the propane total 

oxidation reactor 
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2.3.1.2 Gas chromatography 

The products of the propane total oxidation reactions were analysed using an Agilent 

7090B GC which separates gases based on their ability to adsorb and desorb on stationary 

phase on the column compared to a mobile phase flowing through it. The mobile phase 

for this GC system is He. The system uses one TCD and one FID to analyse the products 

once product separation has occurred. 

2.3.1.2.1 Separation of products  

Inside the Agilent 7090B GC has two separation columns located in series. The first 

column is a HayeSep Q column which separates carbon dioxide and light hydrocarbons 

and the second a Molecular Sieve column which separates oxygen, nitrogen and carbon 

monoxide.  Table 2-2 shows the temperature program of the oven used to separate the 

products from the column during the analysis.  

Table 2-2: Temperature program used to separate propane total oxidation products 

Step Temperature / ○C Ramp Rate  

/  ○C min-1 

Hold Time / min 

Initial 80 - 3 

1 200 20 5 

 

The GC system has three six port valves (V1, V2 and V3) which control which gases pass 

through columns, detectors or are bypassed without interaction with both. Table 2-3 

demonstrates the valve timings used to sample the reaction mixture for analysis.   

Table 2-3: Propane total oxidation GC valve timings. Numbers in the position column 

refer to valves in figures Figure 2-11, Figure 2-12 and Figure 2-13 

Step Time / mins Position 

1 0.1 V1 OFF  

V2 and V3 ON 

2 3 V1, V2 and V3 ON 

3 9 V1 and V2 OFF 

V3 ON 

 

Initially the sample loop fills up with reaction gas mixture. Once the GC system is ready 

to start analysing the effluent V3 and V2 switch, Figure 2-11, to allow the gases to be 

separated by the HayeSep Q column.  
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Figure 2-11: Injection of sample in GC during analysis of propane total oxidation 

products 

The HaySep Q column traps the CO2 and propane on it allowing the carbon monoxide, 

oxygen and nitrogen to flow into the molecular sieve for separation, figure 11. After 3 

minutes the valves change, leaving the gases in the molecular sieve and allowing the CO2 

and propane to be detected and analysed by TCD and FID, Figure 2-12. It is important 

that the TCD is placed before the FID as the FID destroys the sample upon analysis.  

 

Figure 2-12: Analysis of products from propane total oxidation by the TCD 

Once the sample from the Hayesep Q column have been analysed the nitrogen, oxygen, 

carbon dioxide and carbon monoxide from the molecular sieve column are analysed by 

passing them through the TCD, Figure 2-13. The carbon monoxide and carbon dioxide is 
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then further analysed by the FID equipped with a methaniser. This is the value used during 

the project. 

 

Figure 2-13: Analysis of propane total oxidation products by the FID 

2.3.1.2.2 Analysis of products 

The simple gases such as oxygen and nitrogen are analysed using a TCD. This detects 

compounds by analysing the change in thermal conductivity of the gas against a He 

reference. A metal filament resides in the TCD which undergoes changes in its resistance 

as the thermal conductivity changes compared to the reference. This resistance will 

produce a voltage which can be measured and detected to produce a signal. 

The carbon dioxide, carbon monoxide and propane are analysed used a FID. Before 

analysis in the FID, the samples are treated using a methaniser which converts the gases 

into methane over a Ni catalyst under a H2 stream. As CO and CO2 can’t be detected on 

the FID this is required and is used to improve the resolution of the propane in the FID. 

The FID detects signal by passing the sample through a H2 flame and combusting it 

producing ions. The ions are then collected and analysed allowing for a signal to be 

generated. The elution times for the gases in the GC were, Figure 2-14: 
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Figure 2-14: GC trace of propane total oxidation. Above is from the FID and below is 

from the TCD

• Carbon dioxide 3.7 minutes 

• Propane  9.8 minutes 

• Oxygen  10.8 minutes 

• Nitrogen  11.4 minutes 

• Carbon monoxide 12.8 minutes 

Propane conversion is measured by comparing the % propane remaining against the 

counts a value when of 5000 ppm propane is present, which is taken by averaging four 

blank runs at the start of the experiment: 

% 𝑃𝑟𝑜𝑝𝑎𝑛𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (100 𝑥 (
𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑝𝑟𝑜𝑝𝑎𝑛𝑒 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 5000 𝑝𝑝𝑚 𝑝𝑟𝑜𝑝𝑎𝑛𝑒 
 ) ) 

Carbon balance was calculated by comparing the amount of carbon in the blank runs 

against the carbon present in the reaction runs: 

% 𝐶𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒

= 100 𝑥 (
𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑝𝑟𝑜𝑝𝑎𝑛𝑒 + 𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒 + 𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑚𝑜𝑛𝑜𝑥𝑖𝑑𝑒 

𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 5000 𝑝𝑝𝑚 𝑝𝑟𝑜𝑝𝑎𝑛𝑒
) 

2.3.1.2.3 Propane total oxidation reference reaction 

A commercial 5 % Pd/Al2O3 catalyst (Johnson Matthey) was used a reference catalyst, 

Figure 2-15, against which the mixed metal oxides will be compared to during the 

study. The catalyst showed appreciable propane total oxidation activity with 100 % 

propane conversion occurring at 550 °C along with a carbon balance (>99 %) 

throughout the reaction.  
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Figure 2-15: Catalytic activity for the total oxidation of propane over the 5 % 

Pd/Al2O3 reference catalyst. Reaction conditions: 45,000 h-1, temperature range: 200-

600 °C, 5000 ppm in air. 

2.3.2 Naphthalene oxidation 

2.3.2.1 Reactor set-up 

The reactor set up for the naphthalene total oxidation is shown in Figure 2-16. All 

tubing was constructed out of 1/8-inch steel tubing, with all lines past the naphthalene 

generator heated to prevent condensation of hydrocarbons and water within the reactor 

set up. Both He and O2 gas flow were controlled by Brooks MFCs. 100 vppm 

naphthalene was generated by subliming a small amount of naphthalene (Sigma-

Aldrich, 99 %) under a He flow at 35 ○C. Oxygen was then added into the system to 

provide a gas mixture of 80 % helium and 20 % oxygen. The gas flow is then passed 

through a reactor tube, containing an appropriate amount of catalyst, which is heated 

using clam-shell furnace. An appropriate volume of catalyst was used to establish a 

desired GHSV. The temperature is monitored using a k-type thermocouple placed 

underneath the catalyst bed with catalytic activity observed over a range of 100-350 

○C. The gas flow then goes into an Agilient 7090B GC for analysis.  
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Figure 2-16: Piping & Instrumentation Diagram schematic of the naphthalene total 

oxidation reactor 

2.3.2.2 Gas-chromatography  

An Agilent 7090B GC was used to separate and analyse the products formed during 

the naphthalene total oxidation reactions. The set up for this GC is like the one used 

for propane total oxidation in section 1.2.1.2 with helium used as the carrier gas for 

this system. To analyse and quantify any reaction products formed two FID were used 

with one equipped with a methansier.  

2.3.2.2.1 Separation of products  

Separation of products occurs using an HP-5mn Ultra Inert column. Fast separation of 

CO and CO2 occurs on the column at low temperatures. However due to the nature of 

naphthalene a temperature ramp must be incorporated into the method to allow for 

separation, Table 2-4. 
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Table 2-4: Temperature program used to separate naphthalene total oxidation 

products 

Step Temperature / ○C Ramp Rate  

/ ○C min-1 

Hold Time / min 

Initial 65 - 3.1 

1 160 20 5 

 

In Table below, the order of valve switching is shown. 2 valves, 1 ten port valve (V1) 

and 1 six port valve (V2), are used to separate the carbon monoxide and carbon dioxide 

from naphthalene and other hydrocarbon products.  

Table 2-5: Naphthalene total oxidation GC valve timings. Position refers to valves in 

Figure 2-17 and Figure 2-18 

Step Time / mins Position  

1 0.01 V1 ON 

2 0.01 V2 ON 

3 1 V1 and V2 OFF 

 

Initially the reaction mixture fills the sample loop and once the valves turn on, step 1 

and 2 in Table 2-5, analysis begins, Figure 2-17.  

 

Figure 2-17: Filling of sample loop in GC during analysis of naphthalene total 

oxidation products 

The sample loop takes 1 min to empty with portions of the mixture flowing into each 

FID, Figure 2-18. The front FID detects the hydrocarbons in the reaction effluent and 

the rear FID measures the amount of carbon monoxide and carbon dioxide. Once the 
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gases from the sample loop have been feed into the GC system, the GC valve returns 

to its original state, Figure 2-17, to allow for analysis of the subsequent reaction runs.   

 

Figure 2-18: Analysis of naphthalene total oxidation products by FID 

2.3.2.2.2 Analysis of products 

Two FIDs are used to analyse the reaction products for the reaction. The front FID 

analyses the naphthalene and any partial oxidation products observed. The back FID 

analyses CO and CO2, however these gases have to be converted into a hydrocarbon 

before analysis. This is because the FID requires a sample which is ionisable in a H2 

flame. The conversion occurs using a methaniser, which flows the reaction effluent 

over an Ni catalyst under a H2 flow. All products are then analysed by passing the 

effluent into the FID. 

The elution time for the products observed during naphthalene total oxidation are, 

Figure 2-19: 

 

 

Figure 2-19: GC trace of naphthalene total oxidation. Red trace is from the back FID 

and blue trace from the back FID 
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• Carbon monoxide 1.65 minutes 

• Carbon dioxide 2.75 minutes 

• Naphthalene  7.5 minutes 

Before each reaction run, four blank runs are undertaken to confirm the ppm of 

naphthalene during the reaction. Typically the value is 100 ppm, however can fluctuate 

between reactions. It is also used to determine the 100 % value of naphthalene present in 

during the reaction. This is used to calculate naphthalene conversion.    

% 𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 100 𝑥 (
𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 

𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑏𝑙𝑎𝑛𝑘 
) 

Naphthalene total oxidation reactions are measured using CO2 yield rather than 

naphthalene conversion. If the naphthalene is totally converted into CO2, a value of 1000 

ppm CO2 is expected to be produced.  Naphthalene adsorption behaviour on catalysts 

surfaces at lower reaction temperatures leads to discrepancies between CO2 yield and 

naphthalene conversion. However, at higher reaction temperatures if the CO2 yield and 

the naphthalene conversion doesn’t correlate, the naphthalene is adsorbing on the surface 

of the catalyst or oxidising via a partial oxidation pathway occurring during the reaction 

[23,24].  

% 𝐶𝑂2 𝑦𝑖𝑒𝑙𝑑

= 100 𝑥 (
𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒

𝐶𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 100% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑛𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒 𝑡𝑜 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒
) 
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2.3.2.2.3 Naphthalene total oxidation reference reaction 

 

Figure 2-20: Catalytic activity for the total oxidation of propane over the 5 % Pd/Al2O3 

reference catalyst. Reaction conditions: 45,000 h-1, temperature range 100-250 °C, 100 

vppm naphthalene in 20 % O2 balanced with He. 

To compare the naphthalene total oxidation activity over the mixed metal oxides a 

commercial 5 % Pd/Al2O3 catalyst (Johnson Matthey) was used a reference catalyst, 

Figure 2-20. The catalyst showed appreciable propane total oxidation activity with 100 

% naphthalene conversion achieved at 225 °C along with a steady carbon balance (>90 

%) throughout the reaction.  
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3 Mechano-chemically prepared ceria-zirconia mixed 

metal oxide catalysts for the total oxidation of VOCs. 

3.1 Introduction 

Currently, there is a move away from traditional supported noble metal catalysts for VOC 

total oxidation. Ceria has been proposed as a suitable material [1] and has been widely 

studied due to its favourable redox properties and ability to form non-stoichiometric 

CeO2-x [2–4]. The formation of non-stoichiometric CeO2-x produces active oxygen species 

from increased presence of  oxygen vacancies and surface defect sites, which produces 

catalysts with high activity for VOC total oxidation. This effect is also observed in 

zirconia [5]. These effects are enhanced when ceria and zirconia are mixed together to 

form mixed metal oxide catalysts [6]. Synergy, when the combination of the two 

components are more active than the sum of the individual components, between the two 

metal oxides has been observed for a large range of total oxidation reactions: including 

naphthalene [7,8], methane [9] and soot particles [10]. In most studies, ceria-zirconia 

metal oxides containing low concentrations of zirconia produced the most active 

catalysts.  

Previous studies have reported many methods to prepare ceria-zirconia mixed metal oxide 

catalysts. Many of these preparation methods involve co-precipitation of metal salts 

which produces large quantities of aqueous waste, which must be purified before disposal.  

The catalyst is also affected due to the formation of potential poisons, such as alkali 

metals or nitrate, chloride or sulfur groups, on the surface from the precipitating agents 

or metal salt precursors [11]. Mechanochemical grinding provides an alternative catalyst 

preparation method, which doesn’t require multiple steps, generates less unwanted waste 

or surface poisons on the catalyst surface. A large range of catalytic materials have been 

prepared mechanochemically [12] including ceria-zirconia mixed metal oxides [13–15]. 

However these mechanochemically prepared ceria-zirconia mixed metal oxide materials 

were not widely investigated for VOC total oxidation. 

The focus of this chapter is the investigation of mechanochemically preparing ceria-

zirconia mixed metal oxide catalysts for the total oxidation of propane and naphthalene. 

Two factors will be examined: the ratio Ce:Zr within the mixed metal oxide and the 

precursor used to prepared the ceria-zirconia mixed metal oxides. The first section of this 

chapter will focus on nitrate precursors and the second section will focus on carbonate 

precursors on the performance and nature of the ceria-zirconia mixed metal oxide 
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catalysts. The ceria-zirconia mixed metal oxides surface and structure will be 

characterised via a range of methods. The stability of the most active ceria-zirconia mixed 

metal oxide catalysts for naphthalene and propane total oxidation reactions, prepared 

from both precursors will also be investigated.  

3.2 Results of the ceria-zirconia mixed metal oxide catalysts 

prepared from nitrate precursors 

The mechanochemical synthesis of the ceria-zirconia mixed metal oxide catalyst using 

nitrate precursors is shown in section 2.1.1. Ce(NO3)3. 6H2O and ZrO(NO3)2 .xH2O were 

weighed in appropriate amounts before light grinding and placement into the ball mill 

crucible. The nitrate salts were ground at 300 rpm for 4 h before calcination at 400 °C for 

3 h.   

3.2.1 Precursor characterisation 

3.2.1.1 Thermal gravimetric analysis 

 
Figure 3-1: Thermogravimetric analysis of all the post-milled ceria-zirconia mixed 

metal oxide catalysts prepared from nitrate precursors. Samples heated in a flowing N2 

atmosphere from 30 to 500 oC at a ramp rate of 5 °C min-1 

The thermal gravimetric analysis profiles for the decomposition of the milled ceria-

zirconia mixed metal oxide prior to calcination are shown in Figure 3-1. All the catalyst 

precursors show a gradual weight loss from 100-150 °C related to physisorbed water. The 

desorption of water accounts for a total loss of 15 % and 30 % for the milled cerium and 

zirconium nitrate precursors respectively. The addition of zirconium into the mixed ceria-
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zirconia nitrate precursor increased the weight loss attributed to water, however this value 

wasn’t as high as the zirconium nitrate precursor.   

All the precursors also have a multi-stage weight loss starting at 210 °C relating the 

decomposition of nitrate groups and formation of a metal oxide. The decomposition of 

nitrate in the cerium nitrate precursor occurs at 260 °C, whereas the zirconium nitrate 

groups start decomposing at 220 °C. This accounts for a 30 % and 45 % weight loss 

respectively. This weight loss is very similar to the theoretical weight loss for the 

formation of the ceria and zirconia. This indicates only small amounts of water and 

nitrates were lost during the milling of the nitrate precursors.  

All the mixed ceria-zirconia precursors, regardless of the ratio, showed a decrease in the 

temperature at which nitrate decomposition occurred compared to the cerium nitrate 

decomposition. All samples showed nitrate decomposition temperature in the region 

between the limits of the single cerium and zirconium nitrate precursors rather than 

showing additive traces of the single nitrates. This may indicate the ceria-zirconia are 

very well mixed after milling.  

3.2.1.2 In situ XRD 

 
Figure 3-2: In situ powder X-ray diffraction patterns of the post milled Ce0.50Zr0.50Ox 

nitrate precursor with increasing temperature. Reaction conditions: temperature range 

200- 600 °C under a flow of 30 ml min-1 air. 10 minute scan duration 

To gain further understanding on the effects of calcination on the formation of the final 

ceria-zirconia mixed metal oxide catalysts in situ XRD under flowing air was conducted. 

The post milled Ce0.50Zr0.50Ox nitrate precursor was selected as the representative material 

for this investigation.  
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The in situ XRD patterns are shown in Figure 3-2. The pattern of the untreated 

Ce0.50Zr0.50Ox sample indicates the presence of numerous cerium and zirconium nitrate 

and hydroxy species. The hydroxy species are not present upon heating the sample to 200 

°C. This is consistent with the observations from TGA, with water and hydroxide 

desorption occurring from 100 to 150 °C. The presence of cerium and zirconium nitrate 

species diminishes as the temperature is increased to 250 °C. 

At 250 °C, four predominant peaks emerge at 29 °, 33 °, 48 ° and 56 °. These peaks are 

characteristic of ceria in its cubic structure and are assigned to the (111), (200), (220) and 

(311) planes respectively [7,16]. These four peaks are consistently observed as the 

temperature is increased until 400 °C. This correlates with the TGA profiles as nitrate 

decomposition starts around this temperature leading to the formation of the metal oxide. 

No peaks indicating the formation of bulk zirconia indicating intimate mixing of the ceria-

zirconia at these temperatures. As the temperature is increased above 400 °C a peak is 

observed on the shoulder of the ceria peak at 29 °. This peak can be prescribed to the 

formation of bulk tetragonal zirconia. This is observed in previous studies using ceria-

zirconia mixed metal oxide materials. The higher temperatures cause the zirconia to 

segregate from the ceria-zirconia mixed phase and form bulk zirconia in the tetragonal 

phase [17–19].   

Following the TGA and in situ XRD analysis a calcination temperature of 400 °C was 

used to prepare the ceria-zirconia mixed metal oxide catalysts. This is due to full 

decomposition of the nitrate precursors and minimise the occurrence of ceria and zirconia 

phase segregation. 

3.2.2 Catalyst performance for VOC total oxidation 

3.2.2.1 Propane total oxidation 

Figure 3-3 shows the catalytic activity for the total oxidation of propane over the range 

of ceria-zirconia mixed metal oxides. All the ceria-zirconia mixed metal oxide catalysts 

showed activity for propane total oxidation and had high carbon dioxide selectivity (>99 

%) throughout the reaction. Error for propane total oxidation prepared using catalysts 

prepared using mechanochemical grinding was ~2.5 %. The ceria and zirconia showed 

similar propane total oxidation reactivity profiles with both metal oxides achieving ~90 

% propane conversion at 600 °C. The 5 % Pd/Al2O3 had significantly higher performance 

for propane total oxidation than ceria and zirconia prepared via mechanochemical 

grinding. Upon addition of zirconia into the ceria there was a noticeable increase in the 

activity compared to the mono-metallic oxides. The ceria-zirconia mixed metal oxide 
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catalysts containing low concentrations of zirconia performed better than the reference 

catalyst. The order of catalyst activity over the range of ceria-zirconia mixed metal oxide 

catalysts followed the general trend:  

Ce0.90Zr0.10Ox > Ce0.95Zr0.05Ox > 5 % Pd/Al2O3 > Ce0.75Zr0.25Ox > Ce0.50Zr0.50Ox > ZrO2 ≈ 

CeO2 

 

Figure 3-3: Catalytic activities for the total oxidation of propane of the ceria-zirconia 

mixed metal oxide catalysts prepared from nitrate precursors. Reaction conditions: 

45,000 h-1, temperature range 200-600 °C, 5000 ppm propane in air. Legend refers to 

the different Ce:Zr ratios 

3.2.2.2 Naphthalene total oxidation 

The catalytic activity for the ceria-zirconia mixed metal oxide catalysts for the total 

oxidation of naphthalene is shown in Figure 3-4. During all reactions, there was a 

variation in the carbon balance at lower temperatures (100-175 °C). However only carbon 

dioxide and naphthalene were observed during GC analysis during all reactions. The 

errors associated for naphthalene total oxidation over the mechanochemically prepared 

catalysts are ~5 %. A factor is the error can be ascribed to the variation in carbon balance 

occurring due to naphthalene adsorption on the surface of the catalysts [20]. The ceria 

and zirconia showed similar activity profiles with 21% and 17% CO2 yield at 250 °C 

respectively. Both catalysts showed poor performance compared to the reference catalyst.  

The trend for naphthalene total oxidation follows the one observed for propane total 

oxidation over the ceria-zirconia mixed metal oxide catalysts:  
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Ce0.90Zr0.10Ox > Ce0.95Zr0.05Ox > 5 % Pd/ Al2O3 > Ce0.75Zr0.25Ox ≈ Ce0.50Zr0.50Ox > CeO2 

> ZrO2 

In both experiments, the ceria-zirconia mixed metal oxides with lower amounts of 

zirconium were the most active catalysts, compared to the reference catalyst. This is 

consistent with previous studies in which ceria-zirconia mixed metal oxides were 

prepared using urea and sodium carbonate [7,8].   

 

Figure 3-4: Catalytic activities for the total oxidation of naphthalene of the ceria-

zirconia mixed metal oxide catalysts prepared from nitrate precursors. Reaction 

conditions: GHSV: 45,000 h-1, Temperature range 100-250 °C, 100 vppm naphthalene 

in 20 % O2 balanced with He. Legend refers to the different Ce:Zr ratios 

3.2.3 Catalyst characterisation 

3.2.3.1 X-ray diffraction 

The ceria-zirconia mixed metal oxide powder XRD patterns are shown in Figure 3-5 and 

further derived data are presented in Table 3-1. There are four reflections in the ceria 

XRD pattern: present at 28 °, 33 °, 49 ° and 57 °. These reflections indicate the presence 

of cubic fluorite ceria with the reflections corresponding to the (111), (200), (220) and 

(311) planes respectively [21]. The zirconia is present in the tetragonal phase as indicated 

by reflections at 30 °, 34 °, 50 ° and 59 °. These reflections correspond to the (111), (200), 

(202) and (311) phases respectively [22]. There is a noticeable peak on the shoulder of 

the 30 ° peak suggesting the presence of monoclinic phase zirconia in this sample 
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Figure 3-5: Powder XRD patterns of the calcined ceria-zirconia mixed metal oxide 

catalysts prepared from nitrate precursors  

The mixed ceria-zirconia metal oxide samples all had four distinct reflections attributed 

to the ceria cubic phase. However the four reflections broadened as the zirconium content 

of the ceria-zirconia mixed metal oxides increased. With no reflections from zirconia 

present and the shift in reflections, this suggests the size of the ceria lattice has been 

modified by zirconium incorporation. The reflection of the (111) plane shifts to slightly 

higher values as the zirconia content of the ceria-zirconia mixed metal oxides increases, 

Table 3-1. This is observed in previous studies, in which ceria-zirconia mixed metal 

oxides were synthesised using urea and carbonate precipitation agents [7], impregnation 

of zirconia into a cerium precursor [23] and mechanochemical grinding of ceria with 

zirconia balls [13]. This suggests the formation of ceria-zirconia solid solution has 

occurred in all ceria-zirconia mixed metal oxides.   

The average crystallite size was calculated from the powder XRD patterns using the 

Scherrer equation, Table 3-1. The widths of the four dominant reflections in each pattern 

were used to calculate the average crystallite size. The ceria had the largest crystallite size 

and the addition of any amount of zirconium led to a decrease in crystallite size. There 

was no systematic trend of decreasing crystallite with zirconium content of the ceria-

zirconia mixed metal oxide. However the Ce0.90Zr0.10Ox, which had the smallest average 

crystallite size has the highest propane and naphthalene total oxidation activity.  
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Table 3-1: Physical properties of the ceria-zirconia mixed metal oxide catalysts 

prepared using nitrate precursors from XRD 

Sample Phases  

present 

Position 

of ceria 

(111) 

reflection 

/ °  

Average 

crystallite 

size / Å 

d-spacing 

from (200) 

lattice plane / 

Å 

Unit 

cell 

volume  

/ Å3 

Incorporation 

of zirconium 

into Ce / % 

CeO2 CeO2 28.4 118 2.694 156.436 - 

Ce0.95Zr0.05Ox CeO2 28.5 105 2.692 156.067 1.5 

Ce0.90Zr0.10Ox CeO2 28.6 95 2.691 155.921 2.1 

Ce0.75Zr0.25Ox CeO2 28.6 103 2.684 154.749 7.1 

Ce0.50Zr0.50Ox CeO2 28.8 97 2.667 151.766 19.6 

ZrO2 ZrO2 - 99 2.550[24] 132.651 - 

The d-spacing and unit cell volume of the ceria-zirconia mixed metal oxides was 

calculated using the ceria (200) lattice plane, Table 3-1. The ceria had the largest d-

spacing and as zirconium was introduced into the ceria lattice this led to a decrease in the 

d-spacing. The decrease in d-spacing indicates the formation of ceria-zirconia mixed 

metal oxide solution. This is expected due to the smaller ionic radius of the zirconium 

compared to the cerium, 0.72 Å compared to 1.14 Å respectively [25]. As the smaller 

zirconium atom becomes incorporated into the ceria lattice, this will cause the substitution 

of cerium with zirconium atom causing the d-spacing to decrease [26,27]. In turn, as 

observed, this causes the unit cell volume to decrease.   

The unit cell volume follows the same trend as d-spacing. Figure 3-6 shows the 

comparison of zirconium incorporation into the ceria between experimental and expected 

in the ceria-zirconia mixed metal oxides, using Vegard’s law [28]. There is a noticeable 

decrease in the unit cell volume as the cerium content of the ceria-zirconia mixed metal 

oxide decreases, however the trend doesn’t correlate with the expected values if all the 

zirconium is incorporated into the ceria. This indicates that not all the zirconium is being 

incorporated into the ceria lattice, as shown in Table 3-1. These values were acquired by 

comparing the value of the experimental value to its related expected cerium percentage. 

This would mean large amounts of zirconium would either be on the surface or not within 

the samples. This will be discussed in later sections of this chapter.  
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Figure 3-6: Comparison of experimental and expected unit cell volume of the ceria-

zirconia mixed metal oxide catalysts prepared from nitrate precursors. Calculated using 

the (200) lattice parameter from XRD 

3.2.3.2 Surface area 

Table 3-2: Surface area of the ceria-zirconia mixed metal oxide catalysts prepared from 

nitrate precursors. Calculated using the 5-point N2 adsorption BET analysis 

Sample BET 

Surface 

area / 

m2 g-1 

Surface area normalised 

rate of propane total 

oxidation at 450 °C (10-8) 

 / mol s-1 m-2  

Surface area normalised 

rate of naphthalene total 

oxidation at 150 °C  

(10-11) 

 / mol s-1 m-2 

CeO2 88 1.68 0.19 

Ce0.95Zr0.05Ox 127 2.00 1.25 

Ce0.90Zr0.10Ox 130 2.21 1.28 

Ce0.75Zr0.25Ox 109 1.60 0.13 

Ce0.50Zr0.50Ox 124 1.02 0.14 

ZrO2 93 1.90 0.05 

Table 3-2 shows the surface areas of the ceria-zirconia mixed metal oxide catalysts.  The 

ceria and zirconia had the lowest surface area of the series of catalysts. The addition of 

any amount of zirconium into the ceria led to an increase in the surface area compared to 

the monometallic oxides. This is reported to occur in ceria-zirconia mixed metal oxides 

prepared via hydrothermal aging [29] and thermal hydrolysis [30]. There is no significant 

trend in the increase of surface area to zirconium content of the ceria-zirconia mixed metal 
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oxide. The increase in surface area of the ceria-zirconia mixed metal oxide samples can 

be related to their decreased crystallite size compared to the ceria [31]. 

Previous studies have investigated the effects of surface area on naphtalene total oxidation 

using ceria  catalysts [32]. It was found that high surface area ceria produced naphthalene 

total oxidation catalysts with higher activity. Surface area normalised rates of propane 

and naphthalene total oxidation at 450 °C and 150 °C respectively, are shown in Table 

3-2. In both reactions the Ce0.90Zr0.10Ox is still the most active catalyst. Even though the 

Ce0.50Zr0.50Ox and the Ce0.95Zr0.05Ox have similar surface areas to the Ce0.90Zr0.10Ox, the 

activities of these samples are much lower. This would indicate other factors beyond 

surface area will need to be considered for the increased activity of the Ce0.90Zr0.10Ox and 

ceria-zirconia mixed metal oxide samples.  

3.2.3.3 Raman spectroscopy  

The bulk characteristics of the ceria-zirconia mixed metal oxide catalysts were analysed 

using Raman spectroscopy, Figure 3-7. The ceria and ceria-zirconia mixed metal oxides 

only had one peak present at 464 cm-1
, which is the Raman mode for the ceria cubic 

fluorite phase (F2g) [16]. This confirms the XRD analysis of the ceria-zirconia mixed 

metal oxides in which only the cubic fluorite phase was observed for these samples. There 

is a peak with low intensity on these samples at 600 cm-1 indicating the presence of 

Frenkel-type oxygen vacancies [33]. The zirconia showed four weak peaks centred at 

260, 315, 464 and 640 cm-1. These peaks are characteristic of the zirconia in the tetragonal 

phase, which confirms XRD analysis. Due to the intensity of the ceria peak at 464 cm-1 it 

is hard to observe the zirconia peak at this value on the ceria-zirconia mixed metal oxide 

samples. However as the other peaks characteristic to zirconia were not observed we can 

confirm the zirconia is not present in its bulk phase of the ceria-zirconia mixed metal 

oxide samples. 

As the concentration of zirconium into the ceria increases, the intensity of the peak at 464 

cm-1
 decreases. This is seen in Table 3-3, in which the FWHM of the peak at 464 cm-1 is 

shown. As expected, the ceria has the smallest FWHM and the ceria-zirconia mixed metal 

oxide sample containing the most zirconia, the Ce0.50Zr0.50Ox has the largest FWHM. This 

observation can be assigned to the decreasing content of ceria in the materials. However, 

it is also  influenced  by the reduction of crystallinity and crystallite size can also lead to 

the band broadening [34]. The FWHM value is also inversely related to concentration of 

oxygen vacancies in the metal oxide lattice [35]. As the crystallite size remains consistent 

between the ceria-zirconia mixed metal oxides, ranging between 95-105 Å. The 



 

71 

 

increasing FWHM values can be atrributed to the presence of oxygen vacancies in the 

metal oxides.  

 

 

Figure 3-7: Laser Raman spectra of ceria-zirconia mixed metal oxide catalysts prepared 

using nitrate precursors (a) CeO2, Ce0.95Zr0.05Ox, Ce0.90Zr0.10Ox, Ce0.75Zr0.25Ox, 

Ce0.50Zr0.50Ox and (b) ZrO2 (enhanced 7.5 x). Laser λ = 514 nm 

The oxygen vacancies can be determined by examining the Raman peak at 600 cm-1, 

which is assigned to the extrinsic oxygen vacancies created by substitution of Zr4+ into 

the Ce4+ lattice [36]. The ceria has the lowest ratio and all ceria-zirconia mixed metal 

oxides show increased area ratio compared to it. The trend is linear as the Ce0.50Zr0.50Ox 
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sample has the largest area ratio compared to the other ceria-zirconia mixed metal oxide 

samples. However the relationship between Raman peak area ratios and activity doesn’t 

correlate indicating other factors have to be considered. 

Table 3-3: Chemical properties of ceria-zirconia mixed metal oxide catalysts prepared 

using nitrate precursors from laser Raman analysis 

 Sample Raman FWHM of 464 cm-

1 peak / cm-1 

Peak area ratio of  

600 cm-1 / 464 cm-1  

CeO2 28.6 0.0217 

Ce0.95Zr0.05Ox 32.5 0.0352 

Ce0.90Zr0.10Ox 33.3 0.0442 

Ce0.75Zr0.25Ox 34.5 0.0423 

Ce0.50Zr0.50Ox 44.9 0.0930 

 

3.2.3.4 Temperature programmed reduction 

Temperature programmed reduction profiles of the ceria-zirconia mixed metal oxides are 

shown in Figure 3-8. Characteristically ceria has two reduction peaks around 500 and 800 

°C. The reduction peak represents formation of surface and bulk ceria species respectively 

[37,38]. Typically, zirconia is difficult to reduce under these conditions. However, two 

reduction peaks are observed on the zirconia sample at 450 °C and 550 °C. These peaks 

represent the reduction of surface zirconia and formation of hydroxy species [39].  

 

Figure 3-8: Hydrogen temperature-programmed reduction profiles of the ceria-zirconia 

mixed metal oxide catalysts prepared using nitrate precursors. Reaction conditions: 

30mg sample, 30 ml min-1 10 % H2/Ar, temperature range: 50-850 °C 
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When zirconium was added into the ceria, the profiles changed in shape. The temperature 

of the reduction peak of surface ceria was significantly decreased and two peaks were 

observed during surface reduction for all the ceria-zirconia mixed metal oxides, Table 

3-4. The presence of two surface reduction peaks relates to the Ce4+ and Ce3+ oxidation 

states. The Ce4+ is reported to be easier to reduce than the Ce3+ oxidation state [32] 

suggesting the first surface reduction peak is the Ce4+ and the second peak is assigned to 

reduction of Ce3+ species. The bulk reduction peak has also been shifted to lower 

temperatures upon addition of zirconium into the ceria, with the value decreasing upon 

increased zirconium concentrations. This is in line with previous studies, as increasing 

zirconium content of ceria-zirconia mixed metal oxides lead to an increase in reducibility 

of ceria [27,40–42] leading to the lowering of ceria reduction temperatures.  

This follows the observations seen in section 3.2.3.3, with the ceria-zirconia mixed metal 

oxide samples noted to have more oxygen vacancies compared to the ceria. This will 

make the ceria easier to reduce and leads to increased presence of Ce3+ species on the 

surface of these samples. With a notable Ce3+ peak observed in all ceria-zirconia mixed 

metal oxides, this confirms the trends seen during Raman analysis. The decrease in 

surface reduction temperature will also lead to increased activity, for  naphthalene [20,43] 

and propane total oxidation [44] which follow a Mars van-Krevelen mechanism. The 

surface will have more active oxygen and Ce3+ for the total oxidation reactions leading to 

increased activity observed during naphthalene and propane total oxidation for the ceria-

zirconia mixed metal oxide catalysts compared to the ceria. 

Table 3-4: Properties derived from TPR analysis of the ceria-zirconia mixed metal oxide 

catalysts prepared using nitrate precursors 

 CeO2 Reduction 

temperature / °C 

Surface hydrogen 

consumption /  

µmol H2 

Surface area 

normalised 

hydrogen 

consumption /  

µmol H2 m-2 

Sample Surface  Bulk 

CeO2 515 822 2.61 1.02 

Ce0.95Zr0.05Ox 427, 520 798 5.04 1.28 

Ce0.90Zr0.10Ox 422, 525 795 5.55 1.47 

Ce0.75Zr0.25Ox 380, 470 780 5.40 1.55 

Ce0.50Zr0.50Ox 418, 556 766 4.58 1.29 

ZrO2 - - 7.81 - 

The hydrogen consumption during reduction of surface ceria is shown in Table 3-4. The 

ceria had the lowest hydrogen consumption. When any amount of zirconium was 

incorporated into the ceria, this led to a significant increase in surface hydrogen 
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consumption. The Ce0.90Zr0.10Ox sample had the highest hydrogen consumption and the 

least active ceria-zirconia mixed metal oxide, Ce0.50Zr0.50Ox, had the lowest hydrogen 

consumption. The increase in surface hydrogen consumption also follows the surface area 

with the sample with the lowest surface area, ceria, also has the lowest hydrogen 

consumption. Surface area normalised hydrogen consumption is also shown in Table 3-4, 

will all ceria-zirconia mixed metal oxides showing increased hydrogen consumption 

compared to the ceria. This shows that the addition of zirconium does lead to an increase 

in reducibility of the sample and it’s not just a surface area effect. This increase in 

reducibility is in line with the increase in VOC total oxidation activity noted for these 

samples. 

3.2.3.5 Electron microscopy 

3.2.3.5.1 Scanning electron microscopy  

.  

Figure 3-9: Secondary electron (left) and back-scattered electron (right) micrographs of 

(a) ceria and (b) zirconia prepared using nitrate precursors. Image magnification: 554 kx 

Figure 3-9 shows the secondary electron and backscattered electron images of the ceria 

and zirconia. The pure ceria has a distinct folded plate-like morphology, whereas the 

morphology of the zirconia is more coral-like.  

The secondary and backscattered electron images of the ceria-zirconia mixed metal oxide 

catalysts are shown in Figure 3-10. The morphology of the ceria-zirconia mixed metal 

oxides remains constant with increasing zirconium content. Furthermore, no phase 

segregation is observed on the ceria-zirconia mixed metal oxide catalysts. The 
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backscattered electron images show a uniform contrast and no bright spots indicating this 

observation. This agrees with the analysis of XRD patterns and Raman spectra in which 

only reflections from a cubic fluorite ceria-like phase were observed for the ceria-zirconia 

mixed metal oxides.   

 

 

Figure 3-10: Secondary electron (left) and back-scattered electron (right) micrographs 

of (a) Ce0.95Zr0.05Ox (b) Ce0.90Zr0.10Ox, (c) Ce0.75Zr0.25Ox and (d) Ce0.50Zr0.50Ox prepared 

using nitrate precursors. Image magnification: 554 kx 
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3.2.3.5.2 Energy-dispersive x-ray spectroscopy 

Table 3-5: SEM-EDX derived bulk element analysis of the ceria-zirconia mixed metal 

oxide catalysts prepared using nitrate precursors 

 Concentration / %  

Sample Ce Zr O Ce:Zr ratio 

CeO2 59.3 - 40.7 100:0 

Ce0.95Zr0.05Ox 47.8 3.3 48.9 93.1:6.9 

Ce0.90Zr0.10Ox 48.8 6.4 48.8 88.6:11.4 

Ce0.75Zr0.25Ox 38.8 10.7 50.5 78.3:21.7 

Ce0.50Zr0.50Ox 29.3 28.4 42.3 50.8:49.2 

ZrO2 - 57.6 42.3 0:100 

EDX analysis was performed alongside the SEM imaging. Bulk elemental analysis of the 

ceria-zirconia mixed metal oxides are shown in Table 3-5. The ceria sample has no 

zirconium present indicating there was no contamination of the bulk by the zirconia 

milling material. The bulk content of all the ceria-zirconia mixed metal oxide catalysts 

were close to those expected from the starting ratios. The Ce0.75Zr0.25Ox had the largest 

variation compared to the original ratios, with only 21.7 % zirconium present in the bulk. 

Slight variations in the final Ce:Zr ratios could have occurred during weighing of the 

precursors or during the removal of the material from the ball mill. 

The resulting bulk Ce:Zr ratios are similar to the original values. There is a clear deviation 

between zirconium incorporated into the lattice, by unit cell volume analysis, and the 

amount present  from the EDX analysis. As there weren’t any discrete zirconium or 

zirconia phases observed in the other analytical techniques, XRD and Raman 

spectroscopy. This may indicate that zirconium may have formed amorphous zirconia 

particles along with ceria-zirconia mixed metal oxide species. This has been reported in 

previous studies, in which ceria-zirconia mixed metal oxides were synthesised using 

cerium/ zirconium precursor salts in an organic surfactant [17] and  via mechanochemical 

grinding [14]. 
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11  

Figure 3-11: SEM-EDX mapping of (a) ceria and (b) zirconia prepared using nitrate 

precursors. Cerium (green), zirconium (red) and oxygen (blue) 

Elemental maps of the ceria and zirconia samples prepared from nitrate precursors are 

shown in Figure 3-11. The ceria-zirconia mixed metal oxide samples are presented in 

Figure 3-12. As seen in the EDX elemental analysis, no zirconium was seen in the 

mapping of the ceria sample. There is a homogenous distribution of cerium and zirconium 

in the ceria-zirconia mixed metal oxide catalysts except the Ce0.50Zr0.50Ox, in which large 

areas of zirconium are observed along with islands of cerium within the sample. As 

mentioned above, the phase separated zirconium is not observed in XRD patterns or 

Raman spectra indicating the potential formation of amorphous zirconia. 
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Figure 3-12: SEM-EDX mapping of (a) Ce0.95Zr0.05Ox, (b) Ce0.90Zr0.10Ox, (c) 

Ce0.75Zr0.25Ox and (d) Ce0.50Zr0.50Ox prepared using nitrate precursors. Cerium (green) 

and zirconium (red) 

3.2.3.5.3 Transmission electron microscopy 

Figure 3-13 shows high magnification TEM images and selected area electron diffraction 

patterns of the ceria-zirconia mixed metal oxides. The TEM image of ceria shows an 

assortment of random layered crystallites with clear lattice planes. This structure remains 

present for all the ceria-zirconia mixed metal oxides regardless of the concentration of 

zirconium present. The zirconia shows a similar structure to the other samples as there is 

also a large array of randomly arranged crystallites. 

 

Figure 3-13: High magnification TEM images of the ceria-zirconia mixed metal oxide 

catalysts prepared using nitrate precursors. Inset: selected area electron diffraction 

patterns of larger 250 nm areas. (a) CeO2, (b) Ce0.95Zr0.05Ox, (c) Ce0.90Zr0.10Ox, (d) 

Ce0.75Zr0.25Ox, (e) Ce0.50Zr0.50Ox and (f) ZrO2 
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Selected area electron diffraction of the ceria-zirconia mixed metal oxides were 

undertaken and are shown in the inset of Figure 3-13. All the samples were observed to 

contain four distinct diffraction rings. As no distinct single bright spots are observed, no 

single crystals have been observed. This shows the patterns are consistent with a 

polycrystalline material comprising of small, randomly orientated crystallite domains. 

The ceria diffraction rings are indexed to the (111), (200), (220) and (311) cubic fluorite 

structure, therefore confirming the observations from XRD and Raman analysis. The 

zirconia shows diffraction rings consistent with a mixture of monoclinic and tetragonal 

phases. This is in line with the XRD analysis in which a shoulder peak allocated to the 

presence of monoclinic zirconia was observed [45].   

Four diffraction rings are also seen in the ceria-zirconia mixed metal oxides. The 

diffraction rings are characteristic of the ceria cubic fluorite structure therefore 

confirming the analysis of XRD and Raman spectroscopy. However, the effects from the 

presence of zirconia is difficult to determine due to the similarity of the diffraction rings 

of zirconia and ceria.  

The d-spacings derived from selected area electron diffraction are shown in Table 3-6. 

The d-spacings of ceria from literature is 5.4 Å and the value derived from selected area 

diffraction is similar to this. The d-spacing for tetragonal zirconia is 5.08 Å and 

monoclinic zirconia is 7.38 Å [45]. The value obtained from the ball milled sample of 

zirconia is in between the 2 values. As it is closer to the value for tetragonal ZrO2, the 

increase in the value can be due to the presence of monoclinic ZrO2, as seen in XRD 

Table 3-6: The d-spacings of the ceria-zirconia mixed metal oxide catalysts prepared 

using nitrate precursors determined from selected area electron diffraction 

Sample d-spacing calculated from selected 

area electron diffraction / Å 

CeO2 5.22 

Ce0.95Zr0.05Ox 5.28 

Ce0.90Zr0.10Ox 5.26 

Ce0.75Zr0.25Ox 5.20 

Ce0.50Zr0.50Ox 5.12 

ZrO2 5.25 

The d-spacings of the ceria-zirconia mixed metal oxide catalysts decrease as zirconium 

content increases. This decrease is in line to the trend observed in d-spacing calculated 

from XRD. The decreasing d-spacing is as expected due to the smaller d-spacing of the 

ZrO2. The d-spacings calculated for the Ce0.95Zr0.05Ox and Ce0.90Zr0.10Ox from selected 

area electron diffraction are slightly higher than the value observed for ceria. These values 
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are still within the d-spacing of ceria from literature indicating the cubic structure remains 

upon addition of zirconium into the ceria. The d-spacing for Ce0.50Zr0.50Ox is very close 

to the value for tetragonal zirconia. However this could be attributed to the values of the 

ceria and tetragonal zirconia d-spacings being very close to each other. This makes it 

difficult to distinguish which is this dominant phase of this sample. This may also help 

explain the phase separated areas observed in EDX analysis.  

3.2.3.6 X-ray photoelectron spectroscopy 

Table 3-7: XPS derived surface elemental concentrations for the ceria-zirconia mixed 

metal oxide catalysts prepared using nitrate precursors 

Sample Concentration / at% Relative 

Ce / % 

Relative 

Zr / %  
Ce  O Zr    

CeO2 28.2 71.8 - 100 - 

Ce0.95Zr0.05Ox 24.6 61.9 6.3 80.0 20.0 

Ce0.90Zr0.10ox 20.7 72.8 6.5 75.9 24.1 

Ce0.75Zr0.25Ox 15.5 69.6 14.9 51.1 48.9 

Ce0.50Zr0.50Ox 9.7 69.1 21.2 32.3 67.7 

ZrO2 - 67.4 32.6 - 100 

XPS was used to analyse the surface of the ceria-zirconia mixed metal oxide catalysts. 

The surface composition of all the ceria-zirconia mixed metal oxide catalysts are 

presented in Table 3-7. The ceria showed no contamination of zirconium milling surface 

during EDX analysis. The surface of the ceria also contained no zirconium indicating no 

contamination has occurred during the mechanochemical grinding process. EDX of the 

ceria-zirconia mixed metal oxide samples indicates that the Ce:Zr ratios close to that of 

the theoretical values expected. However the analysis of the surface using XPS indicates 

the Ce:Zr ratios are much different to the bulk.  Every ceria-zirconia mixed metal oxide 

has relative zirconium content higher than the expected value. The Ce0.95Zr0.05Ox, 

Ce0.90Zr0.10Ox and Ce0.50Zr0.50Ox all have a ~15 % excess of relative zirconium surface 

concentrations and the Ce0.75Zr0.25Ox sample has ~25 % extra zirconium present on its 

surface.  

There could be zirconium contamination on the surface of the ceria-zirconia mixed metal 

oxides which may lead to the higher zirconium concentrations observed on the surface. 

However as the ceria showed no signs of contamination from the zirconia ball mill surface 

we can assume this has not occurred. According to XRD analysis, a large portion of the 

zirconium didn’t enter the ceria lattice. EDX showed the Ce:Zr ratios are consistent with 

those expected: therefore the excess zirconium could have been deposited on the surface 
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of the ceria-zirconia mixed metal oxide samples. As these zirconium containing species 

would be on the surface, they would be undetectable by XRD and Raman techniques. The 

potential amorphous nature of the zirconium species will also make it impossible to detect 

using XRD [14]. Therefore the decline in activity of the ceria-zirconia mixed metal oxides 

with high zirconium content could be due to blockage of active surface oxygen species 

and lattice defects by the excess zirconia. Zirconia was to be less active for propane and 

naphthalene total oxidation reactions compared to ceria. As more of the active mixed 

phase ceria-zirconia oxide surface will be exposed in the lower zirconium content ceria-

zirconia mixed metal oxides, this will lead to the increased activity of these samples.       

Figure 3-14 shows the Ce 3d XPS spectra for the ceria-zirconia mixed metal oxides. As 

expected, the ceria sample had the most intense peaks in this region. The intensity of the 

cerium 3d spectra decrease upon increasing zirconium concentrations in the ceria-zirconia 

mixed metal oxides. Cerium can be present in 2 oxidation states: Ce4+ and Ce3+. The Ce4+ 

oxidation state is characterised by a large independent peak at 913 eV and an 

unsymmetrical doublet peaks at 879 and 897 eV. The Ce3+ oxidation state had 

characteristic symmetric doublet peaks at 881 and 900 eV [46]. A large portion of the 

surface cerium in the ceria and the ceria-zirconia mixed metal oxides is present as Ce4+. 

This seen by the large peak present at 913 eV in all samples as well as the set of doublet 

peaks. The doublet peak between 895-900 eV is more symmetrical than characteristic 

Ce4+ 3d peaks indicating some Ce3+ is also present within the samples. 
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Figure 3-14: XPS spectra of the Ce 3d peaks for the ceria-zirconia mixed metal oxide 

catalysts prepared using nitrate precursors 

The ceria-zirconia mixed metal oxides peaks shifted to slightly higher eV compared to 

the pure ceria indicating the increased presence of Ce3+ in these samples. This is in line 

with TPR profiles for the ceria-zirconia mixed metal oxides which all had an observable 

second surface reduction peak indicating the presence of two cerium oxidation states on 

the surface. The increased amount of Ce3+ will also lead to more defect sites and oxygen 

vacancies, as seen in analysis of the Raman spectra, on the surface of the ceria-zirconia 

mixed metal oxide catalysts, leading to the increased total oxidation activity noted for 

these samples. 

The fitted oxygen 1s spectra of the ceria-zirconia mixed metal oxides are shown in Figure 

3-15, with two surface oxygen species are present. Lattice oxygen is seen in a region 

between 529-30 eV and is denotated as Oα and surface/defect oxygen, represented as Oβ 

is present in the region between 531-33 eV [47]. Previous studies using ceria based 

catalysts reported the concentration of surface oxygen defect sites have an significant 

effect on naphthalene total oxidation activity [48]. All the samples had both oxygen 

species present on the surface of the catalysts and the relative concentrations are shown 

in Table 3-8.  
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Figure 3-15: XPS spectra of the oxygen 1s peaks of the ceria-zirconia mixed metal 

oxide catalysts prepared using nitrate precursors 

The ceria had the lowest relative concentration of surface oxygen compared to any of the 

ceria-zirconia mixed metal oxide samples. The Ce0.95Zr0.05Ox and Ce0.90Zr0.10Ox samples 

had ~25 % increase in the relative surface oxygen concentrations and the Ce0.75Zr0.25Ox 

had ~10 % increase in surface oxygen concentrations compared to the ceria sample. The 

Ce0.50Zr0.50Ox had similar surface oxygen concentration compared to the CeO2. This 

increase in surface Oβ species indicates the zirconium is increasing the oxygen defect site 

concentration on the surface. The increased presence of Ce3+ species on the surface of the 

ceria-zirconia mixed metal oxides will lead to more defect sites and oxygen vacancies, 

producing more surface oxygen species observed above. The hydrogen consumption for 

the surface of the ceria-zirconia mixed metal oxides, Table 3-4, was significantly higher 

than ceria. As the ceria-zirconia mixed metal oxides have more surface oxygen compared 

to the ceria, this will mean more hydrogen is required to reduce these surface oxygen 

species. As the trend of higher surface areas produced higher surface hydrogen 

consumption wasn’t linear. This deviation could be due to the increased surface oxygen 

present on the ceria-zirconia mixed metal oxides compared to the ceria.   
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Table 3-8: XPS derived concentrations of lattice and surface oxygen species for the 

ceria-zirconia mixed metal oxide catalysts prepared using nitrate precursors 

Sample Relative concentration of 

Oα / % 

Relative concentration of 

Oβ / % 

CeO2 60.1 39.9 

Ce0.95Zr0.05Ox 48.4 51.6 

Ce0.90Zr0.10ox 48.2 51.8 

Ce0.75Zr0.25Ox 55.5 44.5 

Ce0.50Zr0.50Ox 58.4 41.6 

The relationship between surface oxygen concentration on propane and naphthalene total 

oxidation activity is shown in Figure 3-16. A clear trend is observed, as the concentration 

of surface Oβ increases, this leads to a significant increase in rate of propane and 

naphthalene total oxidation. This trend is observed in studies using copper doped ceria in 

which higher relative concentrations of Oβ lead to an increase in naphthalene total 

oxidation[49]. The Ce0.95Zr0.05Ox and Ce0.90Zr0.10Ox showed a doubling of the rate of 

propane total oxidation and nearly 14 x the rate of naphthalene total oxidation compared 

to the CeO2. The Ce0.75Zr0.25Ox only showed a small increase in both rates of propane and 

naphthalene total oxidation. The Ce0.50Zr0.50Ox is the outlier as its rate of propane and 

naphthalene total oxidation is lower in than ceria even though it has a slightly higher Oβ 

concentration. As mentioned previously in this section the Ce0.50Zr0.50Ox had the highest 

surface zirconium content. Therefore the surface zirconia species could interfere with the 

active surface species causing blocking of the active sites. This may also block the 

potential oxygen defect and vacancies leading to a reduction in the activity observed for 

Ce0.50Zr0.50Ox compared to the other ceria-zirconia mixed metal oxide catalysts. 
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Figure 3-16: The relationship between relative concentration of Oβ calculated from XPS 

on (a) propane total oxidation activity at 450 oC and (b) on naphthalene total oxidation 

activity at 150 oC for the ceria-zirconia mixed metal oxide catalysts prepared using 

nitrate precursors  
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3.2.4 Stability testing of Ce0.90Zr0.10Ox sample 

3.2.4.1 Propane total oxidation 

 

Figure 3-17:Multiple run propane total oxidation stability study of the Ce0.90Zr0.10Ox. 

Temperature range: 200-600 °C, GHSV: 45,000 h-1, 5000 ppm propane in air 

The stability of the most active propane total oxidation ceria-zirconia mixed metal oxide 

catalyst, Ce0.90Zr0.10Ox, was evaluated by recycling the catalyst by undertaking 4 runs of 

the light off reaction curve, Figure 3-17. All runs showed high selectivity to CO2 (> 99 

%) and no change was observed with each successive cycle. However, the activity 

changed upon each successive reaction cycle. The first run showed the same light off 

profile as the original sample but when the sample was used for the second time a 

significant decrease is noted at lower temperatures. All successive reaction profiles 

showed an increase in the T100 temperature of 50 °C from 500 °C to 550 °C compared to 

the original reaction run. The propane total oxidation activity at 500 °C decreases from 

100 % propane conversion which drops to 81 %, 76 % and 71 % upon successive reaction 

runs. 

Due to the small amounts of catalyst sample used during the propane total oxidation 

reactions and the mixing of the solid sample within quartz wool, post reaction analysis 

was difficult to carry out. The reaction temperatures at the end of the propane oxidation 

light off curve are above the calcination temperature. This may cause sintering to occur 

and formation of bulk zirconia as observed in the in situ XRD of these samples. With 

phase separation occurring, this may lead to decrease in the active phase of the catalyst. 

Other possible explanations for the decrease in activity between each catalyst can be 
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attributed to loss of surface area or surface oxygen species however further studies will 

need to be carried out to confirm this.   

3.2.4.2 Naphthalene total oxidation 

 

Figure 3-18: Time on line naphthalene total oxidation stability study of the 

Ce0.90Zr0.10Ox catalyst prepared using nitrate precursors. Reaction conditions: GHSV= 

45,000 h-1 100 vppm naphthalene in 20 % O2 balanced with He 

As well as being the most active propane total oxidation catalyst, the Ce0.90Zr0.10Ox was 

also the most active sample for naphthalene total oxidation. The stability of naphthalene 

total oxidation was investigated during a time on line study over 60 hour period at 2 

temperatures, 175 °C and 225 °C.   

Both reaction temperatures showed very different profiles. When the stability of 

Ce0.90Zr0.10Ox was tested at 175 °C, there was a slight increase in the CO2 yield, from 82 

% to 87%, during the initial 5 hours of the reaction. However after the rise in activity 

came a prolonged decay in activity, as CO2 yield decreased to ~35 % after 35 hours after 

which the CO2 yield remained stable. The carbon balance varied over time suggesting 

some of the naphthalene may remain adsorbed or form partial oxidation products on the 

surface of the catalysts. The time on line naphthalene total oxidation reaction undertaken 

at 225 °C also showed a decrease in activity during the 60 hour period however this 

decrease wasn’t as drastic as observed during the 175 °C reaction. The CO2 yield 

decreased from 100% to 90% over the 60 hour period.  

Once again, there was difficulty in analysis of the post reaction catalysts. However the 

large decrease in activity during the time on line study at 175 °C could be due to 
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adsorption and formation of the partial oxidation products on the catalyst over time. As 

conversion is only at ~85 %, small amounts of naphthalene may remain adsorbed on the 

surface. A build-up of these species will lead to a decrease in binding sites leading to the 

decrease in activity observed over the period. This will also decrease the surface area and 

potentially decrease the oxygen defects causing the reduction in activity. As the sample 

tested at 225 °C starts off at 100 % CO2 yield, there will less adsorption of naphthalene 

on the surface of these catalysts. However over time, the surface may change leading to 

decrease in surface area leading to a modification of surface species. Over an increased 

reaction period, this may lead to coking or blocking of active sites causing the decrease 

in activity observed.   

3.3 Results of the ceria-zirconia mixed metal oxide catalysts 

prepared from carbonate precursors 

The mechanochemical synthesis of the ceria-zirconia mixed metal oxide catalyst using 

carbonate precursors is shown in section 2.1.2. Ce2(CO3)3. 6H2O and Zr(OH)2CO3.ZrO2 

were weighed in appropriate amounts before light grinding and placed into the ball mill 

crucible. The carbonate salts were ground at 200 rpm for 4 h before calcination at 400 °C 

for 3 h. The samples prepared from carbonates were milled at lower speeds compared to 

the nitrates due to difficulty in removing the samples from the crucible at higher ball 

milling speeds.  

3.3.1 Precursor characterisation  

3.3.1.1 Thermal gravimetric analysis 

Figure 3-19 shows the decomposition profiles of the ceria-zirconia mixed metal oxide 

precursors prepared from carbonates. Desorption of water between 100-200 °C accounts 

for 15 % and ~23 % weight loss for the cerium and zirconium carbonate precursors, 

respectively. There is a further weight loss event on the cerium carbonate precursor 

sample at 250 °C from the decomposition of carbonates, which accounts for a further 20 

% weight loss, which matches with previous cerium carbonate decomposition studies 

[50]. The zirconium carbonate sample doesn’t have a distinct weight loss region 

accounting for loss of carbonates, however a further 10 % weight loss is noted within the 

experimental temperature range.  

Unlike the decomposition of ceria-zirconia nitrate precursors in section 3.2.1.1, the 

decomposition profiles of the ceria-zirconia mixed metal precursor samples don’t fit in 

between the limits of the cerium and zirconium carbonate decomposition profiles. Only 

Ce0.95Zr0.05Ox follows a similar pattern to the ceria and shows an increase in weight loss 
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by ~3 % at each decomposition region. The decomposition profiles of the Ce0.90Zr0.10Ox 

and Ce0.75Zr0.25Ox show decreased weight loss compared to the ceria over the temperature 

range. The Ce0.50Zr0.50Ox decomposition profile follows the decomposition of zirconium 

carbonate, however a noticeable region of cerium carbonate decomposition is noted at 

300 °C. This may indicate poor mixing between the cerium and zirconium carbonate 

precursors. The endothermic nature of carbonate decomposition may also explain the 

difference in decomposition profiles between carbonate and nitrate decomposition 

[50,51]. 

 

Figure 3-19: Thermogravimetric analysis of all the pre-calcined mechanochemically 

prepared ceria-zirconia mixed metal oxides prepared using carbonate precursors. 

Samples heated in flowing N2 atmosphere from 30-600 oC at 5 °C min-1 ramp rate 

3.3.1.2 In situ XRD 

In situ XRD analysis was used to gain understanding of the effects of calcination on the 

formation of the final ceria-zirconia mixed metal oxide, Figure 3-20. The pattern of the 

untreated sample had many reflections originating from cerium and zirconium carbonate 

and hydroxide groups. The reflections associated with water and hydroxide groups are 

not present at 200 °C, as expected from TGA, due to these species decomposing at this 

temperature. Some reflections from carbonates species are still seen however these are 

not present as the sample is heated above 250 °C, indicating these species have started to 

decompose. As seen in the in situ XRD of the ceria-zirconia mixed metal oxide sample 

prepared using nitrate precursors, only four reflections are observed related to the ceria 

cubic structure. The patterns of the Ce0.50Zr0.50Ox heated above 450 °C all show an extra 



 

90 

 

four reflections from bulk zirconia. This indicates significant phase separation has 

occurred at higher calcination temperatures. Reflections from zirconia also are higher in 

intensity compared to the ones observed during in situ XRD of the ceria-zirconia mixed 

metal oxide prepared using nitrate precursors.  

 

Figure 3-20: In situ XRD patterns of Ce0.50Zr0.50Ox catalyst carbonate precursor with 

increasing temperature. Reaction conditions: 200-600 °C under a flow of 30 ml min-1 

air, 10 minute scan duration. 

Therefore, using the analysis from in situ XRD and TGA, a calcination temperature of 

400 °C was used to treat the ceria-zirconia mixed metal oxide samples prepared using 

carbonate precursors. This is to keep the phase separation in the bulk to a minimum and 

ensure the complete decomposition of the carbonate species.   

3.3.2 Catalyst performance for VOC total oxidation 

3.3.2.1 Propane total oxidation 

Propane total oxidation was carried out over the ceria-zirconia mixed metal oxides, Figure 

3-21. All catalysts showed some activity towards propane total oxidation with high 

selectivity (> 99 %) to carbon dioxide. The errors associated for propane total oxidation 

over ceria-zirconia prepared by mechanochemically grinding carbonates was 3 %.  Unlike 

the ceria and zirconia prepared from nitrate precursors, there was a difference in propane 

total oxidation activity with ceria achieving 100 % propane conversion at 550 °C whereas 

the zirconia couldn’t fully convert all the propane to carbon dioxide within the 

temperature range. 
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In similar fashion to the ceria-zirconia mixed metal oxides prepared using nitrate 

precursors, there was an increase in propane total oxidation activity compared the 

reference catalyst and the mono-metallic oxides upon addition of small amounts of 

zirconia. The general trend of catalyst activity is shown below: 

Ce0.95Zr0.05Ox > Ce0.90Zr0.10Ox > 5 % Pd/Al2O3 >Ce0.75Zr0.25Ox ~ CeO2 > Ce0.50Zr0.50Ox > 

ZrO2 

However, unlike the observations from ceria-zirconia mixed metal oxides made from 

nitrate precursors, not all ceria-zirconia mixed metal oxide catalysts showed increased 

propane total oxidation activity. Only ceria-zirconia mixed metal oxides with low 

zirconium content showed propane total oxidation activity higher than the ceria. However 

the Ce0.95Zr0.05Ox prepared from carbonate precursors had a T100 temperature 50 °C lower 

than the Ce0.90Zr0.10Ox prepared using nitrate precursors.  

 

Figure 3-21: Catalytic activities for the total oxidation of propane over the ceria-zirconia 

mixed metal oxide catalysts prepared using carbonate precursors. Reaction conditions: 

temperature range: 200-600 °C, GHSV= 45,000 h-1, 5000 ppm propane in air. Legend 

refer to Ce:Zr ratios 

3.3.2.2 Naphthalene total oxidation 

The naphthalene total oxidation activity for the ceria-zirconia mixed metal oxide catalysts 

is shown in Figure 3-22. The ceria had 40 % carbon dioxide yield at 250 °C whereas no 

naphthalene total oxidation activity was observed on the zirconia sample. There was a 4 

% error in the naphthalene total oxidation activity over these catalyst systems. This has 

been observed in zirconia synthesised using by precipitation with sodium carbonate [7]. 



 

92 

 

However this is contrary to the activity shown of the zirconia produced from a nitrate 

precursor. The ceria prepared using carbonates also had nearly double the naphthalene 

total oxidation activity of the sample prepared using nitrate precursors. 

Unlike during propane total oxidation, all the ceria-zirconia mixed metal oxides showed 

increased activity compared to the ceria. However only ceria-zirconia mixed metal oxides 

containing low concentrations of zirconium performed better than the reference catalyst.  

The trend in naphthalene total oxidation activity is: 

Ce0.95Zr0.05Ox > Ce0.90Zr0.10Ox > 5 % Pd/Al2O3 > Ce0.75Zr0.25Ox > Ce0.50Zr0.50Ox > CeO2 

> ZrO2 

The Ce0.95Zr0.05Ox prepared from carbonates was the most active catalyst for naphthalene 

total oxidation. However, unlike the results from propane total oxidation, the catalysts 

prepared using carbonate precursors had less activity for naphthalene total oxidation 

compared to the Ce0.90Zr0.10Ox prepared from nitrate precursors, with T100 temperature 25 

°C higher. However, in both cases, the samples with the lower zirconium content were 

the most active for naphthalene total oxidation     

 

Figure 3-22: Catalytic activities for the total oxidation of naphthalene for the ceria-

zirconia mixed metal oxide catalysts prepared using carbonate precursors. Reaction 

conditions: temperature range: 100-250 °C, GHSV= 45,000 h-1, 100 vppm naphthalene 

in 20 % O2 balanced with He. Legend refer to different Ce:Zr ratios 
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3.3.3 Catalyst characterisation 

3.3.3.1 X-ray diffraction 

Figure 3-23 shows the XRD patterns of the ceria, zirconia and ceria-zirconia mixed metal 

oxides prepared using carbonate precursors. The ceria sample has four reflections which 

are characteristic of the cubic fluorite phase, which concurs with the ceria sample 

prepared from nitrate precursors. However, there is a noticeable variation in the zirconia 

prepared from carbonate and nitrate precursors. The zirconia prepared from a carbonate 

precursor has four reflections characteristic of the tetragonal phase. However, due to the 

weak intensity of the reflections, it was difficult to analyse if there was any monoclinic 

phase present, as was observed in the zirconia prepared using nitrate precursors. Another 

noticeable difference is the crystallinity of the sample prepared from the two precursors. 

Reflections from the carbonate precursor are significantly less defined and broader 

compared to the reflections from zirconia prepared using nitrate precursors, indicating the 

sample prepared using nitrates is significantly more crystalline than the sample prepared 

using carbonates 

 

Figure 3-23: Powder XRD patterns of the ceria-zirconia mixed metal oxide catalysts 

prepared from carbonate precursors 

All the patterns of the ceria-zirconia mixed metal oxides had four dominant reflections 

assigned to the ceria cubic fluorite phase. As seen in the ceria-zirconia mixed metal oxides 

prepared using nitrate precursors, the intensity of the reflections decreased as the 

zirconium content of the ceria-zirconia mixed metal oxide increases. There is a shift in 
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the position of the ceria (111) reflection, Table 3-9, as zirconium content of the ceria-

zirconia mixed metal oxide increases. These observations indicate the incorporation of 

zirconium into the ceria and the formation of a solid solution. However, an evident 

shoulder reflection at 30 ° is present on the Ce0.75Zr0.25Ox and Ce0.50Zr0.50Ox. This 

reflection denotes the presence of tetragonal phase zirconia, suggesting potentially that 

ceria-zirconia phase separation has occurred.   

The crystallite size was calculated using the Scherrer equation from the four major 

reflections in the XRD patterns. As seen in the ceria-zirconia mixed metal oxides 

synthesised from nitrate precursors, the ceria had the largest crystallite size and the 

zirconia the smallest. The crystallite size of the ceria-zirconia mixed metal oxides 

decreases upon addition of higher concentrations of zirconium into the lattice. No 

systematic trend was observed, however the decrease in crystallite size was accompanied 

by a decrease in the d-spacing. It is noted that the crystallite size of the ceria-zirconia 

mixed metal oxides produced from carbonates had a ~40 % decrease in crystallite size 

compared to ceria-zirconia mixed metal oxides produced from nitrates.  

Table 3-9: Physical properties of the ceria-zirconia mixed metal oxides prepared using 

carbonates derived from XRD 

Sample Phases  

present 

Position of 

ceria (111) 

reflection / 

°  

Average 

crystallite 

size / Å 

d-spacing 

from (200) 

lattice plane 

/ Å 

Unit Cell 

Volume  

/ Å3 

Incorporati

on of 

zirconium 

into Ce / % 

CeO2 CeO2 28.5 78 2.725 161.879 - 

Ce0.95Zr0.05Ox CeO2 28.6 73 2.711 159.396 5 

Ce0.90Zr0.10Ox CeO2 28.7 58 2.683 154.508 10 

Ce0.75Zr0.25Ox CeO2 28.9 56 2.633 146.030 25 

Ce0.50Zr0.50Ox CeO2 28.9 65 2.618 143.549 50 

ZrO2 ZrO2 - 43 2.550[24] 132.651 - 

As mentioned above, the d-spacings of the ceria-zirconia mixed metal oxides decreased 

upon increasing zirconium content. This follows the trends observed from the mixed 

metal oxides prepared using nitrate precursors. However, the d-spacings of the ceria-

zirconia mixed metal oxides prepared from nitrate precursors are slightly smaller than the 

ones prepared from carbonates. The crystallite size effects d-spacing which may cause 

the differences observed between the precursors [52].  

The extent of zirconium incorporation into the ceria lattice in the ceria-zirconia mixed 

metal oxides is shown in Figure 3-24. There is a noticeable decrease in unit cell volume 

as the zirconium content increases. However unlike the observations from ceria-zirconia 
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mixed metal oxides prepared from nitrate precursors, the experimental values are lower 

than the expected values. This suggests all the zirconium has been incorporated into the 

ceria lattice for all the ceria-zirconia mixed metal oxide samples. However the contraction 

of  the unit cell is not always linear in ceria-zirconia mixed metal oxide solutions [53,54]. 

Effects such as crystallite size [55] and defect concentration, leading to oxygen and 

cerium/ zirconium displacement [56], cause variation in unit cell volume. As zirconium 

content of a ceria-zirconia mixed metal oxide increases the oxygen becomes increasingly 

displaced from the lattice forming CeZrO2-x structures. To consolidate the loss of oxygen 

ions, the lattice structure will compress causing increased contraction of the ceria lattice. 

This in turn will cause the lattice to contract more than expected leading to decrease in 

unit cell volume not behaving linearly.   

 

Figure 3-24: Comparison of experimental and expected unit cell volume of the ceria-

zirconia mixed metal oxide catalysts prepared from carbonate precursors. Calculated 

using the (200) lattice parameter from XRD 

3.3.3.2 Surface area 

The surface areas of the ceria-zirconia mixed metal oxides are shown in Table 3-10. The 

ceria and the zirconia had similar surface areas. Any amount of zirconium added to the 

ceria lattice led to an increase in the surface area of ~20 % compared to the pure metal 

oxide samples. This trend coincides with the surface areas of the ceria-zirconia mixed 

metal oxides prepared using nitrate precursors. However the surface areas of the samples 

prepared using nitrates are ~40 % higher than the samples prepared using carbonates.  
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Table 3-10: Surface area of the ceria-zirconia mixed metal oxide catalysts prepared 

from carbonate precursors. Calculated using the 5-point N2 adsorption BET analysis 

Sample BET 

Surface 

area / 

m2 g-1 

Surface area normalised 

rate of propane total 

oxidation at 400 °C (10-8) 

 / mol s-1 m-2  

Surface area normalised 

rate of naphthalene total 

oxidation at 200 °C (10-11) 

 / mol s-1 m-2 

CeO2 62 0.36 0.10 

Ce0.95Zr0.05Ox 77 1.65 2.16 

Ce0.90Zr0.10Ox 79 1.15 1.81 

Ce0.75Zr0.25Ox 75 0.58 0.79 

Ce0.50Zr0.50Ox 71 0.52 0.35 

ZrO2 58 0.00 0.02 

 

The effect of surface area on the rate of propane and naphthalene total oxidation on the 

ceria-zirconia mixed metal oxides are shown in Table 3-10. As mentioned previously, the 

surface area has a significant effect on the rates of VOC total oxidation. The Ce0.95Zr0.05Ox 

sample has the highest propane and naphthalene total oxidation activity. However even 

when the rates are normalised to surface area, the Ce0.95Zr0.05Ox still has the highest 

activity indicating other factors such as surface oxygen and oxygen vacancies influence 

the activity of the samples more than the surface area.  

3.3.3.3 Raman spectroscopy 

Raman spectroscopy was carried out on the ceria-zirconia mixed metal oxides prepared 

from carbonate precursors, Figure 3-25. There was only one peak present on the cerium 

containing ceria-zirconia mixed metal oxides centring at 464 cm-1, which is characteristic 

of the ceria fluorite phase. Even though small shoulder peaks indicating the presence of 

zirconia were observed in XRD analysis of the Ce0.75Zr0.25Ox and Ce0.50Zr0.50Ox, no peaks 

from zirconia were observed. The ceria sample also had a low intensity peak at 600 cm-1 

indicating the presence of oxygen vacancies. The zirconia sample has four very weak 

peaks, which are characteristic of tetragonal phase zirconia therefore confirming the 

phase identification from XRD.  
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Figure 3-25: Laser Raman spectra for the (a) CeO2, Ce0.95Zr0.05Ox, Ce0.90Zr0.10Ox, 

Ce0.75Zr0.25Ox and Ce0.50Zr0.50Ox and (b) ZrO2 (spectra enhanced 10x) prepared from 

carbonate precursors. Laser λ = 514 nm 

As seen from the Raman spectroscopy from the ceria-zirconia mixed metal oxides 

produced from nitrate precursors, as the concentration of zirconium in the ceria-zirconia 

mixed metal oxide increases, the height of the peak at 464 cm-1 decreases, Table 3-11. 

With crystallite size decreasing upon increasing zirconium content of the ceria-zirconia 

mixed metal oxide, this will lead to the increase in FWHM.  The value of the FWHM are 

~15 % larger in the ceria-zirconia mixed metal oxides prepared from nitrates compared 

to carbonates for all ratios except the Ce0.50Zr0.50Ox which is ~10 % lower. The difference 

in FWHM between the precursors is due to the crystallite size. As large ceria crystallites 

are noted to have smaller  FWHM values at 464 cm-1[34,35]. 
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Table 3-11: Chemical properties of ceria-zirconia mixed metal oxide catalysts prepared 

using carbonate precursors from laser Raman analysis 

Sample Raman FWHM of 464 

cm-1 peak / cm-1 

Peak area ratio of  

600 cm-1 / 464 cm-1  

CeO2 30.9 0.0215 

Ce0.95Zr0.05Ox 33.9 0.0265 

Ce0.90Zr0.10Ox 38.8 0.0273 

Ce0.75Zr0.25Ox 39.4 0.0492 

Ce0.50Zr0.50Ox 40.1 0.0907 

Extrinsic oxygen vacancies created from substitution of Zr4+ into the ceria lattice can be 

analysed by comparing the peak areas of the 600 cm-1 and 464 cm-1, as seen in Table 3-11. 

The ceria had the lowest ratio with the value increasing as zirconium content increased. 

This indicates there is some increase in oxygen vacancies between the ceria and the ceria-

zirconia mixed metal oxides. However as mentioned previously, this relationship between 

Raman peak area and oxygen vacancies isn’t linear indicating other factors will affect this 

trend. The ratios for the ceria-zirconia mixed metal oxides from carbonates are lower than 

those observed for samples prepared from nitrates, suggesting less oxygen vacancies are 

present on these samples.  

3.3.3.4 Temperature programmed reduction 

 

Figure 3-26: Hydrogen temperature programmed reduction profiles of the ceria-zirconia 

mixed metal oxide catalysts prepared from carbonate precursors. Reaction conditions: 

30 mg sample, 30 ml min-1 of 10 % H2/Ar, temperature range 50-900 °C 
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Reduction profiles of the ceria-zirconia mixed metal oxides are shown in Figure 3-26. 

Like the ceria sample prepared from nitrate salts, there were two noticeable reduction 

regions. One region was centred around 400 °C and the other around 800 °C, attributed 

to the reduction of surface and bulk ceria respectively. Rather than having a single 

reduction peak, Two peaks were noted on the ceria prepared from carbonates suggesting 

the presence of both Ce3+ and Ce4+ on the surface. There were two peaks observed during 

the reduction of zirconia centred at 535 °C and a shallow peak at 750 °C. The peak at a 

lower temperature is due to reduction of zirconia species, as mentioned previously, and 

the peak at the higher temperature representing bulk zirconia reduction[57]. The bulk 

reduction peak is very small confirming the difficulty of bulk zirconia reduction within 

the temperature range 

The ceria-zirconia mixed metal oxides profiles are less defined than the ceria and zirconia 

however two distinct regions are observed. A broad region between 350 and 550 °C, 

indicating the reduction of surface species and a region centred around 730 °C, showing 

the reduction of bulk. The large temperature range required to reduce the surface suggests 

there is a mixture of Ce4+ and Ce3+ species present and a significant number of defect sites 

present on the surface. The smaller crystallite size will form more oxygen vacancies and 

defect sites as seen in XRD and Raman spectroscopy. There could also be a contribution 

from zirconia species on the Ce0.75Zr0.25Ox and Ce0.50Zr0.50Ox, as seen in XRD, causing 

the reduction peaks to be less defined. However, due to the difficulty of identifying these 

species will be hard to quantify.  

Table 3-12: Chemical properties derived from TPR analysis of the ceria-zirconia mixed 

metal oxide catalysts prepared using carbonate precursors 

 CeO2 Reduction 

temperature / °C 

Surface hydrogen 

consumption / 

µmol H2 

Surface area 

normalised hydrogen 

consumption / 

 µmol H2 m-2 

Sample Surface  Bulk 

CeO2 378, 466 813 2.28 1.23 

Ce0.95Zr0.05Ox 396, 516 722 2.35 1.02 

Ce0.90Zr0.10Ox 390, 483 743 2.71 1.14 

Ce0.75Zr0.25Ox 369, 473 744 2.73 1.21 

Ce0.50Zr0.50Ox 450 722 2.74 1.29 

ZrO2 - - 1.25 - 

The surface and bulk reduction temperatures of ceria species in the ceria-zirconia mixed 

metal oxides are shown in Table 3-12. The incorporation of zirconium into ceria caused 

an increase in surface reduction temperature suggesting the addition of zirconium makes 
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reduction more difficult. However all temperatures were lower than the surface reduction 

peaks recorded for the ceria-zirconia prepared from nitrate precursors. This could be due 

to the increased defect sites and disorder seen in XRD analysis which may promote the 

reduction compared to the ceria-zirconia mixed metal oxides prepared from nitrates. The 

lower reduction temperature helps explain increased propane total oxidation activity of 

the ceria-zirconia mixed metal oxides prepared from carbonate precursors compared to 

the nitrates. With surface reduction temperatures ~30 °C lower for the samples prepared 

from carbonates compared to the nitrates. This will mean the oxygen required for propane 

total oxidation via a Mars van-Krevelen mechanism will be easier to extract from the 

surface and form active oxygen species.  

The hydrogen consumption for surface ceria reduction is shown in Table 3-12. The ceria 

had the lowest hydrogen consumption of cerium containing samples and this value 

increased upon addition of zirconia. However, when these values are normalised to 

surface area, the difference between the hydrogen consumption of the ceria and ceria-

zirconia mixed metal oxides isn’t as distinct, as only the Ce0.50Zr0.50Ox sample has an 

hydrogen consumption larger than the CeO2. This suggests that unlike in the ceria-

zirconia mixed metal oxides prepared from nitrates, the zirconium doesn’t have a 

significant effect on the ease of reduction as the samples prepared from carbonates. 

However, there is a decrease in the ceria reduction temperature between the ceria-zirconia 

mixed metal oxides prepared carbonates and nitrates. This suggests the zirconium is 

changing the reduction pattern of the carbonates sample but not to the same extent as the 

nitrate samples.  

3.3.3.5 Electron microscopy 

3.3.3.5.1 Scanning electron microscopy 

The secondary and back scattered electron microscopy images of ceria and zirconia 

produced from carbonates are shown in Figure 3-27. As seen for the samples prepared 

from nitrates, the ceria has its typical plate-like morphology whereas the zirconia has a 

coral-like morphology. Some bright areas are seen on the zirconia secondary electron 

image, which has occurred due to charging of the surface under the electron beam.  



 

101 

 

 

Figure 3-27: Secondary electron (left) and back scattered electron (right) micrographs of 

(a) ceria and (b) ZrO2. Image magnification: 250 kx 

The secondary and back scattered electron micrographs of the ceria-zirconia mixed metal 

oxides are shown in Figure 3-28. The plate-like morphology is observed in all ratios, 

however, as the amount of zirconium increases in the ceria-zirconia mixed metal oxide 

some islands start to appear on the images over the plate-like structures. The number of 

these increase as the zirconium content of the ceria-zirconia mixed metal oxide increases 

the number of these islands increase. These islands maybe the zirconium species observed 

in XRD. 
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Figure 3-28: Secondary electron (left) and back scattered electron (right) micrographs of 

(a) Ce0.95Zr0.05Ox, (b) Ce0.90Zr0.10Ox, (c) Ce0.75Zr0.25Ox and (d) Ce0.50Zr0.50Ox. Image 

magnification: 250 kx 

3.3.3.5.2 Energy dispersive x-ray spectroscopy 

EDX analysis was undertaken to examine the bulk composition of the ceria-zirconia 

mixed metal oxides prepared from carbonates, with the bulk concentration shown in Table 

3-13. As seen in the EDX analysis of the ceria sample prepared from nitrates, there was 
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no zirconium observed in the ceria prepared from carbonates indicating no contamination 

from the zirconia bulk material has occurred during the milling procedure.  

Table 3-13: SEM-EDX derived bulk element analysis of the ceria-zirconia mixed metal 

oxide catalysts prepared using carbonate precursors 

 Concentration / %  

Sample Ce Zr O Ce:Zr ratio 

CeO2 54.7 - 45.3 100:0 

Ce0.95Zr0.05Ox 42.1 2.3 55.6 94.8:5.2 

Ce0.90Zr0.10Ox 21.6 2.5 75.9 89.6:10.4 

Ce0.75Zr0.25Ox 23.5 7.2 69.2 76.5:23.5 

Ce0.50Zr0.50Ox 14.7 11.8 73.5 55.5:44.5 

ZrO2 - 19.2 80.8 0:100 

 

Similar to the ceria-zirconia mixed metal oxides prepared from nitrates, the Ce:Zr ratios 

of the bulk were all similar to Ce:Zr ratios expected from the starting ratios. The 

Ce0.95Zr0.05Ox, Ce0.90Zr0.10Ox and Ce0.75Zr0.25Ox prepared from carbonates all had Ce:Zr 

ratios closer to the original compared to the nitrates. However the Ce:Zr ratio of the 

Ce0.50Zr0.50Ox prepared from carbonates was different compared to the ratio of the sample 

prepared from nitrates. The excess cerium noted in this sample could be due to the phase 

separation occurring in the sample.  

 

Figure 3-29: SEM-EDX mapping of (a) ceria and (b) zirconia prepared using carbonate 

precursors. Cerium (green), zirconium (red) and oxygen (blue) 

EDX maps of the ceria, zirconia and the ceria-zirconia mixed metal oxides prepared from 

carbonates are shown in Figure 3-29 and Figure 3-30. The Ce0.95Zr0.05Ox and 

Ce0.90Zr0.10Ox had a homogeneous distribution of cerium and zirconium over the map area 

indicating good mixing between the two metal oxides. This confirms observations from 

XRD, in which only cubic fluorite ceria was observed suggesting good mixing between 
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the Ce and zirconium in the bulk phase. However, the two samples with high zirconium 

content, Ce0.75Zr0.25Ox and Ce0.50Zr0.50Ox showed separated cerium and zirconium regions 

indicating phase separation had occurred in the catalysts. Phase separation is noted in 

XRD analysis of these samples, with EDX mapping also confirming these observations.     

 

 

Figure 3-30: : SEM-EDX mapping of (a) Ce0.95Zr0.05Ox, (b) Ce0.90Zr0.10Ox, (c) 

Ce0.75Zr0.25Ox and (d) Ce0.50Zr0.50Ox prepared using carbonate precursors. Cerium 

(green) and zirconium (red) 

3.3.3.5.3 Transmission electron microscopy 

TEM images and selected area electron diffraction of the ceria-zirconia mixed metal 

oxides prepared from carbonates are shown in Figure 3-31. The images show an array of 

random layered crystallites for all ceria containing samples. The image of the zirconia 

shows large layers of round crystallites. Previous studies show these are representative of 

tetragonal zirconia, therefore confirming the XRD analysis of the sample[58]. 

The inset of the TEM images in Figure 3-31 show the selected area electron diffraction 

of the ceria-zirconia mixed metal oxides prepared from carbonates. Four distinct rings are 

observed for the ceria representing the ceria cubic fluorite structure, as seen from XRD 
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and Raman analysis of the sample. There was an array of spots from diffraction of the 

zirconia sample suggesting the zirconia shows a crystalline structure. Although the 

intensity of the spots are low, which indicates the zirconia crystallites have a low order. 

This is in accordance with the intensity of the reflections of the zirconia in XRD.  

    

 

Figure 3-31: High magnification TEM images of the ceria-zirconia mixed metal oxide 

catalysts prepared using carbonate precursors. Inset: selected area electron diffraction 

pattern of larger 250 nm areas. (a) CeO2, (b) Ce0.95Zr0.05Ox, (c) Ce0.90Zr0.10Ox, (d) 

Ce0.75Zr0.25Ox (e) Ce0.50Zr0.50Ox and (f) ZrO2 

The ceria-zirconia mixed metal oxides all have two diffraction rings which are assigned 

to the ceria fluorite structure. The structure of the diffraction rings become less defined 

as the zirconium content of the ceria-zirconia mixed metal oxides increases. This is seen 

by the formation of spots rather than diffuse rings as seen in the diffraction patterns of the 

Ce0.75Zr0.25Ox and especially in the Ce0.50Zr0.50Ox. This suggests the ceria and zirconia are 

becoming phase separated leading to formation of single metal oxide crystallites. This 

confirms the data observed from XRD of the ceria-zirconia mixed metal oxides in which 

these two samples showed phase separation of ceria and zirconia. However it is difficult 

to distinguish between the two metal oxides due to the complementary patterns from each 

metal oxide leading to diffusion of the diffraction rings.  
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Table 3-14: The d-spacings of the ceria-zirconia mixed metal oxide catalysts prepared 

using carbonate precursors determined from selected area electron diffraction 

Sample d-spacing calculated from selected 

area electron diffraction / Å 

CeO2 5.24 

Ce0.95Zr0.05Ox 5.22 

Ce0.90Zr0.10Ox 5.20 

Ce0.75Zr0.25Ox 5.14 

Ce0.50Zr0.50Ox 4.98 

ZrO2 5.02 

The d-spacings calculated from selected area electron diffraction of the ceria-zirconia 

mixed metal oxides prepared from carbonates as shown in Table 3-14. The d-spacing of 

the ceria is typical for cubic fluorite structure and the zirconia d-spacing is very close to 

the value for the tetragonal phase. This confirms the phase identification from XRD and 

Raman analysis. The d-spacings of the ceria-zirconia mixed metal oxides all decrease as 

the zirconium content of the mixed metal oxide increases. All the values are close to the 

d-spacing of the ceria fluorite phase except for the Ce0.50Zr0.50Ox, which had a lower d-

spacing than zirconia. This follows the observations from XRD, in which d-spacings 

decreased as zirconium content of the ceria-zirconia mixed metal oxide increased due to 

contraction of the ceria lattice. This also confirms the XRD and Raman analysis of the 

samples in which fluorite ceria is the dominant phase. However, as mentioned earlier, the 

d-spacing of the ceria and zirconia are comparable making it difficult to distinguish the 

contribution of d-spacing from each metal oxide phase.  

3.3.3.6 X-ray photoelectron spectroscopy 

Table 3-15: XPS derived surface elemental concentrations for the ceria-zirconia mixed 

metal oxide catalysts prepared using carbonate precursors 

Sample Concentration / at% Relative 

Ce / % 

Relative 

Zr / %  
Ce  O  Zr    

CeO2 32.8 67.2 0 100 - 

Ce0.95Zr0.05Ox 22.9 70.6 6.5 77.8 22.2 

Ce0.90Zr0.10ox 21.9 69.4 8.7 71.5 28.5 

Ce0.75Zr0.25Ox 16.4 69.4 14.2 53.7 46.3 

Ce0.50Zr0.50Ox 12.0 70.8 17.2 41.1 58.9 

ZrO2 0 78.3 21.7 - 100 

The surface composition of the ceria-zirconia mixed metal oxides prepared from 

carbonates are shown in Table 3-15. As seen in surface analysis of ceria prepared from 
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nitrates, no zirconium is present indicating no contamination from the milling material 

has occurred on the surface of these materials. The EDX analysis of the ceria-zirconia 

mixed metal oxides showed bulk Ce:Zr ratios similar to the original synthesis Ce:Zr 

ratios. Although analysis of the surface of the ceria-zirconia mixed metal oxides all 

contained increased concentrations of zirconium compared to the original Ce:Zr ratio of 

the mixed metal oxide.  

The same observation was noted for the ceria-zirconia mixed metal oxides prepared from 

nitrates. This suggests that, as seen in the ceria-zirconia mixed metal oxides prepared 

from nitrates, only small amounts of the zirconium incorporates into the ceria lattice and 

the extra zirconium deposits on the surface. This differs due the to the XRD analysis 

which suggested all the zirconium had incorporated into the ceria lattice due to the 

contraction of lattice volume. The surface zirconia could be present in the amorphous 

phase making it undetectable during XRD analysis. A trend between VOC total oxidation 

activity and surface zirconium is observed, in which high surface zirconium lead to poorer 

total oxidation activity. This observation is seen in ceria-zirconia mixed metal oxides 

prepared from nitrates confirming that low loading of zirconium produce catalysts with 

increased activity for VOC total oxidation, no matter what the preparation method[7]. 

 

Figure 3-32: XPS spectra of the Ce 3d peaks for the ceria-zirconia mixed metal oxide 

catalysts prepared from carbonate precursors 
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The Ce 3d XPS spectra of the ceria-zirconia mixed metal oxides prepared from carbonates 

are shown in Figure 3-32. As seen in previous section the ceria had the most intense XPS 

peaks with the intensity decreasing upon increasing zirconium content. All samples 

showed Ce4+ to be the dominant oxidation state of cerium due to the presence of a large 

peak at 913 eV on all samples. However the increased symmetry of the doublet peak at 

895-900 eV suggests Ce3+ is also present. Compared to the spectra of the ceria-zirconia 

mixed metal oxides prepared from nitrates, there was not a significant shift in the ceria 

compared to the ceria-zirconia mixed metal oxides. This suggests the relative amounts of 

Ce4+ and Ce3+ remains constant independent of the zirconium content. This also follows 

the TPR patterns in which two surface oxidation peaks were observed in all cerium 

containing samples suggesting both cerium oxidation states are present.   

 

Figure 3-33: XPS spectra of the oxygen 1s peaks of the ceria-zirconia mixed metal 

oxides prepared from carbonate precursors 

The fitted oxygen 1s spectra of the ceria-zirconia mixed metal oxides prepared from 

carbonates are shown in Figure 3-33. All samples had two oxygen regions, lattice (Oα) 

and surface defects (Oβ), with the relative concentrations shown in Table 3-16.   
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Table 3-16: XPS derived concentrations of lattice and surface oxygen species for the 

ceria-zirconia mixed metal oxide catalysts prepared using carbonate precursors 

Sample Relative concentration of 

Oα / % 

Relative concentration of 

Oβ / % 

CeO2 54.1 45.9 

Ce0.95Zr0.05Ox 44.4 55.6 

Ce0.90Zr0.10ox 48.1 51.9 

Ce0.75Zr0.25Ox 48.8 51.2 

Ce0.50Zr0.50Ox 53.3 46.7 

The effect of surface oxygen on VOC total oxidation activity on the ceria-zirconia mixed 

metal oxides are shown in Figure 3-34. A clear trend is seen in which increasing Oβ 

concentration leads to increased propane and naphthalene total oxidation activity. This 

coincides with the observations from the ceria-zirconia mixed metal oxides produced 

from nitrates suggesting Oβ has a significant effect on ceria-zirconia mixed metal oxide 

total oxidation activity.  
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Figure 3-34: The effect of relative concentration of Oβ calculated from XPS on (a) 

propane total oxidation activity at 350 °C and (b) on naphthalene total oxidation activity 

at 200 °C for the ceria-zirconia mixed metal oxide catalysts prepared using carbonate 

precursors 
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3.3.4 Stability testing of Ce0.95Zr0.05Ox sample 

3.3.4.1 Propane total oxidation 

The stability of the most active ceria-zirconia mixed metal oxide catalyst prepared from 

carbonates, Ce0.95Zr0.05Ox, was assessed by undertaking four light off curves, Figure 3-35. 

All runs had high selectivity to CO2 (> 99 %) at all reaction temperatures. However the 

activity significantly declined after the first reaction run. The T100 decreased from 450 °C 

to 600 °C after the second reaction run. The third and fourth run did not fully convert all 

the propane to carbon dioxide within the temperature range 

 

Figure 3-35: Multiple run propane total oxidation stability study of the Ce0.95Zr0.05Ox. 

Temperature range: 200-600 °C, GHSV: 45,000 h-1, 5000 ppm propane in air 

Once again post reaction analysis of the sample was difficult to carry out. However it is 

noted significant phase segregation is observed at high temperatures on the ceria-zirconia 

mixed metal oxides during in situ XRD analysis. Even though only small amounts of 

zirconium are present in this sample, a significant amount of the zirconium is on the 

surface of the catalyst. This could lead to increased surface segregation of zirconium on 

the surface. The higher temperatures will also cause significant amounts of sintering to 

occur which could lead to a reduction in the surface area and increase in crystallite size. 

Both effects will decrease the available active sites on the surface of the catalysts and 

potentially decrease or block the number of oxygen defect species leading to the 

significant reduction in activity observed during the stability assessment of the catalyst.  
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3.3.4.2 Naphthalene total oxidation 

The Ce0.95Zr0.05Ox was also the most active catalyst for naphthalene total oxidation. The 

stability of this sample was analysed by a time on line study over a 45 hour period at 200 

°C in Figure 3-36. The catalyst originally showed 100 % CO2 yield however by 17 hours 

the activity had decreased to ~70 % CO2 yield. After the initial 17 hours there was a 

substantial decline in the CO2 yield as after 25 hours the CO2 yield had decreased to ~15 

%. The activity stabilised to ~8 % at the end of the 45 hour reaction run. This profile is 

considerably different to the one observed on the Ce0.90Zr0.10Ox sample prepared from 

nitrate precursors, with this sample showing ~90 % CO2 yield after testing at 225 °C for 

60 hours 

 

 

Figure 3-36: Time on line naphthalene total oxidation stability study of the 

Ce0.95Zr0.05Ox catalyst prepared using carbonate precursors. Reaction conditions: 

GHSV= 45,000 h-1
, 100 vppm naphthalene in 20 % O2 balanced with He, Reaction 

temperature 200 °C 

The catalyst surface will change over time, which may cause the adsorption of 

naphthalene on the surface. The structure of the surface may also change during the 

reaction period. This will lead to a decrease in the surface area and blockage of binding 

and active sites leading to a reduction in naphthalene total oxidation.    

3.4 Conclusions 

It has been shown that mechanochemical preparation is a viable method to synthesis ceria-

zirconia mixed metal oxides from both nitrate and carbonate precursors. Synergy between 
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both ceria and zirconia was observed for both total oxidation reactions. However, in both 

cases, it was shown that small amounts of zirconium content lead to significant 

improvement in catalytic activity for propane and naphthalene total oxidation. The 

catalysts prepared from nitrates showed higher activity for naphthalene total oxidation 

whereas catalysts prepared from carbonates showed higher activity for propane total 

oxidation, when compared to the other precursor.  

XRD analysis showed solid solutions were formed in all ceria-zirconia mixed metal oxide 

catalysts formed from nitrates. This observation was confirmed from Raman 

spectroscopy in which only cubic phase ceria was observed in all ceria-zirconia mixed 

metal oxides. However only in the Ce0.95Zr0.05Ox and Ce0.90Zr0.10Ox made from carbonates 

showed this. A shoulder peak assigned to tetragonal zirconia was observed in samples 

with higher zirconium content, suggesting phase separation had occurred. In all samples, 

the unit cell volume decreased as the zirconium content of the ceria-zirconia mixed metal 

oxide. However according to Vegard’s law, only small portions of the zirconium had been 

incorporated in the samples prepared from nitrates. Samples prepared from carbonates 

showed significant decrease in unit cell volume implying all the zirconium had been 

incorporated into the ceria  lattice. However, with phase separation observed at higher 

loading of zirconium, the unit cell contraction was assigned to the decrease of cerium 

present in the mixed metal oxide rather than incorporation of zirconium into the lattice.    

In both sets of catalysts, the crystallite size decreased upon addition of zirconium into the 

ceria lattice, which led to an increase in surface area compared to the pure metal oxides. 

This in turn lead to an increase in the total oxidation activity however surface area 

normalised rates of oxidation still showed the lower zirconium content catalysts were the 

most active. The reducibility of ceria species were also affected by zirconium 

incorporation. The samples produced from nitrates all showed increased hydrogen 

consumption and a lowering in surface reduction temperature of ceria. Whereas the 

samples prepared from carbonates all showed changes in the bulk properties of the ceria 

with significant decrease in bulk reduction temperatures observed.  

SEM studies of both ceria-zirconia mixed metal oxides catalyst systems containing low 

concentrations zirconia showed no phase separation between cerium and zirconium in the 

mixed metal oxide catalysts. Although a change in morphology was noted once zirconium 

had been incorporated into the ceria lattice in both sets of catalysts. SEM-EDX analysis 

of samples produced from carbonates displayed good agreement with XRD data in which 

the lower loadings of zirconium showed good mixing of both cerium and zirconia. 

However, in the samples with higher zirconium content, significant phase separation was 
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observed. This trend was also seen in the samples produced from nitrates however only 

the Ce0.50Zr0.50Ox showed phase separation. Due to the potential amorphous nature of the 

zirconium species on the surface of the ceria-zirconia mixed metal oxides, this made it 

difficult to detect this from XRD and Raman analysis. TEM analysis confirms the XRD 

analysis, in which an array of layered crystallites are observed in all cerium containing 

samples. Selected area electron diffraction shows four dominant diffraction rings which 

are comparable to peaks in XRD. These rings are maintained in all the ceria-zirconia 

mixed metal oxides produced from nitrates, however, as the zirconium ratio increases in 

the carbonates the rings become less define and intense. This indicates phase separation 

had occurred. However with the diffraction patterns of ceria and zirconia being close to 

each other, it was difficult to distinguish which diffraction pattern was assigned to each 

phase.  

Bulk elemental analysis of the ceria-zirconia mixed metal oxides showed ratios close to 

the original synthesis values indicating there was no loss of material during the ball mill 

process. Also in both ceria samples, no zirconium was detected suggesting no potential 

contamination had occurred during the catalyst preparation process. Also, no 

contamination from the zirconia milling material was observed during XPS analysis of 

the surface of both ceria materials. However the elemental composition of the surface 

showed substantially higher zirconium content compared to original ratios, indicating 

surface enrichment of zirconia. With the ratios close to the original values, the zirconium 

which was not incorporated in the ceria lattice may be present on the surface leading to 

the higher ratio observed in XPS. The amount of surface zirconium increases as the 

zirconium content of the ceria-zirconia mixed metal oxide increases. This will lead to 

more blockage of surface binding and active sites leading the decrease total oxidation 

activity observed as the zirconium content of the ceria-zirconia mixed metal oxides 

increases in both systems. Incorporation of low amounts of zirconium into the ceria lead 

to an increase in relative surface oxygen compared to pure ceria in both nitrate and 

carbonate catalyst systems. This increase corresponded with a large increase in activity 

of the samples indicating this was a significant factor for the increased activity.  

The stability of both Ce0.90Zr0.10Ox prepared from nitrates and Ce0.95Zr0.05Ox prepared 

from carbonates was analysed for both total oxidation reactions. Both showed decreased 

activity after consecutive propane total oxidation reactions due to potential loss of surface 

area, surface oxygen species and phase separation of zirconia. Naphthalene total 

oxidation over both samples showed differing results with the sample prepared from 

nitrates showing increased stability over a 60 hour period compared to the sample 
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prepared from carbonates. Both showed decrease in activity over an extended period of 

time. However the sample prepared from nitrate only showed a decrease in 10 % CO2 

yield whereas the carbonate sample had a decrease of 90 % over the time period. Coking 

due to adsorption of naphthalene and loss of surface oxygen species could lead to the 

decrease in activity observed on these catalysts, however further investigation will need 

to be carried out.  
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4 The effect of Ce:Mn ratio and preparation method of 

ceria-manganese mixed metal oxides for the total 

oxidation of VOCs 

4.1 Introduction 

The high cost and increasing rarity of components for supported noble metal catalysts has 

led to a shift away from these materials for VOC total oxidation. As seen from the 

previous results chapter, ceria is noted to have favourable properties to produce active 

catalysts for VOC total oxidation. Along with zirconia, other metal oxides have also been 

investigated for naphthalene total oxidation. Manganese oxides were also noted to have 

high naphthalene total oxidation activity [1]. Like ceria, manganese oxides can change 

between oxidation states leading to high oxygen mobility and surface defect sites [2]. 

Further studies showed manganese oxides present as Mn2O3 rather than MnO2 produce 

catalysts with high naphthalene total oxidation activity [3].  

Several studies have shown synergy between cerium and manganese metal oxides for 

pollutant control by total oxidation. The higher activity of the mixed metal oxides are 

ascribed to an electron rich surface, which can activate adsorbed oxygen species. Cerium 

and manganese mixed metal oxides with equal Ce:Mn ratios have been reported to be 

active for oxidation of small molecules such as NO [4,5] and CO [6,7] as well as larger 

molecules such as ethanol [8,9], while cerium manganese mixed metal oxides with low 

Ce:Mn ratios have shown high activity for the oxidation of aromatic VOCs, such as 

phenol [10,11] and toluene [12,13]. Notable activity is reported for naphthalene total 

oxidation on both ceria [14] and manganese oxides [3] and with synergy observed for 

total oxidation for other aromatic VOCs, it will be interesting to see if there is any synergy 

for the naphthalene and propane total oxidation reactions.  

Co-precipitation is the most prevalent method used to produce cerium-manganese mixed 

metal oxides. Using this method, a range of precipitating agents can be used to synthesise 

the catalyst. Previous studies which prepared manganese containing mixed metal oxides, 

have used sodium carbonate [15], so this will be the precipitating agent of choice during 

this investigation. However, as mentioned in previous studies, sodium containing 

precipitating agents lead to surface poisons causing decreased activity due to blocking of 

active sites. To investigate the effect of sodium on the final catalyst, the effect of washing 

will also be studied. Following this a range of traditional sodium free methods will be 
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used to prepare catalysts. All cerium-manganese mixed metal oxides will be characterised 

by a range of bulk and surface methods. Finally, the stability of the most active sample 

for both propane and naphthalene total oxidation will be studied.  

4.2 The effects of Ce:Mn ratios on cerium-manganese mixed 

metal oxide catalysts 

For the catalysts in the study of Ce:Mn ratios, the catalysts were precipitated from a 0.25 

M premixed solution of cerium and manganese nitrates. A 1 M sodium carbonate solution 

was used as the precipitating agent. The solution was aged at 60 °C at pH 9 for 2 hours. 

The precipitate was filtered and washed with 1 l of warm water and dried for 16 hours at 

110 °C. The solid was then calcined at 500 °C for 3 hours under flowing air.  

4.2.1 Precursor Characterisation 

4.2.1.1 Thermal gravimetric analysis 

 

Figure 4-1: Thermogravimetric analysis of all the dried cerium-manganese mixed metal 

oxide catalysts prepared by coprecipitation with sodium carbonate. Samples heated in a 

flowing N2 atmosphere from 30 to 700 oC at a ramp rate of 5 oC min-1 

The decomposition profiles of the pre-calcined cerium-manganese mixed metal oxides 

are shown in Figure 4-1. No weight loss events are noted below 300 °C in any of the 

decomposition profiles. This suggests the 16 hour drying period has successfully removed 

any water or hydroxide groups from the samples. The decomposition profile of the ceria 

has one significant weight loss event starting at 350 °C, accounting for a 25 % loss in 

weight. This suggests the cerium nitrate is converted into cerium carbonate, as only one 
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weight loss event was observed, unlike the TGA profiles seen for the ceria-zirconia ball 

mill results (Chapter 3), in which multiple weight loss events were noted. The manganese 

oxide sample also only has one weight loss event during its decomposition. This weight 

loss occurs over a very short temperature range, 470-500 °C and accounts for a 35 % 

weight loss. This profile is very similar to decomposition of manganese carbonate [16] 

suggesting the manganese nitrate has been converted into manganese carbonates during 

the precipitation process.  

The decomposition profiles of the Ce0.95Mn0.05Ox, Ce0.90Mn0.10Ox and Ce0.75Mn0.25Ox 

precursors are similar to the profile of ceria and have a weight loss of ~20 %. The end of 

the weight loss event was shifted by ~60 °C compared to the ceria, suggesting the small 

amounts of manganese has affected the decomposition of the precursors. The profiles of 

the Ce0.50Mn0.50Ox and Ce0.25Mn0.75Ox have two weight loss regions, starting at 350 °C 

and 500 °C. The decomposition profiles of these samples seem to be additive of both 

cerium and manganese carbonate decomposition. This suggests the cerium and 

manganese are not as well mixed as the samples with higher cerium content.  

4.2.1.2 In situ XRD 

 

Figure 4-2: In situ powder X-ray diffraction patterns of the dried Ce0.50Mn0.50Ox 

precursor with increasing temperature. Reaction conditions: temperature range 200- 600 

oC under a flow of 30 ml min-1 air. 10 minute scan duration 

In situ XRD analysis was undertaken to understand the effects of calcination in flowing 

air on the decomposition of the cerium-manganese carbonate precursors, Figure 4-2. The 
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dried Ce0.50Mn0.50Ox precursor was used as a representative material for this. There were 

many reflections identifying the presence of cerium carbonate and manganese carbonate 

in the pattern of the untreated Ce0.50Mn0.50Ox sample, with no reflections attributed to the 

cerium or manganese hydroxide species, confirming the findings from TGA. The 

intensity of the reflections decrease as the sample is heated to 200 °C. This suggests the 

decomposition of the precursors has commenced, as seen by the small weight loss 

observed at the start of the TGA profile of this sample. 

As the temperature was increased to 250 °C, four observable reflections appear indicating 

the formation of the cubic fluorite ceria phase. A small number of low intensity reflections 

are observable, suggesting the manganese carbonates are starting to decompose to form 

manganese oxides. These reflections disappeared once the temperature was above 300 °C 

and were not observed within the temperature range. The reflections assigned to cubic 

ceria become more intense as the temperature is increased. This indicates the ceria is 

sintering at higher temperatures causing the crystallite size to increase. However, with no 

reflections observed from manganese oxides, this suggests phase separation has not 

occurred within the temperature range. 

Following analysis of TGA and in situ XRD, a calcination temperature of 500 °C was 

used to prepare the final cerium-manganese mixed metal oxide catalyst. This was to allow 

the carbonates to become fully decomposed and to minimise phase separation between 

ceria and manganese oxides. 

4.2.2 Catalyst performance for VOC total oxidation 

4.2.2.1 Propane total oxidation 

The activity of propane total oxidation over the cerium-manganese mixed metal oxides is 

shown in Figure 4-3. All samples showed appreciable activity for propane total oxidation 

and high carbon dioxide selectivity (>99 %). The error of catalysts prepared using auto-

titration for propane total oxidation was 3 %. The ceria was only able to convert ~80 % 

of the propane within the temperature range. This was significantly lower than the activity 

of the ceria prepared from via mechanochemical grinding of cerium nitrates and 

carbonates. The preparation method used to synthesise ceria [17,18] has a significant 

effect on the activity of ceria for VOC total oxidation and this effect may cause the 

difference in activity observed between the ceria samples. The propane total oxidation 

activity of the manganese oxide sample was considerably higher than the ceria sample 

with 100 % propane conversion observed at 500 °C. Manganese oxides are noted to have 
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higher total oxidation activity than ceria for a range of VOCs including ethanol, ethyl 

acetate, toluene [19] and propane [20]. 

 

Figure 4-3: Catalytic activities for the total oxidation of propane for the cerium- 

manganese mixed metal oxide catalysts prepared via co-precipitation with sodium 

carbonate . Reaction conditions: GHSV = 45,000 h-1, temperature range 200-600 oC, 

5000 ppm propane in air. Legend refers to the different Ce-Mn ratios 

Upon addition of manganese into the ceria, there was a visible increase in propane total 

oxidation activity. All the catalysts containing high concentrations of manganese 

performed significantly better than the reference catalyst for propane total oxidation. As 

the manganese content of the mixed metal oxide increased there was a significant increase 

in activity which followed the general trend: 

Ce0.25Mn0.75Ox > Ce0.50Mn0.50Ox ~ MnOx ~ Ce0.75Mn0.25Ox > 5 % Pd/Al2O3 > 

Ce0.90Mn0.10Ox > Ce0.95Mn0.05Ox > CeO2 

4.2.2.2 Naphthalene total oxidation 

The naphthalene total oxidation activity of the cerium-manganese mixed metal oxides is 

shown in Figure 4-4. All reactions showed appreciable activity during the experiments, 

however, the carbon balance varied during the initial temperatures. This could be due to 

the ceria’s ability to adsorb naphthalene below 200 °C [18] leading to deviations in the 

carbon balance. The error for naphthalene total oxidation over catalysts prepared using 

auto-titrator was ~4 %. However, no partial oxidation products were observed, indicating 

only the total oxidation pathway occurred during catalyst testing. The ceria had the lowest 

naphthalene total oxidation activity of the samples tested, with only 35 % carbon dioxide 

yield at 250 °C. Variation in total oxidation activity between the ceria prepared via 
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mechanochemical grinding and autotitration were also observed during this reaction. The 

ceria sampled tested above had higher activity than the ceria mechanochemically 

prepared from nitrates but lower than the sample mechanochemically prepared from 

carbonates. As mentioned above, the preparation method has a significant effect 

naphthalene total oxidation. The calcination temperature used to form ceria also has an 

effect on total oxidation activity [14]. It was noted that when ceria was prepared using 

urea as a precipitating agent, that higher calcination temperatures produced catalysts more 

active for naphthalene total oxidation. As the ceria prepared via autotitration calcined at 

500 °C, which may lead to the difference in activity observed between the different 

preparation methods.  

 

Figure 4-4: Catalytic activities for the total oxidation of naphthalene for the cerium-

manganese mixed metal oxide catalysts prepared via co-precipitation with sodium 

carbonate . Reaction conditions: GHSV: 45,000 h-1, Temperature range 100-250 oC, 100 

vppm naphthalene in 20 % O2 balanced with He. Legend refers to the different Ce-Mn 

ratios 

The manganese oxide had substantially higher naphthalene total oxidation activity 

compared to the ceria, with 100 % CO2 yield observed at 200 °C. When cerium and 

manganese oxides were mixed together, a noticeable increase in naphthalene total 

oxidation was observed, with activity increasing as the manganese content increased. As 

seen in the propane total oxidation over these catalysts, the ceria-manganese mixed metal 

oxides containing high concentrations of manganese performed better than the reference 
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catalyst. This lead to a similar trend from propane total oxidation over the cerium-

manganese mixed metal oxides were observed for naphthalene total oxidation:  

Ce0.25Mn0.75Ox > MnOx > Ce0.50Mn0.50Ox > Ce0.75Mn0.25Ox > 5 % Pd/Al2O3 > 

Ce0.90Mn0.10Ox > Ce0.95Mn0.05Ox > CeO2 

4.2.3 Catalyst characterisation 

4.2.3.1 X-ray diffraction 

The XRD patterns of the ceria-manganese mixed metal oxides and parent oxides are 

presented in Figure 4-5, with corresponding derived data in Table 4-1. No characteristic 

reflections from sodium carbonate [21] were observed in any of the patterns. This 

suggests the washing and calcination has removed any bulk sodium carbonates. However 

the sodium may be present in the amorphous phase or incorporated into the lattice of the 

mixed metal oxide. Ceria prepared via autotitration had four main reflections in its XRD 

pattern which are characteristic of cubic fluorite phase ceria. The manganese oxide can 

be present in a variety of phases. Characteristic reflections of MnO2 can be observed at 

29 °, 39 °, 57 °, and 74 ° [22]. Reflections at 32 °, 37 ° 44 ° and 52 ° indicate the presence 

of Mn2O3 and reflections at 33 °, 38 ° and 56 ° indicate the presence of Mn3O4 [23]. Most 

of the reflections of the manganese oxide are attributed to the Mn2O3, with the other 

reflections ascribed to MnO2.  

 

Figure 4-5: Powder XRD patterns of the calcined cerium-manganese mixed metal oxide 

catalysts prepared co-precipitation with sodium carbonate  
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Examination of the ceria-manganese mixed metal oxide patterns, apart from the 

Ce0.25Mn0.75Ox, only had reflections from cubic ceria. The Ce0.25Mn0.75Ox has the lowest 

intensity ceria reflections of the series of catalysts, as well as additional reflections 

centred at 32 °, 37 ° and 52 °. These indicate the presence of bulk Mn2O3.  The formation 

of phase separated mixed metal oxides has been reported in previous studies, in which 

cerium-manganese mixed metal oxides were produced from coprecipitation ammonium 

hydroxide [24]. Bulk Mn2O3 is reported to be more active for naphthalene total oxidation. 

The increased presence of this phase in the Ce0.25Mn0.75Ox sample may lead to the higher 

activity for the total oxidation of propane and naphthalene compared to the manganese 

oxides.  

The intensity of the ceria-like reflections decreases as the manganese content of the ceria-

manganese mixed metal oxide increases. Table 4-1. Along with this, the position of the 

cubic ceria (111) peak shifts to higher angles as the manganese content of the cerium-

manganese mixed metal oxide increases. With these observations, as well as no discrete 

reflections from manganese oxides, this suggests a cerium-manganese solid solution has 

been formed in the bulk of these samples. However when the manganese content is more 

than the cerium content in cerium-manganese mixed metal oxides, phase separation 

between the two metal oxides occurs. This has also been observed in cerium-manganese 

mixed metal oxides produced via co-precipitation using ammonium hydroxide solution 

as a precipitating agent [10,25]. 

Table 4-1: Physical properties of the cerium-manganes mixed metal oxide catalysts 

prepared co-precipitation with sodium carbonate  from XRD 

Sample Phases  

present 

Position of 

CeO2 (111) 

reflection / 

°  

Average 

crystallite size / 

Å 

d-spacing 

from (200) 

lattice plane / 

Å 

Unit Cell 

Volume  

/ Å3 

   CeO2 MnOx    

CeO2 CeO2 28.6 106 - 2.74 164.567 

Ce0.95Mn0.05Ox CeO2 28.7 47 - 2.72 160.989 

Ce0.90Mn0.10Ox CeO2 28.7 43 - 2.71 159.220 

Ce0.75Mn0.25Ox CeO2 29.0 63 - 2.70 157.464 

Ce0.50Mn0.50Ox CeO2 28.8 60 - 2.68 153.991 

Ce0.25Mn0.75Ox CeO2 

Mn2O3 

28.8 41 152 2.69 155.721 

MnOx MnO2 

Mn2O3 

- - 361 - - 
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Using the (200) reflection from the ceria phase, the d-spacings and unit cell volume has 

been calculated, Table 4-1. The ceria had the highest d-spacing from all ceria containing 

mixed metal oxide samples and this value decreased as the manganese content increased. 

As the ionic radius of the manganese is smaller than the cerium, 0.53Å and 1.14 Å 

respectively [26]. With increasing substitution of manganese into the ceria lattice, this 

will cause contraction of the lattice leading to smaller d-spacing. The smaller d-spacing 

will lead to a contraction of the unit cell leading to the decrease in unit cell volume 

observed.  

The average crystallite size of ceria, calculated from the four dominant reflections of each 

phase, significantly decreased upon addition of manganese into the ceria lattice. Addition 

of any amount of manganese into the ceria lattice led to a ~50 % decrease in crystallite 

size compared to the ceria sample. This large decrease in crystallite size has been 

observed in ceria-manganese mixed metal oxides prepared via citric acid [27]. It is 

reported that manganese inhibits ceria crystallite growth [4]. With all ceria crystallite 

sizes of the manganese containing mixed metal oxides being of similar size, this suggests 

that any amount of manganese can lead to inhibition of crystal growth. Only 

Ce0.25Mn0.75Ox had observable peaks from manganese oxide phases. The presence of 

manganese oxide phases with higher activity explains the increased activity of the 

Ce0.25Mn0.75Ox sample compared to the MnOx.  

4.2.3.2 Surface Area 

Table 4-2: Surface area of the ceria-manganese mixed metal oxide catalysts prepared 

co-precipitation with sodium carbonate. Calculated using the 5-point N2 adsorption BET 

analysis 

Sample BET Surface 

area / 

m2 g-1 

Surface area normalised 

rate of propane total 

oxidation at 350 °C (10-7)  

/ mol s-1 m-2 

Surface area normalised 

rate of naphthalene total 

oxidation at 175 °C (10-11)  

/ mol s-1 m-2 

CeO2 21 0.06 0.45 

Ce0.95Mn0.05Ox 29 0.09 0.31 

Ce0.90Mn0.10Ox 29 0.16 0.40 

Ce0.75Mn0.25Ox 34 0.47 0.59 

Ce0.50Mn0.50Ox 39 0.41 1.07 

Ce0.25Mn0.75Ox 41 0.74 1.93 

MnOx 18 1.03 3.44 

Surface areas calculated using the BET method, of the ceria-manganese mixed metal 

oxides are shown in Table 4-2. The ceria and manganese oxide had the lowest surface 

area and the combination of both components lead to a significant increase compared to 
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the parent oxides. The surface area increased as the manganese content of the ceria-

manganese mixed metal oxide increased. Lower loadings of manganese had a ~50 % 

increase and higher loadings of manganese had a ~ 100% increase in surface area. There 

is non-linear trend between surface area increase and decrease in the crystallite size of the 

ceria. 

The surface area normalised propane and naphthalene total oxidation rates are shown in 

Table 4-2. The ceria produced via autotitration had significanlty higher surface area 

normalised naphthalene total oxidation compared to both of the mechanochemically 

prepared ceria samples. However the surface area normalised rates for propane total 

oxidation are higher on the mechanochemically prepared ceria compared to the auto-

titrated ceria.  The normalised rates showed a variety of values between the catalysts, 

indicating that there is no direct relationship between surface area and activity. Therefore 

other factors have to be considered for the increased catalyst performance of the mixed 

metal oxides.  

4.2.3.3 Raman spectroscopy 

The Raman spectra of the ceria-manganese mixed metal oxides and further derived data 

are shown in Figure 4-6 and Table 4-3. Two peaks were observed in spectra of ceria, a 

peak with high intensity at 464 cm-1 and a peak with low intensity at 600 cm-1. These are 

the Raman modes for cubic fluorite ceria and Frenkel-type oxygen vacancies respectively. 

Due to the nature of the manganese oxide, it was difficult to detect any peaks during 

Raman analysis of the sample. The ceria-manganese mixed metal oxide samples only had 

two peaks at 464 cm-1 and 600 cm-1 confirming the cubic fluorite ceria observed during 

XRD analysis. However, as the as the manganese content of the mixed metal oxides 

increased above 50 % it was difficult to detect these peaks. As the manganese content of 

the ceria-manganese mixed metal oxide increased, the intensity decreases. This is seen in 

the increase in FWHM of the peak at 464 cm-1 as the manganese content of the ceria-

manganese mixed metal oxide increases in Table 4-3. Along with decreasing ceria 

content: the increase in FWHM can be due to a number of factors including, increasing 

disorder, increasing oxygen vacancies and decrease in crystallite size [28]. It is difficult 

to determine the relative influence of each factor. However, as the crystallite sizes are 

relatively similar for each ceria-manganese mixed metal oxide, compared to the ceria, it 

can be assumed the effect of crystallite size is not as significant, and the increasing 

FWHM can be attributed to increasing defect sites and oxygen vacancies. The increase in 

defect sites can lead to increased total oxidation activity on ceria based catalysts, as seen 

in earlier studies for toluene total oxidation [29].  
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Figure 4-6: Laser Raman spectra of the ceria-manganese mixed metal oxides prepared 

via co-precipitation with sodium carbonate . (a) CeO2, Ce0.95Mn0.05Ox and 

Ce0.90Mn0.10Ox (b) Ce0.75Mn0.25Ox, Ce0.50Mn0.50Ox, Ce0.25Mn0.75Ox and MnOx (all 

enhanced 5x). Laser λ= 514 nm 

The oxygen vacancies created by substitution of manganese into the ceria lattice and are 

seen by the broad peak at 600 cm-1. By comparing the peak areas of the 464 cm-1 and 600 

cm-1, the relative amounts of oxygen vacancies can be calculated. As increasing amounts 

of manganese are incorporated into the ceria lattice, the ratio increases. This suggests the 

lattice structure is becoming more disordered leading to more lattice defects and 

formation of oxygen vacancies. The more defects will lead to more activity and this trend 

is followed between these samples and total oxidation activity. Unfortunately, as the peak 



 

130 

 

area ratio of high manganese concentrations couldn’t be calculated it is difficult to see the 

full extent of this trend.   

Table 4-3: Chemical properties of the ceria-manganese mixed metal oxides prepared via 

co-precipitation with sodium carbonate from laser Raman analysis 

Sample Raman FWHM of 

464 cm-1 peak / cm-1 

Peak area ratio of 

600 cm-1 / 464 cm-1 

CeO2 38.4 0.0627 

Ce0.95Mn0.05Ox 48.3 0.0671 

Ce0.90Mn0.10Ox 50.3 0.0996 

Ce0.75Mn0.25Ox 81.2 0.5408 

Ce0.50Mn0.50Ox - - 

Ce0.25Mn0.75Ox - - 

 

4.2.3.4 Temperature programmed reduction 

 
Figure 4-7: Hydrogen temperature-programmed reduction profiles of the ceria-

manganese mixed metal oxide catalysts prepared via co-precipitation with sodium 

carbonate. Reaction conditions: 30 mg sample, 30 ml min-1 10 % H2/Ar, temperature 

range: 50- 850 °C 

Temperature programmed reduction profiles of the ceria-manganese mixed metal oxide 

catalysts are shown in Figure 4-7. As seen in reduction of ceria in the previous chapter, 

there are two reduction regions at 500 °C and 800 °C representing surface and bulk ceria 

reduction respectively. The reduction peaks of ceria prepared via co-precipitation with 

sodium carbonate are significantly less defined compared to ceria prepared via 



 

131 

 

mechanochemical grinding. Manganese oxides can be present in many phases, which all 

have distinct reduction profiles. MnO2 has two reduction features, a minor peak at 330 °C 

and a major peak at 500 °C, Mn2O3 has two peaks at 280 °C and 380 °C and Mn3O4 has 

one reduction peak at 480 °C [30]. The reduction profile of manganese oxide has two 

peaks centred at 320 °C and 420 °C, which indicates the MnOx is in the MnO2 phase. The 

variation between the reduction temperature from literature and experimental value could 

arise from the presence of additional cations, such as sodium from the precipitating agent. 

Previous studies reported changes in reduction temperatures and profiles when potassium, 

calcium and magnesium were added to manganese oxides [31]. 

The reduction profiles of the ceria-manganese mixed metal oxide samples contain many 

convoluted features at lower temperatures when compared to ceria. The surface reduction 

temperature of ceria also decreases as the manganese content of the mixed metal oxide 

increases. This suggests the samples have become easier to reduce as manganese is 

incorporated into the ceria. This indicates mixing of the two metal oxides, however, it is 

difficult to confirm the extent of this observation [19,32]. The peak areas of the surface 

reduction are significantly increased as the manganese content of the mixed metal oxide 

increases, compared to the ceria. This is due to the increasing surface areas noted for the 

ceria-manganese mixed metal oxides when compared to ceria. This will lead to more 

surface exposed for reduction and therefore increased intensity of peaks. This indicates 

the extent of reduction increases as the manganese content of the mixed metal oxide 

increases.  

The Ce0.95Mn0.05Ox and Ce0.90Mn0.10Ox surface reduction profiles seem to be a 

combination of two peaks. This could mean small amounts of manganese causes the 

formation of Ce3+ on the surface along with Ce4+. This was seen in the previous chapter 

as zirconia was added into the lattice. The Ce0.75Mn0.25Ox and Ce0.50Mn0.50Ox have three 

and four reduction peaks present, respectively, in the surface reduction region. With 

multiple peaks present on the surface of these catalysts, this suggests the surface may not 

be as well mixed as the bulk in these materials. There were no discrete manganese oxide 

phases observed in XRD for these samples. However, other species may reside on the 

surface or are amorphous which can’t be detected by XRD. The reduction profile of the 

Ce0.25Mn0.75Ox follows a similar shape to the reduction of the manganese oxide with two 

peaks observed. The first peak represents the reduction of Mn2O3 to Mn3O4 and the 

second peak the combination of reduction of manganese oxide species and ceria.  

There is also a noticeable effect on bulk ceria reduction upon addition of manganese into 

the lattice. Each reduction profile of the ceria-manganese mixed metal oxides contains a 
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broad peak at 800 °C. This reduction region is significantly larger than the reduction 

region for bulk ceria, indicating the manganese has a noticeable impact on the bulk of the 

catalysts. This effect has been observed in previous studies using ceria-manganese mixed 

metal oxides [5,7,33], and suggests the manganese increases the lattice defects leading to 

increased migration of oxygen [33]. This in turn could lead to increased activity for total 

oxidation reactions. 

4.2.3.5 Electron microscopy 

4.2.3.5.1 Scanning electron microscopy 

 

Figure 4-8: The secondary electron (left) and backscattered electron (right) micrographs 

of (a) CeO2 and (b) MnOx prepared using autotitration. Image magnification: 281 kx 

Figure 4-8 shows the scanning electron micrographs of the ceria and manganese oxide. 

The plate-like morphology observed in ceria prepared via mechanochemical grinding is 

retained in ceria prepared via precipitation. The manganese oxide sample is an array of 

small crystallites layered on top of each other.  
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Figure 4-9: Secondary (left) and backscattered (right) electron micrographs of the ceria-

manganese mixed metal oxides. (a) Ce0.95Mn0.05Ox, (b) Ce0.90Mn0.10Ox, (c) 

Ce0.75Mn0.25Ox, (d) Ce0.50Mn0.50Ox and (e) Ce0.25Mn0.75Ox 

The scanning electron micrographs of the ceria-manganese mixed metal oxides are shown 

in Figure 4-9. The ceria plate-like morphology is maintained throughout the ceria-

manganese mixed metal oxides. However, as the manganese content of the mixed metal 

oxide increases, bulbous deposits start to appear on these “ceria” plates. No layering of 

crystallites was observed, indicating the ceria has the dominant morphology in the mixed 
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metal oxides. There was no difference in contrast observed in the ceria-manganese mixed 

metal oxides containing lower than 25 % manganese. This suggests the ceria and 

manganese are well mixed as seen in XRD and Raman analysis of the samples. However, 

noticeable differences in contrast are observed in the ceria-manganese mixed metal 

oxides containing more than 50 % manganese. This is in line with the XRD analysis of 

the Ce0.25Mn0.75Ox, in which phase separation between bulk ceria and manganese oxide 

phases were observed. This observation differs to the XRD analysis of the Ce0.50Mn0.50Ox 

sample. No manganese oxide phases were observed in the XRD pattern of this sample. 

This suggests the manganese oxide phases are either very small or amorphous and 

therefore can’t be detected using XRD  

4.2.3.5.2 Electron dispersive x-ray spectroscopy 

EDX analysis and elemental mapping were carried out alongside the scanning electron 

microscopy imaging of the ceria-manganese mixed metal oxides. The bulk elemental 

analysis is shown in Table 4-4. All the Ce:Mn ratios were close to the nominal values 

expected from the synthesis ratio for all the ceria-manganese mixed metal oxide catalysts. 

The largest variation was observed for the Ce0.25Mn0.75Ox, however, the value was not too 

different to the nominal value. The variation could be due to phase separation occurring 

in the bulk phase leading to ceria or manganese oxide enriched areas.  

Table 4-4: SEM-EDX derived bulk elemental analysis of the ceria-manganese mixed 

metal oxides via prepared co-precipitation with sodium carbonate 

 Concentration 

/ At.% 

Relative Ce:Mn 

concentrations / % 

Sample Ce Mn O Na Ce  Mn  

CeO2 17.6 0 69.0 13.4 100.0 0.0 

Ce95Mn5Ox 30.6 2.0 62.2 5.2 93.7 6.3 

Ce90Mn10Ox 21.8 2.7 67.2 6.4 89.1 10.9 

Ce75Mn25Ox 23.4 7.0 63.6 6.0 77.0 23.0 

Ce50Mn50Ox 11.8 13.0 67.8 7.4 47.6 52.4 

Ce25Mn75Ox 5.1 22.8 66.8 5.3 18.2 81.8 

MnOx 0 36.1 59.9 4.1 0 100.0 

Sodium is present in all the ceria-manganese mixed metal oxides. The ceria sample has 

the highest concentration, and the value decreases upon manganese incorporation into the 

ceria. The high concentrations of sodium in the ceria may explain the low activity of this 

ceria prepared via autotitration compared to mechanochemically prepared ceria. Sodium 

present in ceria is reported to have a detrimental effect on the activity for the oxidation of 

nitrous oxide [34]. Both mechanochemically prepared ceria catalysts are more active for 
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propane total oxidation. However, the ceria prepared by autotitration was more active for 

naphthalene total oxidation compared to the ceria prepared via mechanochemical 

grinding of carbonates. This suggests multiple factors including sodium may influence 

the activity of the ceria catalysts, for VOC total oxidation. This may lead to the poor 

propane total oxidation activity observed over ceria producing using auto-titration 

compared to mechanochemical grinding.  

The effect of sodium has also been investigated on mixed metal oxides containing 

manganese. The presence of sodium on copper-manganese mixed metal oxides showed a 

detrimental effect for catalytic CO oxidation [35]. With all the ceria-manganese mixed 

metal oxides containing a similar amount of sodium, however, significantly lower than 

the ceria, this may affect the activity of the catalysts. The effect of sodium poisoning on 

the catalytic performance of the ceria-manganese mixed metal oxide will be investigated 

in the next section of this chapter. 

 

Figure 4-10: SEM-EDX mapping of (a) CeO2 and (b) MnOx. Cerium (green), 

manganese (pink), oxygen (blue) and sodium (yellow) 

The SEM-EDX maps of the single metal oxides are shown in Figure 4-10 and the ceria-

manganese mixed metal oxides are shown in Figure 4-11. Sodium is an ever-present 

species in the bulk and is homogenously distributed across all ceria-manganese mixed 

metal oxides. The cerium and manganese are evenly distributed across the Ce0.95Mn0.05Ox, 

Ce0.90Mn0.10Ox and Ce0.75Mn0.25Ox samples. This is in-line with XRD data, indicating the 

ceria and manganese are well mixed in the lattice of the mixed metal oxides.  

However, in the Ce0.50Mn0.50Ox phase separation has occurred, with large regions of ceria 

and manganese seen in the maps. This coincides with the difference in contrast observed 

in the SEM imaging and the multiple reduction regions seen in the TPR profile of the 

sample. However, with no distinct manganese oxides reflections seen in the XRD pattern, 

the manganese oxide may be in an amorphous phase. The same observation was noted 
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for higher zirconium content of ceria-zirconia mixed metal oxides prepared via 

mechanochemical grinding. This suggests that higher loadings of a secondary metal oxide 

into the ceria lattice may lead to poor incorporation of the metal into the ceria lattice. The 

metal which isn’t incorporated into the lattice may form amorphous layers on the surface 

or in the bulk making it difficult to detect using the techniques used in this investigation. 

Phase segregation between ceria and manganese oxides observed in the XRD analysis of 

the Ce0.25Mn0.75Ox is confirmed in the SEM-EDX mapping of the sample.  

 

Figure 4-11: SEM-EDX elemental mapping of (a) Ce0.95Mn0.05Ox, (b) Ce0.90Mn0.10Ox, 

(c) Ce0.75Mn0.25Ox, (d) Ce0.50Mn0.50Ox and (e) Ce0.25Mn0.75Ox. Cerium (green), 

manganese (pink) and sodium (yellow) 
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4.2.3.5.3 Transmission electron microscopy   

 
Figure 4-12: High magnification TEM images of the ceria-manganese mixed metal 

oxide catalysts prepared via prepared co-precipitation with sodium carbonate. Inset: 

selected area electron diffraction patterns of larger 250 nm areas. (a) CeO2, (b) 

Ce0.95Mn0.05Ox, (c) Ce0.90Mn0.10Ox, (d) Ce0.75Mn0.25Ox, (e) Ce0.50Mn0.50Ox, (f) 

Ce0.25Mn0.75Ox and (g) MnOx 

TEM images and selected area electron diffraction, along with derived d-spacings, of the 

ceria-manganese mixed metal oxides are shown in Figure 4-12 and Table 4-5. The TEM 
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images of the ceria display a mixture of randomly layered crystallites with pronounced 

lattice planes. This is very similar to the ceria synthesised from mechanochemical 

grinding. This indicates the presence of sodium hasn’t affected the ceria lattice formation. 

An array of plate-like structures is observed in the TEM image of the manganese oxide.  

This plate-like structure has been observed in previous TEM imaging of manganese 

oxides [36]. The plate like structure was more readily seen once sodium or lithium were 

added into the manganese lattice [37].  

The morphology of the ceria-manganese mixed metal oxides changes upon increasing 

manganese content of the sample. Low loadings of manganese (< 10 %) seem to have the 

same morphology as the ceria only sample. This is complementary to the XRD and 

Raman spectroscopy in which only cubic ceria structures were observed. However in the 

images of Ce0.75Mn0.25Ox and Ce0.50Mn0.50Ox the crystallites become less defined and the 

plate like shapes start to form. The Ce0.25Mn0.75Ox has a similar plate like structure as the 

manganese oxide. However, some small ceria crystallites were also observed. This 

coincides with the XRD data, as both ceria and manganese oxide species were observed. 

Four diffraction rings are observed in the selected area electron diffraction pattern of the 

ceria sample, which are indexed to the (111), (200), (220) and (311) cubic ceria lattice 

planes. The diffraction pattern of the manganese oxide had an array of spots, suggesting 

the sample is more like a single crystal rather than randomly orientated crystallites. Due 

to the irregularity of the spots, identifying the phases and lattice planes of the manganese 

oxide is difficult. The Ce0.95Mn0.05Ox and Ce0.90Mn0.10Ox diffraction patterns consist of 

four rings, indicating the cubic ceria structure seen in XRD and from the TEM images is 

retained. The four rings break up in the Ce0.75Mn0.25Ox and once the manganese content 

is above 50 %, only diffuse rings along with bright spots are observed in the diffraction 

patterns. This confirms the cubic ceria lattice structure becomes less dominant as the 

manganese content increases.  

The lattice parameter was calculated either by using the indexed lattice plane or from the 

most intense spot. The ceria prepared using auto-titration had a smaller lattice parameter 

compared to the ceria prepared via mechanochemical grinding. This could be due to the 

presence of the sodium atoms, which have a significantly smaller atomic radius [38], in 

the ceria lattice causing the compression of the ceria lattice. This in turn will cause the 

lattice parameter to decrease compared to any undoped ceria. The lattice parameter of the 

manganese oxide was between the values for MnO2 and Mn2O3, 4.398 Å and 9.413 Å 

respectively [39,40]. This suggests the manganese oxide is a combination of the two 
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metals, as seen in XRD. However, majority of the manganese oxide is present in the 

MnO2 phase, with the presence of Mn2O3 causing the increase in lattice parameter.   

Table 4-5: The lattice parameter of the ceria-manganese mixed metal oxides prepared 

via co-precipitation with sodium carbonate, determined from selected area electron 

diffraction 

Sample Lattice parameter calculated from 

selected area electron diffraction / Å 

CeO2 5.18 

Ce0.95Mn0.05Ox 5.12 

Ce0.90Mn0.10Ox 5.04 

Ce0.75Mn0.25Ox 4.80 

Ce0.50Mn0.50Ox 5.12 

C0.25Mn0.75Ox 8.36 

MnOx 5.46 

Once manganese was incorporated into the ceria lattice, the lattice parameter decreases, 

and it decreases as the manganese content of the mixed metal oxide increases. However 

once the manganese content is above 50 %, the value starts to increase. This follows the 

trend observed from XRD, although the decrease in lattice parameter upon increasing 

manganese content is more pronounced when lattice parameters are calculated from 

selected area electron diffraction. This confirms that only mixing between ceria and 

manganese occurs at manganese content below 50 %. With phase separation observed in 

EDX of the ceria-manganese mixed metal oxides with high content of manganese, this 

will form segregated areas of ceria and manganese oxides. With less manganese present 

in the ceria lattice, this will mean the lattice won’t contract as much as mixed metal oxides 

with good mixing between the two metal oxides.  

4.2.3.6 X-ray photoelectron spectroscopy 

Table 4-6: XPS derived surface elemental concentrations for the ceria-manganese mixed 

metal oxide catalysts prepared via co-precipitation with sodium carbonate 

 Concentration 

/ At.% 

Relative Ce:Mn 

concentrations / % 

Sample Ce Mn O Na Ce  Mn  

CeO2 18.7 0.0 67.1 14.2 100.0 0.0 

Ce95Mn5Ox 20.5 0.5 65.3 13.7 97.4 2.6 

Ce90Mn10Ox 19.7 1.5 65.3 13.5 92.8 7.2 

Ce75Mn25Ox 16.5 8.3 63.9 11.3 66.5 33.5 

Ce50Mn50Ox 11.9 16.9 65.6 5.7 41.3 58.7 

Ce25Mn75Ox 9.2 15.9 63.0 11.9 36.7 63.3 

MnOx 0.0 31.5 61.8 6.7 0.0 100.0 
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The surface of the ceria-manganese mixed metal oxides was analysed using XPS, with 

the surface composition shown in Table 4-6. High amounts of sodium were observed in 

the EDX analysis of the samples and the same observation was seen in XPS. However, 

the XPS values are around 50 % higher than the EDX values. As mentioned in the section 

discussing EDX, the presence of this sodium has affected the ceria prepared via 

autotitration compared to the mechanochemically prepared ceria. With high amounts of 

sodium on the surface and within the catalysts, this may block the active sites leading to 

less adsorption of VOC on the surface and subsequent oxidation. All the mixed metal 

oxides have a lower surface sodium content compared to the ceria. 

Another difference between the EDX and XPS elemental analysis, is the relative 

concentrations of cerium and manganese. The EDX showed the bulk values of cerium 

and manganese were close to the nominal values. However the relative concentrations 

calculated using XPS vary from the original values. The samples with less than 10 % 

manganese had higher cerium content compared to the nominal values, the Ce0.75Mn0.25Ox 

and Ce0.50Mn0.50Ox had cerium content lower than the nominal value and the 

Ce0.25Mn0.75Ox had cerium content higher than the nominal value. Variation in surface 

ceria and manganese ratios has also been observed in mixed metal oxides prepared via 

citric acid [41] and urea combustion methods.[19].   

 

Figure 4-13: XPS spectra of the Ce 3d peaks for the ceria-manganese catalysts prepared 

via co-precipitation with sodium carbonate 
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The Ce 3d XPS spectra of the ceria-manganese mixed metal oxides is shown in Figure 

4-13. As the concentration of cerium in the ceria-manganese mixed metal oxide decreases 

the intensity of the peaks also decrease. Characteristic Ce4+ peaks are at 917 eV and an 

unsymmetrical, doublet at 879 and 897 eV, and symmetric doublet peaks 881 and 900 eV 

are characteristic Ce3+ peaks. All the ceria containing samples have a large peak at 917 

eV, confirming the presence of Ce4+ in all the samples. The doublet peak between 903-

895 eV becomes more symmetrical as the manganese content of the ceria-manganese 

mixed metal oxide increases. The presence of the Ce3+ can be seen in the TPR profiles of 

the samples with additional peaks noted in the surface reduction of ceria species, in the 

mixed metal oxide samples. This suggests the proportion of Ce3+ present on the surface 

increases as the manganese content increases. The surface manganese will distort the 

surface causing formation of defect sites and oxygen vacancies on the surface leading to 

increased total oxidation activity.  
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Figure 4-14: XPS spectra of the Mn 2p peaks for the ceria-manganese mixed metal 

oxides prepared via co-precipitation with sodium carbonate. (a) Ce0.75Mn0.25Ox, 

Ce0.50Mn0.50Ox, Ce0.25Mn0.75Ox and MnOx (b) Ce0.95Mn0.05Ox and Ce0.90Mn0.10Ox 

(enhanced 5x) 

The Mn 3p XPS spectra of the ceria-manganese mixed metal oxides is shown in Figure 

4-14. As the manganese content of the ceria-manganese mixed metal oxide decreases the 

intensity of the peaks decrease. The oxidation state of manganese is difficult to identify 

from the 3p spectra. However the MnO phase can be identified by a satellite peak at 647 

eV. None of the spectra contain this feature, therefore confirming the oxidation state of 

the manganese is either 3+ or 4+.  
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Figure 4-15: XPS spectra of the Mn 3s peaks for the ceria-manganese mixed metal 

oxide catalysts via co-precipitation with sodium carbonate 

The oxidation state of manganese can be determined from the peak splitting in the 3s 

spectra, Figure 4-15. The peak splitting was determined by comparing the energy 

difference between peaks situated between 89 and 85 eV and this is shown in Table 4-7. 

Manganese is present in the 2+ oxidation if the difference is 6.0 eV, in the 3+ oxidation 

state between 6.0-5.3 eV and in the 4+ oxidation state if it  is below 5.3 eV [42]. 

As seen in Table 4-7, only the splitting of the Ce0.25Mn0.75Ox was between 6.0-5.3 eV, 

which indicates the manganese is in the 3+ oxidation state and present in the Mn2O3 

phase. All other manganese containing samples with observable peak splitting were 

present in the 4+ oxidation state of the MnO2 phase. This is in line with the analysis by 

XRD, in which Mn2O3 was observed on the Ce0.25Mn0.75Ox and MnO2 was the dominant 

phase of the manganese oxide. With Mn2O3 more active for VOC total oxidation 

compared to MnO2 [3], this explains the increased activity observed on the Ce0.25Mn0.75Ox 

compared to the manganese oxide. 
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Table 4-7: Magnitude of peak splitting in the Mn 3s spectra for the ceria-manganese 

mixed metal oxides prepared via autotitration 

 Magnitude of Mn 

3s peak splitting / 

eV 

Surface oxidation 

state of Mn (all 

+) 

Sample 

Ce0.95Mn0.05Ox 0 - 

Ce0.90Mn0.10Ox 0 - 

Ce0.75Mn0.25Ox 4.7 4 

Ce0.50Mn0.50Ox 4.9 4 

Ce0.25Mn0.75Ox 5.5 3 

MnOx 4.8 4 

The fitted O 1s spectra of the ceria-manganese mixed metal oxide are shown in Figure 

4-16. Lattice oxygen species (Oα) are present on both ceria and manganese oxides 

between 529-31 eV and surface defect oxygen species (Oβ) are present between 531-3 eV 

[14,43]. Both species are present on all catalysts, with the relative concentrations shown 

in Table 4-8. Both ceria and manganese oxide have the O 1s peaks at a similar position. 

However, a shift towards a higher binding energy in the peak position is noted as the 

manganese content of the ceria-manganese mixed metal oxide increases. The shift 

towards higher binding energies is noted in previously studied ceria-manganese mixed 

metal oxides [28,44], and is assigned to synergistic interactions between ceria and 

manganese oxide species.  

The ceria has the highest relative concentration of Oβ of all the ceria-manganese mixed 

metal oxides, whereas the manganese oxide had one of the lowest relative concentration 

of Oβ. The addition of any amount of manganese significantly reduced the Oβ. The mixed 

metal oxides with manganese content below 10 % had the highest Oβ concentration out 

of the range of mixed metal oxides. However, no clear trend was observed between 

concentration of manganese and relative concentration of Oβ. Weak peaks from sodium 

hydroxide phases are present at 531.3 eV and these may lead to differences in Oβ 

concentrations observed on the surface of these samples [45]. High concentrations of 

sodium are present on the surface of all ceria-manganese mixed metal oxides, this may 

affect the relative concentrations of oxygen on each catalyst. The ceria, Ce0.95Mn0.05Ox 

and Ce0.90Mn0.10Ox all had the highest concentration of surface sodium of all the samples. 

Therefore the higher percentage of relative Oβ could be assigned increased oxygen species 

arising from sodium.  
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Figure 4-16: XPS spectra of the O 1s peaks of the ceria-manganese mixed metal oxide 

catalysts prepared via co-precipitation with sodium carbonate 

As seen in the previous chapter, the concentration of Oβ has a significant effect on total 

oxidation performance. However with no observable trends noted between total oxidation 

activity and Oβ other factors have to be considered for the higher activity of the 

Ce0.25Mn0.75Ox. 

Table 4-8: XPS derived concentration of latticed and surface O species for the ceria-

manganese mixed metal oxide catalysts prepared via co-precipitation with sodium 

carbonate 

Sample Relative concentration of Oα / % Relative concentration of Oβ / % 

CeO2 54.4 45.6 

Ce0.95Mn0.05Ox 68.9 31.1 

Ce0.90Mn0.10Ox 62.0 38.0 

Ce0.75Mn0.25Ox 72.7 27.3 

Ce0.50Mn0.50Ox 79.1 20.9 

Ce0.25Mn0.75Ox 68.7 31.3 

MnOx 78.1 21.9 
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4.3 The effect of washing of the Ce0.25Mn75Ox catalyst on the 

activity for VOC total oxidation  

The best ratio of ceria-manganese mixed metal oxide prepared using auto-titration for 

propane and naphthalene total oxidation was the Ce0.25Mn0.75Ox. It was noticed that each 

of the ceria-manganese mixed metal oxides contained significantly high concentrations 

of surface and bulk sodium, which is reported to poison oxidation reactions. Therefore in 

this section the effect of removal of sodium by washing is investigated. The same 

preparation used as used above to prepare the ceria-manganese catalysts, except the 

volume of warm water used to wash the sample was altered. Along with 1 l washing, 0 l 

and 2 l washing were investigated with the catalyst performance and characterisation 

shown below.    

4.3.1 Catalyst performance 

4.3.1.1 Propane total oxidation 

 

Figure 4-17: Catalytic activities for the total oxidation of propane of the Ce0.25Mn0.75Ox 

prepared via co-precipitation with sodium carbonate using different washing protocols. 

Reaction conditions: GHSV = 45,000 h-1, temperature 200-600 °C, 5000 ppm propane 

in air. Legend refers to different litres of water used to wash the catalyst.  

The effect of extent of washing of the Ce0.25Mn0.75Ox on the performance of propane total 

oxidation is shown in Figure 4-17. All the catalytic runs showed high selectivity for CO2 
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(>99 %). A correlation between the volume of water used to wash the Ce0.25Mn0.75Ox and 

propane total oxidation activity was observed. The unwashed Ce0.25Mn0.75Ox performed 

on par with the palladium reference catalyst. However when compared to the original 

catalyst preparation conditions, the T100 temperature increased by 200 °C when the 

catalyst wasn’t washed, and it lowered by 50 °C upon increased washing.  

4.3.1.2 Naphthalene total oxidation 

 

Figure 4-18: Catalytic activities for the total oxidation of naphthalene of the 

Ce0.25Mn0.75Ox prepared via co-precipitation with sodium carbonate using different 

washing protocols. Reaction conditions: GHSV = 45,000 h-1, temperature 200-600 °C, 

100 vppm naphthalene in 20 % O2 balanced with He. Legend refers to different litres of 

water used to wash the catalyst 

The effect of washing the Ce0.25Mn0.75Ox on catalytic activity for naphthalene total 

oxidation is shown in Figure 4-18. The carbon balance varied at lower temperatures 

(below 150 °C) indicating adsorption of naphthalene was occurring at these temperatures. 

Only CO2 and naphthalene were observed in the GC traces, indicating no gaseous partial 

oxidation products were formed. The trends observed from propane total oxidation are 

mirrored for naphthalene total oxidation, with the catalyst with the most washing showing 

the highest activity. Decreasing the amount of water used to wash the Ce0.25Mn0.75Ox lead 

to a decrease in 25 °C in the T100 temperature. As seen in the propane total oxidation, the 

unwashed Ce0.25Mn0.75Ox had a similar naphthalene total oxidation activity compared to 

the reference catalyst. Whereas the increased amount of washing didn’t affect the T100 
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temperature for naphthalene total oxidation. Activity at lower temperatures were 

significantly enhanced by the increased washing of the Ce0.25Mn0.75Ox catalyst.  

4.3.2 Catalyst characterisation 

4.3.2.1 X-ray diffraction 

The XRD patterns of the Ce0.25Mn0.75Ox with different washing protocols is shown in 

Figure 4-19. The pattern of the sample washed with 0 l of water showed dominant 

reflections with high intensity at 28 °, 32 °, 48 ° and 57 °.  This indicates the presence of 

cubic ceria. Along with these large reflections, minor reflections at 38 ° were observed. 

These indicate the presence of manganese oxides with the MnO2 phase. Characteristic 

reflections from ceria along with reflections at 37 °, 44 ° and 57 ° were observed on the 

catalyst washed with 2 l of water. This indicates manganese oxide is present in the Mn2O3 

phase. The sample washed with 2 l of water similar pattern to the one observed for the 

sample washed with 1 l of water. However the reflections were more defined indicating 

the samples become more crystalline as the volume of water used for washing increased. 

The presence of bulk phase MnO2 in the 0 l washed sample is a factor for the poor total 

oxidation activity observed for the sample. MnO2 reported to have lower VOC total 

oxidation activity compared to Mn2O3. Therefore, with the Ce0.25Mn0.75Ox washed with 

more water showing the Mn2O3 phase, this could lead to the higher activity observed in 

these samples.   

 
Figure 4-19: Powder XRD patterns of the Ce0.25Mn0.75Ox prepared using via co-

precipitation with sodium carbonate using different washing protocols 
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Along with increasing crystallinity of the manganese oxide sample, the average crystallite 

size increased, Table 4-9, as the amount of water used for washing increased. As the 

amount of water used to wash the catalysts increases, there was a decrease in crystallite 

size of ceria. Along with this there was an increase in the manganese oxide crystallite 

size. The difference in crystallite size may have occurred from varying concentrations of 

sodium in the bulk of the mixed metal oxide. The presence of sodium may stabilise the 

size of the manganese oxide crystallite. With increased washing leading to less sodium, 

this will lead to less sodium stabilisation of the manganese causing the increase in 

crystallite size.  

The d-spacing and unit cell volume was calculated using the ceria (200) lattice plane, 

Table 4-9. The Ce0.25Mn0.75Ox washed with 0 l of water had the smallest unit cell volume 

and this value increased as the amount of water used for washing the sample increased. 

This suggests when no washing occurred, the manganese incorporates into the ceria lattice 

causing significant shrinkage of the lattice. This may also occur due to the sodium present 

in the bulk which will cause higher amounts of lattice contraction due to the smaller 

atomic radius of the sodium compared to ceria. With less potential sodium present in the 

Ce0.25Mn0.75Ox washed with higher amounts of water, this may cause less lattice shrinkage 

to occur causing the lattice to remain a similar size.   

Table 4-9: Physical properties from XRD of the Ce0.25Mn0.75Ox prepared via co-

precipitation with sodium carbonate using different washing protocols 

Sample Phases  

present 

Position of 

CeO2 (111) 

reflection / 

°  

Average crystallite 

size / Å 

d-spacing 

from (200) 

lattice plane / 

Å 

Unit 

Cell 

Volume  

/ Å3 

   CeO2 MnOx    

0 l washing CeO2 

MnO2 

28.6 65 90 2.51 126.506 

1 l washing CeO2 

Mn2O3 

28.7 41 152 2.69 155.721 

2 l washing  CeO2 

Mn2O3 

28.7 32 269 2.70 157.464 

 

4.3.2.2 Surface area 

The surface areas of the Ce0.25Mn0.75Ox washed using different volumes of water are 

shown in Table 4-10. The sample washed with 0 l of water had the lowest surface area 

and this increased upon increasing levelling of washing. This suggests that the washing 

removes material which may deposit on the surface of the catalysts. This deposited 
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material may block pores or change the morphology which lowers the surface area. This 

could be from formation of lower surface area sodium species which may block surface 

sites. Therefore as more of these species are removed upon washing, this will cause the 

exposure of the higher surface area ceria-manganese surface leading to the higher surface 

area observed.  

Table 4-10: Surface areas of the Ce0.25Mn0.75Ox prepared via co-precipitation with 

sodium carbonate using different washing protocols. Calculated using 5-point N2 

adsorption BET analysis 

Sample BET Surface 

area / 

m2 g-1 

Surface area normalised 

rate of propane total 

oxidation at 300 °C (10-8)  

/ mol s-1 m-2 

Surface area normalised 

rate of naphthalene total 

oxidation at 175 °C (10-11) 

/ mol s-1 m-2 

0 l washing 32 2.10 0.94 

1 l washing 41 3.38 1.93 

2 l washing 59 4.41 2.16 

With increasing surface area, the activity of the ceria based catalysts is expected to 

increase [14]. The effect of surface area on rates of propane and naphthalene total 

oxidation is shown in the table above. As the surface areas increase, so does the surface 

area normalised rate of propane and naphthalene total oxidation. This suggests other 

factors including surface area influence the activity of these catalysts which will be 

discussed later.  

4.3.2.3 Temperature programmed reduction 

Temperature programmed reduction profiles of the Ce0.25Mn0.75Ox washed with different 

amounts of water are shown in Figure 4-20. The profile of the sample washed with 0 l of 

water had a large reduction region between 200-500 °C. Within this region was a set of 

two peaks around 400 °C and 480 °C along with a large shoulder peak leading into a 

doublet of peaks. The sample washed with 2 l of water had a similar reduction profile to 

the sample washed with 1 l. However, the peaks were of lower intensity and had shifted 

to lower temperature by 20 °C. Simultaneously, peaks assigned to reduction of bulk ceria 

had reduced in intensity and shifted by 50 °C. to a lower temperature  
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Figure 4-20: Hydrogen temperature programmed reduction profiles of the 

Ce0.25Mn0.75Ox prepared via autotitration using different washing protocols. Reaction 

conditions: 30 mg sample, 30 ml min-1, 10 % H2/ Ar, temperature range: 50-850 °C 

The shape of the reduction peaks of the Ce0.25Mn0.75Ox sample washed with 0 l water 

indicates the manganese oxide is present in the MnO2 phase. This is because the shoulder 

and first reduction peak are characteristic for MnO2. MnO2 reduced to Mn3O4 which will 

then reduce to MnO as seen by the peak at higher temperature in the sample. This 

confirms the observations from XRD, as reflections of low intensity relating to bulk 

MnO2 were observed. The shapes of the peaks may have been effected by the presence 

of ceria, however, as mentioned previously the extent of this effect is difficult to define. 

The reduction profile of the sample washed with 2 l of water has reduction peaks 

characteristic of Mn2O3, therefore confirming the manganese oxide phase identification 

from XRD. Bulk ceria reduction was also observed on this sample. However the decrease 

in reduction temperature indicates the manganese is directly effected the reduction of bulk 

ceria.  With both surface and bulk reduction temperatures decreasing upon increasing 

washing, this suggests the ease of reduction in both regions has increased. At lower 

temperatures, increased amounts of active oxygen species could be available for the total 

oxidation reactions compared to the samples washed with less water. This will allow the 

Mars van-Krevelen reactions to occur at lower temperatures, hence the decrease in 

reaction temperatures observed in the sample washed with 2 l of water. This will lead to 

an increase in VOC total oxidation activity.  
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4.3.2.4 Electron microscopy 

4.3.2.4.1 Scanning electron microscopy 

 

Figure 4-21: Secondary electron (left) and back-scattered electron (right) micrographs 

of the Ce0.25Mn0.75Ox prepared via autotitration using different washing protocols. (a) 0 l 

washing, (b) 1 l washing and (c) 2 l washing. Image magnification: 250 kx 

The electron micrographs of the Ce0.25Mn0.75Ox washed with different volumes of water 

are shown in Figure 4-21. All samples have bulbous shaped morphologies which were 

observed in the images of the ceria-manganese mixed metal oxides with high manganese 

content. There was no significant contrast in the back-scattered image of the sample 

washed with 0 l of water. This is in line with observations from XRD in which the ceria 

was the dominant phase. The back-scattered electron images of the samples washed with 

1 l and 2 l of water had significant difference in contrast. This indicates phase separation 

has occurred, confirming the observations from XRD, in which reflections from both 

manganese oxides and ceria were observed. 
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4.3.2.4.2 Energy dispersive x-ray spectroscopy 

Table 4-11: SEM-EDX derived bulk element analysis of the Ce0.25Mn0.75Ox prepared via 

autotitration using different washing protocols.  

 Concentration 

/ At.% 

Relative Ce:Mn 

concentrations / % 

Sample Ce Mn O Na Ce  Mn  

0 l washing 7.2 22.7 65.2 4.9 24.1 75.9 

1 l washing 5.1 22.8 66.8 5.3 18.2 81.8 

2 l washing 5.0 19.6 74.8 0.6 20.3 79.7 

Along with scanning electron microscopy, EDX analysis was carried out with bulk 

elemental analysis shown in Table 4-11. The relative concentrations of each metal in each 

sample were close to the nominal synthesis values. All the ceria-manganese mixed metal 

oxides prepared via autotitration in the previous section had significantly high amounts 

of sodium present in the bulk of the samples. The 0 l washed sample had similar sodium 

content to the original sample washed with 1 l of water. However once the amount of 

water used to wash the samples increased, the amount of sodium present in the bulk 

decreased by ~90 %. This indicates increased volumes of water are required to more 

efficiently remove the sodium from the bulk of the sample. 

 

Figure 4-22: SEM-EDX mapping of the Ce0.25Mn0.75Ox prepared via autotitration using 

different washing protocols. (a) 0 l washing, (b) 1 l washing and (c) 2 l washing. 

Showing cerium (green), manganese (pink) and sodium (yellow) 

The SEM-EDX elemental maps of the Ce0.25Mn0.75Ox washed with varying amounts of 

water are shown in Figure 4-22. As seen in the previous maps of the autotitrated ceria-
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manganese mixed metal oxides, the sodium is present homogeneously across the sample. 

Some mixing of the cerium and manganese has occurred, however, all samples have large 

regions of separated cerium and manganese present.  This correlates with the XRD 

analysis, in which reflections from both metal oxides were observed in all sample 

patterns. However in the XRD pattern of the Ce0.25Mn0.75Ox sample washed with 0 l of 

water there were fewer reflections assigned to manganese oxides compared to the other 

samples. This suggests the manganese oxides present in the bulk of the sample washed 

with 0 l of water could be amorphous or have too small crystallite size to be observed in 

XRD. 

4.3.2.4.3 Transmission electron microscopy 

 
Figure 4-23: High magnification TEM images of the Ce0.25Mn0.75Ox prepared via 

autotitration using different washing protocols. Inset: selected area electron diffraction 

pattern of larger 250 nm areas. (a) 0 l washing, (b) 1 l washing and (c) 2 l washing. 

TEM images along with selected area electron diffraction are shown in Figure 4-23. The 

image of the 0 l Ce0.25Mn0.75Ox sample is like the one observed for the sample washed 

with 1 l of water. It has several ceria crystallites present along with the presence of some 

plate-like structures, originating from manganese oxides. The plate-like structures have 

formed due to the presence of bulk sodium in the lattice manganese oxides [37]. The 

similarities may arise from the similar bulk sodium content of the 0 l and 1 l washed 

sample. This coincides with the XRD patterns in which crystalline ceria was the main 

species present, and manganese oxides were the minor phase. A difference in size of the 
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plate like crystallites is observable between the 0 l and 1 l washed samples. This coincides 

with the measurements of crystallites from XRD in which the 0 l had a smaller crystallite 

size than the 1 l catalyst.  

The sampled washed with 2 l of water had a different morphology compared to the 

samples washed with less water. Two separate areas were observed, one containing a 

random array of small crystallites and the other, a layer of crystallite sheets. The plate 

like morphologies were not observed in this sample. This could be due to the decreased 

amounts of sodium present in the bulk of the sample washed with 2 l. With sodium noted 

to cause the formation of these manganese oxide plates. The Ce0.25Mn0.75Ox had the most 

observable phase separation in XRD from the three samples analysed. The presence of 

the two distinct morphologies confirms the phase separation observed in the XRD and 

EDX mapping of the sample.  

The selected area electron diffraction is shown in the inset of the images in Figure 4-23. 

The Ce0.25Mn0.75Ox washed had four broken diffraction rings along with visible spots. As 

the volume used to wash the samples increased, these rings became more diffuse and 

spots became more intense in the diffraction patterns. The diffraction rings were indexed 

to the presence of ceria in the cubic phase. The spots are assigned to the presence of bulk 

manganese oxides species. As mentioned in the XRD analysis, the dominance of the ceria 

phase in the bulk decreases upon increasing washing. This is seen by the increase of 

observable reflections from manganese oxide phases in XRD. This explains the decrease 

in the intensity of the diffraction rings and increase in the intensity of the spots.  

Table 4-12: Lattice parameters of the Ce0.25Mn0.75Ox prepared via autotitration using 

different washing protocols determined from selected area electron diffraction 

Sample Lattice parameter calculated from 

selected area electron diffraction / Å 

0 l washing 5.40 

1 l washing 8.36 

2 l washing  8.96 

The lattice parameters of the Ce0.25Mn0.75Ox washed with amounts of water were 

calculated and shown in Table 4-12. The lattice parameter of the 0 l washed sample was 

calculated from the (200) ceria lattice plane and the other two were calculated from the 

brightest spots. The d-spacing of the 0 l washed sample is slightly higher than the lattice 

parameter calculated for the ceria, suggesting the presence of manganese and sodium is 

influencing the ceria lattice. The Ce0.25Mn0.75Ox washed with 2 l of water had a larger 

lattice parameter than the sample washed with 1 l of water. The lattice parameter Mn2O3 
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is 9.413 Å, and both samples have lattice parameters close to this value. This indicates 

Mn2O3 is the manganese oxide phase present in the washed Ce0.25Mn0.75Ox. The variation 

in lattice parameter between the literature and experimental values may have occurred to 

due contraction of manganese oxide from other species such as sodium. With more 

sodium present in the bulk of the 1 l washed Ce0.25Mn0.75Ox compared to the 2 l, this will 

lead to increased contraction of the lattice.   

4.3.2.5 X-ray photoelectron spectroscopy 

The elemental composition of the surface of the Ce0.25Mn0.75Ox washed with different 

amounts of water is shown in Table 4-13 The main observation between the different 

washing volumes is the reduction in the amounts of surface sodium upon increasing 

washing volumes. The bulk elemental analysis showed the 0 l and 1 l washed samples 

had similar amounts of sodium present in the bulk. The sodium concentrations on the 2 l 

washed sample was similar for both bulk and surface elemental analysis. This suggests 

that small volumes of washing (1 l) have an impact on the surface sodium species on the 

Ce0.25Mn0.75Ox and higher volumes of washing lead to reduction in the presence of both 

surface and bulk sodium species.  

Table 4-13: XPS derived surface elemental concentrations for the Ce0.25Mn0.75Ox 

prepared via autotitration using different washing protocols. 

 Concentration 

/ At.% 

Relative Ce:Mn 

concentrations / % 

Sample Ce Mn O Na Ce  Mn  

0 l washing 14.3 20.3 54.5 15.9 41.3 58.7 

1 l washing 9.2 15.9 63.0 11.9 36.7 63.3 

2 l washing 12.4 16.8 70.0 0.8 42.5 57.5 

Less surface sodium present as the volume of water used to wash increased. This may 

lead to the increased surface areas observed as the sodium may block pores or deposit on 

defect sites which will increase the surface area of the samples. With less sodium present 

on the surface with increased washing, these sites will be exposed leading to the increase 

in surface area observed. With less sodium on the surface of the Ce0.25Mn0.75Ox washed 

with 1 l of water compared to sample washed with 0 l water this explains the difference 

in total oxidation activity observed for these samples.  However the sampled washed with 

2 l of water has less surface and bulk sodium compared to the sample washed with 1 l of 

water. This will lead to even less sodium poisoning and therefore increased total oxidation 

activity, as seen in manganese containing mixed metal oxides for CO oxidation [46].   



 

157 

 

 

Figure 4-24: XPS spectra of the Ce 3d peaks for the Ce0.25Mn0.75Ox prepared via 

autotitration using different washing protocols 

The XPS of the Ce 3d peaks of the Ce0.25Mn0.75Ox washed with different amounts of water 

is shown in Figure 4-24. There is a significant amount of Ce4+ present on all samples as 

seen by the intense peak at 917 eV. The doublet peaks between 897-903 eV are of similar 

symmetry indicating the extent of washing doesn’t affect the concentration of Ce3+ in the 

samples. However there is a slight shift to lower binding energies upon increasing 

washing, suggesting the concentrations Ce3+ decreases upon washing. This may have 

occurred due to the presence of sodium on the surface of the catalysts The increased 

presence of sodium will negate any VOC total oxidation activity increase the Ce3+ will 

produce.  

The Mn 3p XPS spectra of the Ce0.25Mn0.75Ox washed with varying amounts of water are 

shown in Figure 4-25. As seen section 4.2.3.6, no satellite peak was observed at 647 eV 

in the spectra suggesting no MnO was observed on the ceria-manganese mixed metal 

oxides. Due to the intensity of the peaks, the splitting between them can be used to 

estimate the oxidation state [47]. Mn4+ is reported to have the smallest gap between peaks, 

with this extending upon decrease in oxidation state. The gap between the peaks extends 

upon increasing washing of the Ce0.25Mn0.75Ox suggesting the oxidation state of the 

manganese decreases upon increased washing [48].  
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Figure 4-25: XPS spectra of the Mn 2p for the Ce0.25Mn0.75Ox prepared via autotitration 

using different washing protocols 

To gain a further understanding of the oxidation state of the manganese in the manganese 

oxides, the 3s spectra can be investigated, Figure 4-26. As seen in the figure above, the 

peaks are of high intensity and the splitting between them increases upon increased water 

volumes used to wash the Ce0.25Mn0.75Ox.  The splitting of the Mn 3s peaks is shown in 

Table 4-14. All values are below 6.0 eV indicating no Mn2+ is present on the surface of 

the catalysts, as seen in the XPS 2p spectra [47]. The Ce0.25Mn0.75Ox washed with 2 l is 

in the Mn3+ oxidation state, making the manganese oxide Mn2O3. However the sample 

which wasn’t washed was in the 4+ oxidation state, so the manganese oxide is present in 

the MnO2 phase. This is in line with observations from XRD, suggesting both bulk and 

surface oxidation states are the same.  
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Figure 4-26: XPS spectra of the Mn 3s for the Ce0.25Mn0.75Ox prepared via autotitration 

using different washing protocols 

With the Mn2O3 the more active phase for VOC total oxidation compared to MnO2 [3]. 

The presence of this on both the surface and bulk of the Ce0.25Mn0.75Ox washed samples 

this explains the increased activity of the samples compared to the unwashed 

Ce0.25Mn0.75Ox. However with increased amounts of sodium present on the surface of the 

Ce0.25Mn0.75Ox washed with 1 l of water this will poison the catalyst causing the decreased 

activity compared to the sample washed with 2 l.    

Table 4-14: Magnitude of peak splitting in the Mn 3s spectra for the Ce0.25Mn0.75Ox 

prepared via autotitration using different washing protocols 

 Magnitude of Mn 3s 

peak splitting / eV 

Surface oxidation 

state of Mn (all +) Sample 

0 l washing 5.2 4 

1 l washing 5.5 3 

2 l washing 5.9 3 

The fitted O 1s spectra of the Ce0.25Mn0.75Ox washed with various amounts of water are 

shown in Figure 4-27. Both lattice (Oα) and defect (Oβ) oxygen species are present, 

between 529-31 eV and 531-3 eV respectively [14,43], on all samples. As mentioned 

previously the shift in binding energy indicates the extent of synergistic interaction 

between ceria and manganese oxide species. As the extent of washing increases, there is 

a noticeable shift to lower binding energies, indicating poor interaction between ceria and 

manganese oxides. This follows the observations from XRD, in which increased phase 
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segregation was observed upon increasing washing volumes. This indicates the surface 

may also have phase segregation occurring as well as the bulk. This phase separation may 

influence total oxidation activity, however, the extent of this is difficult to quantify.  

 

Figure 4-27: XPS spectra for the O 1s peak the Ce0.25Mn0.75Ox prepared via autotitration 

using different washing protocols 

The defect oxygen species increase upon increased volumes of washing on the 

Ce0.25Mn0.75Ox, shown in Table 4-15. The Oβ of the Ce0.25Mn0.75Ox washed with 1 l of 

water was the lowest of the 3 samples. The increased Oβ of the sample washed with no 

water may have been caused by the presence of sodium hydroxides which are present at 

531.3 eV [45]. Therefore, increased concentrations of sodium hydroxide will lead to 

increased concentrations of Oβ compared to the other samples.   

Table 4-15: XPS derived concentrations of the lattice and defect oxygen species for the 

Ce0.25Mn0.75Ox prepared via autotitration using different washing protocols 

Sample Relative concentration of Oα / 

% 

Relative concentration of Oβ / 

% 

0 l washing 64.6 35.4 

1 l washing 68.7 31.3 

2 l washing 50.2 49.8 

With only small surface concentrations of sodium present on the Ce0.25Mn0.75Ox washed 

with 2 l of water, the increased Oβ concentration cannot be attributed to the presence of 

sodium species. The higher surface concentrations of sodium on the Ce0.25Mn0.75Ox 

washed with 0 l and 1 l of water may adsorb onto the oxygen defect sites. Therefore once 
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these sodium species are removed during increased washing, more defect sites will be 

exposed. This will lead to an increase in in defect concentration. These are known to 

increased VOC total oxidation activity due to increased activation of oxygen on these 

sites as well as increased oxygen cycling from the lattice, allowing for the Mars van-

Krevelen mechanism to be enhanced. 

4.4 The effect of preparation method of the Ce0.25Mn0.75Ox 

catalyst on the activity for VOC total oxidation 

The effect of washing Ce0.25Mn0.75Ox
 shows that the presence of sodium in the surface 

and bulk has a significant effect on the propane and naphthalene total oxidation activity. 

Therefore catalyst preparation methods which don’t involve a sodium based precipitation 

agent were used to further optimise the Ce0.25Mn0.75Ox catalyst. To minimise the effects 

of sodium, Ce0.25Mn0.75Ox catalysts were prepared using a sodium free precipitation 

agent, citric acid, oxalic acid and urea, or ball milling of cerium and manganese nitrates 

or carbonates.  

4.4.1 Catalyst performance 

4.4.1.1 Propane total oxidation 

 

Figure 4-28: Catalytic activities for the total oxidation of propane of the Ce0.25Mn0.75Ox 

prepared via different preparation methods. Reaction conditions: GHSV = 45,000 h-1, 

temperature 200-600 °C, 5000 ppm propane in air. Legend refers to the preparation 

method used to make the Ce0.25Mn0.75Ox catalyst 
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The propane total oxidation activity of the Ce0.25Mn0.75Ox prepared using a variety of 

preparation methods is shown in Figure 4-28. All catalysts showed significant 

performance for the total oxidation of propane with high selectivity to CO2 (>99 %) 

throughout the reaction. The activity followed the trend shown below: 

Ball mill- CO3 ~ Urea > Ball mill- NO3 > Oxalic acid > 5 % Pd/Al2O3 > Citric acid 

The Ce0.25Mn0.75Ox sampled prepared by ball milling of carbonate precursors had a 

similar propane total oxidation activity profile to the catalyst prepared by autotitration 

with 2 l washing. However the activity of the Ce0.25Mn0.75Ox prepared using other 

methods showed activity lower than the autotitrated sample and the palladium reference 

catalyst. Previous studies reported the preparation method of Ce0.25Mn0.75Ox has a  

profound effect on VOC total oxidation activity [49].  

4.4.1.2 Naphthalene total oxidation 

 
Figure 4-29: Catalytic activities for the total oxidation of naphthalene of the 

Ce0.25Mn0.75Ox prepared via different preparation methods. Reaction conditions: GHSV 

= 45,000 h-1, temperature 200-250 °C, 100 vppm naphthalene in 20 % O2 balanced with 

He. Legend refers to the preparation method used to make the Ce0.25Mn0.75Ox catalyst 

Figure 4-29 shows the naphthalene total oxidation activity of the Ce0.25Mn0.75Ox prepared 

using different methods. The sample prepared using citric acid showed no observable 

activity over the temperature range. Other catalysts had noticeable naphthalene total 

oxidation activity at temperatures above 200 °C on all samples. This is considerably 

different to the naphthalene activity profiles observed for the Ce0.25Mn0.75Ox prepared via 

autotitration, which showed 100 % CO2 yield by 200 °C. As mentioned earlier, the 
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preparation method has a significant effect on VOC total oxidation, especially for total 

oxidation of aromatic VOCs [49,50]. All Ce0.25Mn0.75Ox prepared using the various 

preparation methods performed considerably poorer compared to palladium reference 

catalyst. Overall a trend for naphthalene total oxidation over the Ce0.25Mn0.75Ox prepared 

using different methods is shown below: 

5 % Pd/Al2O3 > Ball mill-NO3 > Ball mill-CO3 > Oxalic acid > Urea > Citric acid 

Only carbon dioxide and naphthalene were observed in the GC analysis during all 

naphthalene total oxidation reactions. This indicates the total oxidation pathway occurred 

during the reactions. However the carbon balance varied at lower temperatures on 

Ce0.25Mn0.75Ox prepared via ball milling and oxalic acid. This indicates naphthalene 

adsorption occurs at lower temperatures. No variation in the carbon balance was observed 

during the naphthalene total oxidation reaction over the Ce0.25Mn0.75Ox prepared using 

urea and citric acid.  

4.4.2 Catalyst characterisation 

4.4.2.1 X-ray diffraction 

 

Figure 4-30: Powder XRD patterns of the Ce0.25Mn0.75Ox prepared using via different 

preparation methods 

The XRD patterns of the Ce0.25Mn0.75Ox prepared using various methods are shown in 

Figure 4-30. There is no similarity between the patterns indicating the preparation method 

significantly effects the crystallinity and phases present in the bulk of the catalyst. The 

catalyst prepared using oxalic acid was the least crystalline, which has been recorded 
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previously [51], and the sample prepared by urea the most crystalline. Both 

mechanochemically prepared Ce0.25Mn0.75Ox had similar crystallinity.  

The metal oxide phases present on each sample is shown in Table 4-16. Only the 

Ce0.25Mn0.75Ox prepared using oxalic and citric acid showed metal oxides phases from a 

single metal oxide. The sampled prepared using oxalic acid had three weak reflections 

characteristic of the Mn2O3 phase. However due to the amorphous nature of the sample it 

was difficult to identify if any ceria phases were present. The sample prepared by citric 

acid only had observable phases from cubic fluorite ceria. However, a shoulder peak was 

observed at 35°, which could relate to a manganese oxide phase but without any other 

distinguishable peaks, the phase of the manganese oxide couldn’t be determined. The 

manganese oxides may also be present as an amorphous phase, making it difficult to 

confirm the oxidation state of the manganese oxide.  

Table 4-16: Physical properties of the Ce0.25Mn0.75Ox catalyst prepared via different 

preparation methods 

Sample Phases  

present 

Position 

of CeO2 

(111) 

reflection 

/ °  

Average 

crystallite size / Å 

d-spacing 

from (200) 

lattice plane / 

Å 

Unit 

Cell 

Volume  

/ Å3 

   CeO2 MnOx    

Ball Mill- CO3 CeO2 

Mn2O3 

28.4 156 216 2.76 168.20 

Ball Mill- NO3 CeO2 

MnO2 

28.8 63 111 2.70 157.46 

Urea CeO2 

MnO2 

28.8 75 68 2.67 152.27 

Oxalic acid Mn2O3 - - 51 - - 

Citric acid  CeO2 28.7 101 89 2.70 157.46 

The Ce0.25Mn0.75Ox prepared by urea and mechanochemical grinding had both ceria and 

manganese oxide phases present in the bulk of the samples. All had cubic ceria present in 

the bulk of the sample. Along with this Mn2O3 was present in the sample prepared via 

mechanochemical grinding using carbonates and MnO2 was observed on the other 

samples. The presence of Mn2O3 may explain the increased VOC total oxidation activity 

observed for the Ce0.25Mn0.75Ox prepared using mechanochemical grinding of carbonate 

precursors, as this manganese oxide phase is noted to be more active for VOC total 

oxidation. Even though the Ce0.25Mn0.75Ox prepared using oxalic acid had the Mn2O3 

phase too, it was present in smaller crystallites. As seen from the washing investigation, 
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the sample washed with 2 l of water had the largest manganese oxide crystallite size and 

this sample also had the highest VOC total oxidation activity out of the range of catalysts. 

Even though the sample prepared by oxalic acid had Mn2O3 present, the smaller crystallite 

size may cause the lower activity of the sample compared to the other Ce0.25Mn0.75Ox 

containing the Mn2O3.  

The position of the ceria (111) lattice plane is shown in Table 4-16. The 

mechanochemically prepared sample from carbonates had the lowest peak position 

compared to the other samples. The increase in peak position suggests incorporation of 

the manganese into the ceria lattice. With the carbonate sample showing the lowest peak 

position, this suggests poor manganese incorporation into the ceria lattice leading to 

increased phase separation compared to the other samples. The phase separation is also 

seen in the unit cell volume, with the carbonate sample showing the largest unit cell 

volume. The Ce0.25Mn0.75Ox sample prepared via autotitration and washed with 2 l of 

water also had the most phase separation in XRD, suggesting cerium and manganese 

oxide phase separation effects VOC total oxidation. The Ce0.25Mn0.75Ox sampled prepared 

from mechanochemical grinding of carbonates also had the most observable phase 

separation of the Ce0.25Mn0.75Ox prepared using different methods.  

4.4.2.2 Surface area 

Table 4-17: Surface area of the Ce0.25Mn0.75Ox prepared via different preparation 

methods. Calculated using 5-point N2 adsorption BET analysis 

Sample BET 

Surface 

area / 

m2 g-1 

Surface area normalised 

rate of propane total 

oxidation at 300 °C (10-8)  

/ mol s-1 m-2 

Surface area normalised 

rate of naphthalene total 

oxidation at 225 °C (10-11) 

/ mol s-1 m-2 

Ball mill-NO3  44 2.72 1.09 

Ball mill-CO3 83 2.59 0.90 

Urea 59 3.40 1.25 

Oxalic acid 53 0.92 0.86 

Citric acid 3 9.07 3.15 

The surface areas of the Ce0.25Mn0.75Ox prepared using various preparation methods are 

shown in Table 4-17. The catalyst prepared via mechanochemical grinding of carbonates 

a higher surface area whereas the sample prepared using citric acid had the lower surface 

area compared to the sample prepared by autotitration and washed with 2 l of water. 

Previous mixed metal oxides prepared using citric acid were reported to have very low 

surface areas, so this was expected [52]. All other samples had a similar surface area to 

the autotitrated catalyst. The catalyst preparation methods have been optimised for other 
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metal oxide systems. Therefore further optimisation of the Ce0.25Mn0.75Ox preparation 

process, such as calcination temperature or aging times, may be required to increase the 

surface area of the catalysts.  

The surface area normalised rates of propane and naphthalene total oxidation are shown 

in Table 4-17. There is no direct correlation between the surface area and propane or 

naphthalene total oxidation activity. The Ce0.25Mn0.75Ox prepared using citric acid had the 

highest surface area normalised propane and naphthalene total oxidation. However the 

higher surface area normalised VOC total oxidation rates doesn’t correlate with low 

surface area indicating other factors affect the VOC total oxidation activity.  

Due to the lower naphthalene total oxidation activity of the non-autotitrated 

Ce0.25Mn0.75Ox below 200 °C a direct comparison between different preparation methods 

Ce0.25Mn0.75Ox could not be made. However the surface area normalised propane total 

oxidation show the catalyst prepared via autotitration and 2 l of washing showed 

significantly higher surface area normalised rates of propane total oxidation than the 

samples shown in the table above, except for the Ce0.25Mn0.75Ox prepared using citric acid. 

This suggests surface area doesn’t have a scalable influence on the activity of the catalysts 

and other factors needs to be considered.   

4.4.2.3 Temperature programmed reduction 

 

Figure 4-31: Hydrogen temperature programmed reduction profiles of the 

Ce0.25Mn0.75Ox prepared via different preparation methods. Reaction conditions: 30 mg 

sample, 30 ml min-1, 10 % H2/ Ar, temperature range: 50-800 °C 
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Hydrogen reduction profiles of the Ce0.25Mn0.75Ox prepared via different preparation 

methods are shown in Figure 4-31. The preparation method used to make the 

Ce0.25Mn0.75Ox had a significant effect on the reduction profile of the sample. The sample 

prepared using citric acid and oxalic acid had similar profiles, with a large reduction 

region observed between 200-450 °C, along with a peak with low intensity at 700 °C. The 

first reduction region of both samples has 2 peaks centred at 280 °C and 400 °C [30]. 

These peaks indicate the presence of Mn2O3, as seen in the XRD, on the Ce0.25Mn0.75Ox 

prepared using oxalic acid. However, the reduction of surface ceria species occurs at this 

temperature, therefore the extent of Mn2O3 reduction is difficult to calculate. The peak at 

700 °C arises from the reduction of bulk ceria species. As only small amounts of ceria are 

present in the catalysts, the intensity of the peaks is low. It is at a lower temperature than 

characteristic bulk ceria reduction, indicating the manganese has been incorporated into 

the ceria causing a decrease in the reduction temperature.  

The Ce0.25Mn0.75Ox prepared using urea had 3 low intensity peaks at 300 °C, 400 °C and 

475 °C. MnO2 was observed in the bulk of the sample and the peaks at 300 °C and 475 

°C result from this phase. The peak at 400 °C comes from reduction of surface ceria. No 

reduction of bulk ceria is observed within the temperature range. The mechanochemically 

prepared Ce0.25Mn0.75Ox from nitrates, only had one large reduction peak between 450-

700 °C. This peak could arise from reduction of surface ceria and MnO2, which has a 

large characteristic reduction peak at 500 °C. The mechanochemically prepared 

Ce0.25Mn0.75Ox from carbonate precursors had two peaks at 290 °C and 400 °C. There was 

a significant shoulder peak observed on the peak at low temperatures. These peaks are 

characteristic of Mn2O3 in the sample. This phase is observed in XRD along with cubic 

ceria. The reduction of bulk ceria is noted by a low intensity reduction peak at 700 °C.  

All Ce0.25Mn0.75Ox catalysts, except the sampled prepared from ball milling of nitrate 

precursors, show low temperature reduction peaks. The temperature of the peaks are 

similar to the Ce0.25Mn0.75Ox prepared from autotitration and washed with 2 l of water 

indicating the ease of reduction is not significantly affected by preparation method. 

However the extent of reduction is affected by the catalyst preparation with the 

Ce0.25Mn0.75Ox sampled prepared from urea, oxalic acid and citric acid showing reduction 

peaks of low intensity. There is correlation between the surface areas and the reduction 

peak intensity. However due to difficulties identifying surface and bulk reduction regions, 

the correlation between surface area and reduction is difficult to determine.  This suggests 

only small amounts of oxygen will be released from the lattice during the VOC total 

oxidation reactions. Therefore the Mars van-Krevelen mechanism may not occur to the 
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same extent on the samples prepared using organic acids and urea compared to the ball 

milled and autotitrated catalysts. This could explain the difference in activity observed 

between the various catalyst preparation methods.  

4.4.2.4 Electron microscopy 

4.4.2.4.1 Scanning electron microscopy 

The electron micrographs of the Ce0.25Mn0.75Ox prepared using different methods are 

shown in Figure 4-32. The morphology significantly changes upon differing preparation 

method of the Ce0.25Mn0.75Ox. The Ce0.25Mn0.75Ox prepared using citric acid showed a 

smooth structure with large pores which has been observed previously in non-doped [53] 

and doped [54] ceria prepared using the method. There are two morphologies observed 

for the Ce0.25Mn0.75Ox prepared using urea, several bulbous structures are seen deposited 

on a series of rod-shaped structures. The samples prepared using mechanochemical 

grinding had differing morphologies. Large plate like structures were observed, however, 

the surface of the structures differed. Finally, the sample prepared using oxalic acid had 

a folded plate like structure. 

The extent of contrast in the back scattered images changed depending on the preparation 

method. There was no phase contrast observed in the Ce0.25Mn0.75Ox prepared using citric 

acid, indicating good mixing between the two metal oxides has occurred. This is 

consistent with the XRD analysis in which only ceria phases were observed indicating no 

phase separation. The urea had observable phase contrast between the two morphologies 

in the electron micrograph. The rod-like structures were lighter indicating these had a 

higher cerium content and the bulbous structures were darker, suggesting these had a 

higher manganese content. The contrast observed in the mechanochemically prepared 

samples are similar, indicating the precursor used only effects the morphology of the 

catalysts and no the mixing of the metal oxides. The Ce0.25Mn0.75Ox prepared using oxalic 

acid had areas of increased brightness indicating phase separation between ceria and 

manganese oxide.   
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Figure 4-32: The secondary electron (left) and back-scattered electron (right) 

micrographs of Ce0.25Mn0.75Ox prepared via (a) ball mill-CO3, (b) ball mill- NO3, (c) 

urea, (d) citric acid and (e) oxalic acid. Image magnification: 200 kx 
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4.4.2.4.2 Energy dispersive x-ray spectroscopy  

The bulk elemental analysis of Ce0.25Mn0.75Ox prepared using a range of preparation 

methods, suggest the ceria and manganese ratios are close to the nominal values expected 

from synthesis ratios, Table 4-18. Only the sample prepared using oxalic acid had cerium 

content significantly higher than the nominal value. This may have occurred from the 

phase separation observed in the SEM image of the same leading to cerium or manganese 

enriched areas, causing the increased cerium observed in EDX. This may indicate the 

manganese oxide is present in very small or amorphous crystallites in the bulk phase and 

therefore can’t be detected by XRD.  

Table 4-18: SEM-EDX derived bulk element analysis of the Ce0.25Mn0.75Ox prepared via 

different preparation methods 

 Concentration 

/ At.% 

Relative Ce:Mn 

concentrations / % 

Sample Ce Mn O Ce  Mn  

Ball mill-CO3 8.1 26.2 65.7 23.7 76.3 

Ball mill- NO3 7.9 25.5 66.1 23.5 76.5 

Urea 7.3 23.2 69.5 24.0 76.0 

Citric acid 7.1 22.0 70.9 24.4 75.6 

Oxalic acid 10.6 21.2 68.2 33.2 66.8 

The phase separation observed in the backscattered electron micrographs are confirmed 

in the SEM-EDX maps of the Ce0.25Mn0.75Ox, Figure 4-33. The sample prepared using 

urea had rod-like and bulbous structures present, which correspond to manganese and 

cerium rich areas respectively. Some cerium and manganese phase separation was 

observed on the mechanochemically prepared samples and the oxalic acid sample, but not 

to the same extent as the urea. The sample prepared using citric acid showed intimate 

mixing between the cerium and manganese. The samples with some mixed phases 

showed higher naphthalene total oxidation activity compared to the completely 

homogenous or phase separated samples. This indicates high phase separation between 

ceria and manganese has a negative effect on naphthalene total oxidation 
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Figure 4-33: SEM-EDX mapping of Ce0.25Mn0.75Ox prepared via (a) ball mill-CO3, (b) 

ball mill- NO3, (c) urea, (d) oxalic acid and (e) citric acid. Cerium (green) and 

manganese (pink) 

4.4.2.4.3 Transmission electron microscopy 

The TEM images along with selected area electron diffraction of the Ce0.25Mn0.75Ox 

prepared using different methods are shown in Figure 4-34. As seen from SEM 

micrographs, the morphology changed upon preparation method and the same is observed 

in TEM. The Ce0.25Mn0.75Ox prepared from mechanochemical grinding of carbonates and 

citric acid had a plate like structure whereas the other samples were an array of randomly 

arranged small crystallites.  
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Figure 4-34: High magnification TEM images of the Ce0.25Mn0.75Ox prepared via (a) 

ball mill-CO3, (b) ball mill- NO3, (c) urea, (d) oxalic acid and (e) citric acid. Inset: 

selected area electron diffraction pattern of larger 250 nm areas.   

The selected area electron diffraction is shown in the inset of the TEM images (Figure 

4-34). All the samples showed different diffraction patterns. The Ce0.25Mn0.75Ox prepared 

using mechanochemical grinding of carbonates had an array of spots indicating single 

crystals have been formed. As seen in the TEM images, only a small number of 

crystallites were observed, therefore, diffuse diffraction rings won’t be observed. The 

sample prepared from mechanochemical grinding of nitrates had diffuse rings with some 

intense spots present within the rings, indexed to cubic ceria. This follows the XRD in 

which ceria was the dominant phase. However, due to the randomly arranged crystallites, 

this will cause the formation of the diffuse electron diffraction rings. The diffraction 

patterns of the sample prepared using urea show four intense electron diffraction rings 

indexed for ceria. No electron diffraction spots or rings are observed from manganese 

oxide phases, suggesting these are amorphous or well mixed in the bulk of the sample. 

There are also four diffraction rings observed in the Ce0.25Mn0.75Ox prepared using citric 

acid. However the diffraction rings are of low intensity and spots are observed within the 

rings. This indicates some of the crystallites are randomly orientated and some are present 

from single crystals. There were no observable rings in the Ce0.25Mn0.75Ox prepared using 

oxalic acid, however some spots of low intensity were observed. This corresponds to the 

XRD pattern of the sample in which only low intensity reflections were observed, 

therefore confirming the low crystallinity of the sample [55].   
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The lattice parameters were calculated by using either an indexed lattice plane or from 

the most intense spot in the diffraction pattern (Table 4-19). The spots from diffraction 

on the Ce0.25Mn0.75Ox prepared using oxalic acid were difficult to define making the lattice 

parameter difficult to calculate. The sample prepared using urea had the smallest lattice 

parameter and this is assigned to the (200) ceria lattice plane. This matches the XRD 

pattern indicating that cubic ceria was the dominant phase in this sample. The lattice 

parameter of the catalyst prepared using citric acid was slightly higher than the cubic ceria 

(200) phase.  

Table 4-19: The lattice parameter of the Ce0.25Mn0.75Ox prepared via different 

preparation methods determined from selected area electron diffraction 

Sample Lattice parameter calculated from 

selected area electron diffraction / Å 

Ball mill- CO3 9.25 

Ball mill- NO3 7.53 

Urea 5.74 

Citric acid 6.53 

Oxalic acid - 

The mechanochemically prepared Ce0.25Mn0.75Ox have the largest lattice parameter of the 

samples. The sample prepared from grinding of carbonates had the largest lattice 

parameter, exceeding the one observed for the Ce0.25Mn0.75Ox prepared via autotitration 

and washed with 2 l of H2O. Mn2O3 has a reported lattice parameter of 9.41 Å, suggesting 

the manganese oxide present in the bulk of the catalyst prepared using mechanochemical 

grinding of carbonates is in this phase. The smaller experimental lattice parameter can be 

ascribed to the presence of ceria which may cause the contraction of the lattice compared 

to pure manganese oxides.  

4.4.2.5 X-ray photoelectron spectroscopy 

Table 4-20: XPS derived surface elemental concentrations for the prepared via different 

preparation methods 

 Concentration / At.% Relative Ce:Mn 

concentrations / % 

Sample Ce Mn O Ce  Mn  

Ball mill CO3 5.8 34.0 60.2 14.5 85.5 

Ball mill NO3 11.2 27.1 61.7 29.2 70.8 

Urea 22.5 12.5 65.0 64.4 35.6 

Citric acid 9.4 31.6 59.0 23.0 77.0 

Oxalic acid 14.1 23.2 62.7 37.7 62.3 
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The elemental composition of the surface of the Ce0.25Mn0.75Ox prepared using different 

methods is shown in Table 4-20. The EDX values of Ce0.25Mn0.75Ox prepared using 

various preparation methods showed all methods, except for oxalic acid, produced 

catalysts with bulk concentrations close to the nominal value. 

In contrast to bulk concentrations, only Ce0.25Mn0.75Ox prepared using citric acid was the 

only preparation method which had a surface concentration close to the nominal value. 

The Ce0.25Mn0.75Ox prepared using oxalic acid had a similar surface content as the bulk. 

This suggests the elemental composition of the Ce0.25Mn0.75Ox prepared using oxalic and 

citric acid remains consistent throughout the sample. Surface manganese enrichment 

occurs on the catalysts prepared from mechanochemical grinding of carbonates. Cerium 

enrichment occurs on the Ce0.25Mn0.75Ox prepared from mechanochemical grinding of 

nitrates and urea, with urea showing the highest relative ceria concentration.  

 

Figure 4-35: XPS spectra of the Ce 3d peaks for the Ce0.25Mn0.75Ox prepared via 

different preparation methods 

The Ce 3d XPS spectra of the Ce0.25Mn0.75Ox prepared using different methods is shown 

in Figure 4-35. A significant amount of surface charging occurred on the catalyst prepared 

from mechanochemical grinding of carbonates, making the doublet peak around 900 eV 

difficult to analyse. However a characteristic peak at 917 eV  indicates the presence of 

Ce4+ on the surface of the sample. All the Ce0.25Mn0.75Ox prepared using different methods 

have this peak indicating Ce4+ is present on all samples. As mentioned in previous Ce 3d 

XPS analysis, the symmetry of the doublet peak around 900 eV and between 890-90 eV 

signifies the presence of Ce3+. When comparing all the spectra of the Ce 3d peaks, it was 
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observed that all samples contained some Ce3+ species. However, the ratios of the two 

oxidation states are difficult to quantify. With the cerium and manganese species in the 

TPR patterns of the catalysts difficult to distinguish, the effect of Ce3+ on the catalysts is 

also hard to define.  

 

Figure 4-36: XPS spectra of the Mn 2p peaks for the Ce0.25Mn0.75Ox prepared via 

different preparation methods 

Every Ce0.25Mn0.75Oxc prepared using different methods had a doublet peak present in the 

Mn 2p XPS spectra (Figure 4-36). No MnO satellite feature is observed in any of the 2p 

spectra. The position of the Mn 2p peaks remains similar and independent of the catalyst 

preparation method. However, the position of the Mn 2p peaks Ce0.25Mn0.75Ox prepared 

using mechanochemical grinding of carbonates had moved to a slightly higher binding 

energy. This suggests the oxidation state of the manganese in this sample is lower than 

the other samples [48]. To gain further understanding of the manganese oxidation state, 

the 3s peaks were investigated, Figure 4-37. 
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Figure 4-37: XPS spectra of the Mn 3s peaks for the Ce0.25Mn0.75Ox prepared via 

different preparation methods 

All Ce0.25Mn0.75Ox samples, except urea, showed peaks in Mn 3s region and the splitting 

between the peaks is shown in Table 4-21. The manganese oxidation state of the 

Ce0.25Mn0.75Ox prepared using mechanochemical grinding was 3+, whereas the samples 

prepared using organic acids were 4+ [42]. The bulk and surface oxidation state of the 

Ce0.25Mn0.75Ox prepared by mechanochemical grinding of carbonates is the same, whereas 

other preparation methods have varying bulk and surface oxidation states. With Mn2O3 

reported to have higher VOC total oxidation activity compared to MnO2, the presence of 

this may explain the increased activity of the sampled prepared by mechanochemical 

grinding.  

Table 4-21: Magnitude of peak splitting in the Mn 3s spectra for the Ce0.25Mn0.75Ox 

prepared via different preparation methods 

 Magnitude of Mn 3s peak 

splitting / eV 

Surface oxidation state of 

Mn (all +) Sample 

Ball mill CO3 5.5 3 

Ball mill NO3 5.7 3 

Urea - - 

Citric acid 4.9 4 

Oxalic acid 5.2 4 

The fitted O 1s spectra of the Ce0.25Mn0.75Ox prepared using different methods is shown 

in Figure 4-38. Lattice (Oα) and defect (Oβ) oxygen species are observed at 529-31 eV 

and 531-3 eV respectively in all samples. Only the Ce0.25Mn0.75Ox prepared using urea 
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showed a shift to lower binding energies. This indicates poor interaction between the ceria 

and manganese are occurring on the surface of this sample compared to the other samples. 

However, due to the increased relative cerium content of the Ce0.25Mn0.75Ox prepared 

using urea, with ceria less active for VOC total oxidation compared to manganese, this 

may negate any positive effects of the phase separation on VOC total oxidation activity.   

.  

Figure 4-38: XPS spectra of the O 1s peaks for the Ce0.25Mn0.75Ox prepared via different 

preparation methods 

The relative concentrations of lattice (Oα) and defect oxygen (Oβ) species on the surface 

of the Ce0.25Mn0.75Ox is shown in Table 4-22. The catalyst prepared via mechanochemical 

grinding of carbonates had the lowest relative concentration of Oβ, whereas the sampled 

prepared using urea had the highest value. However, all samples had significantly lower 

Oβ compared to the Ce0.25Mn0.75Ox prepared via autotitration and washed with 2 l of water. 

Although as mentioned earlier, the increased Oβ could have arisen from the presence of 

sodium hydroxide on the surface of the catalyst.   

Table 4-22: XPS derived concentration of lattice and surface O species for the 

Ce0.25Mn0.75Ox prepared via different preparation methods. 

Sample Relative concentration of Oα / % Relative concentration of Oβ / % 

Ball mill CO3 65.7 34.3 

Ball mill NO3 61.3 38.7 

Urea 59.2 40.8 

Citric acid 63.5 36.5 

Oxalic acid 59.3 40.7 
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Ce.25Mn0.75Ox prepared using mechanochemical grinding of carbonates and autotitration 

using sodium carbonate with 2 l washing have similar propane total oxidation activity. 

This suggests concentration of Oβ doesn’t have a significant impact on the propane total 

oxidation activity over Ce0.25Mn0.75Ox catalysts. However, the autotitrated Ce0.25Mn0.75Ox 

had superior naphthalene total oxidation activity compared to the other preparation 

methods. This indicates the relative concentration of Oβ has a significant effect on the 

naphthalene total oxidation activity.  

4.5 Stability study of the Ce0.25Mn0.75Ox sample washed with 2 

l of water 

4.5.1 Propane total oxidation 

 
Figure 4-39: Multiple run propane total oxidation stability study of the Ce0.25Mn0.75Ox 

prepared via autotitration and washed with 2 l of water. Reaction conditions: 

temperature range: 200-600 °C, GHSV: 45,000 h-1, 5000 ppm in air.  

The stability of the of the Ce0.25Mn0.75Ox
 prepared via autotitration using sodium 

carbonate and washed with 2 l of water was investigated by undertaking four propane 

total oxidation reactions, Figure 4-39. All catalytic runs showed high selectivity to CO2, 

and the carbon balance remained > 99 %. The reaction profile remained consistent upon 

each successive run with only the fourth propane total oxidation run showing any 

observable decrease in activity. The fourth run showed ~10 % decrease in propane total 

oxidation activity at 250 °C and 300 °C compared to the original propane total oxidation 

run. However, 100 % propane conversion was still observed at 350 °C indicating the 
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catalyst is active and stable. The ceria-manganese mixed metal oxide sample is 

significantly more stable compared to the ceria-zirconia mixed metal oxides for propane 

total oxidation. Only a small decrease in activity between the propane total oxidation runs 

is observed compared to the large drops in activity in the ceria-zirconia catalyst systems. 

This could be due to the higher calcination temperature used to prepare the ceria-

manganese mixed metal oxide meaning the catalyst will be more stable at the higher 

temperatures of the propane total oxidation test.  

4.5.2 Naphthalene total oxidation 

 
Figure 4-40: Time on line naphthalene total oxidation stability study of the 

Ce0.25Mn0.75Ox prepared via autotitration and washed with 2 l of water. Reaction 

conditions: Temperature: 200 °C GHSV: 45,000 h-1, 100 vppm naphthalene in 20 % O2 

balanced with He 

The autotitrated Ce0.25Mn0.75Ox prepared using sodium carbonate and washed with 2 l of 

water was also the most active naphthalene total oxidation catalyst. The study the stability 

of this catalyst, a time on line study at a constant 200 °C was undertaken over 60 hours, 

Figure 4-40. As seen above, the catalyst remains very stable during the time on line study 

with only ~5 % decrease in CO2 yield observed over the time period. This catalyst was 

significantly more stable for naphthalene total oxidation compared to the ceria-zirconia 

mixed metal oxides prepared using mechanochemical grinding. The small decrease in 

activity may have arisen from changes of the catalyst surface over time leading to losses 

in surface area or active oxygen species. 
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4.6 Conclusions 

Overall, this work demonstrates that cerium-manganese mixed metal oxide catalysts are 

active for propane and naphthalene total oxidation. The addition of manganese into the 

ceria lattice lead to a significant increased in total oxidation activity with Ce0.25Mn0.75Ox 

showing increased activity for both reactions compared to the parent oxides. Increasing 

the volume of water used to wash the precipitated catalyst led to a decrease in bulk and 

surface sodium, which led to an observable increase in propane and naphthalene total 

oxidation activity. When sodium free preparation methods were used to synthesise the 

Ce0.25Mn0.75Ox, comparable propane total oxidation activities were observed, however, a 

noticeable decrease in naphthalene total oxidation activity was observed.  

The increased activity of the autotitrated Ce0.25Mn0.75Ox was assigned to phase separation 

of cerium and manganese oxides and the presence of Mn2O3 which was not observed in 

the other cerium-manganese mixed metal oxide catalysts. The phase separation was 

confirmed in SEM-EDX mapping. The crystallite sizes of the samples decreased upon 

increasing manganese content of the mixed metal oxide along with surface area. The 

Ce0.25Mn0.75Ox had the smallest ceria crystallite size, along with the highest surface area 

of all the mixed metal oxide samples and this will influence the increased activity. The 

Ce0.25Mn0.75Ox had the lowest reduction temperature of the ceria-manganese mixed metal 

oxides. This will mean the oxygen required for the Mars van-Krevelen mechanism during 

the total oxidation reactions will be able to become mobile at lower temperatures. This 

will allow for the temperature required for the total oxidation of the VOCs to reduce, 

leading to the increase in activity observed over the Ce0.25Mn0.75Ox. Along with the bulk, 

the surface manganese was present in the 3+ oxidation state in Ce0.25Mn0.75Ox. This will 

lead to more labile oxygen for total oxidation reactions.  

However it was noted that all the samples had significantly high surface and bulk 

concentrations of sodium present. To investigate the effect of sodium, the Ce0.25Mn0.75Ox 

was prepared using autotitration and washed with increasing amounts of water. As the 

amount of water used to wash the catalyst increased, so did the activity for both total 

oxidation reactions. This correlated with the loss of bulk and surface sodium species as 

the amount of water used to wash the sample increased. As the amount of water used to 

wash the sample increased, the phase separation seemed to increase too. Along with this, 

there was an increase in manganese oxide and lowering of ceria crystallites sizes as the 

volume of water used to wash the sample increased. This suggested that larger manganese 

oxide crystallites were required for active catalysts. Along with the increasing manganese 
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crystallite size, the surface area of the catalysts increased as the amount of water used to 

wash the Ce0.25Mn0.75Ox sample increased. This in turn would lead to the increased 

activity observed over the samples. The reduction temperatures of the catalysts also 

shifted to lower temperatures as the amount of water used to wash the samples increased. 

This will allow the Mars van-Krevelen mechanism to activate at lower temperatures, 

allowing for the increase in activity observed over the samples. The manganese bulk and 

surface oxidation states decrease upon increasing washing of the Ce0.25Mn0.75Ox. This 

suggests the increased presence of sodium is causing the stabilisation of MnO2. With this 

phase being of lower total oxidation activity compared to the Mn2O3, along with the 

presence of the sodium poisons, this may lead to the lower activity observed for these 

samples.  

Five sodium-free methods were used to investigate the effect of preparation method on 

the synthesis of the Ce0.25Mn0.75Ox catalyst. The different preparation methods showed 

similar Ce:Mn ratios are close to the expected nominal values, however, the surface was 

significantly different to the nominal value. The preparation method had a significant 

effect on the activity, with the mechanochemically prepared samples showing increased 

activity for both reactions compared to the other preparation methods. However, the 

naphthalene total oxidation activity was significantly lower than the autotitrated sample. 

Crystallinity and phase separation of the Ce0.25Mn0.75Ox with mechanochemically 

prepared samples, showing the phase separation and the sample prepared using urea 

showing increased crystallinity. This suggests that increased bulk phase cerium and 

manganese oxide separation is required for active Ce0.25Mn0.75Ox propane total oxidation 

catalysts. The manganese oxide crystallite size may effect naphthalene total oxidation 

activity, however, the extent of this is difficult to conclude. The surface areas of the 

Ce0.25Mn0.75Ox prepared using different methods showed little effect on the total oxidation 

activity.  Although the oxidation state of manganese on the surface of the Ce0.25Mn0.75Ox 

has a significant effect on the propane total oxidation activity. All the samples with 

manganese in the 3+ oxidation state notable propane total oxidation activity. There was 

correlation between the naphthalene total oxidation and the ease and extent of reducibility 

of the Ce0.25Mn0.75Ox. All Ce0.25Mn0.75Ox prepared by methods other than autotitration 

showed reduction peaks at higher temperatures compared to the autotitrated sampled 

washed with 2 l of water. Therefore, oxygen required for the total oxidation of 

naphthalene will require higher temperatures to release from the surface causing the 

activity to decrease as observed for the non-autotitrated samples.  
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The Ce0.25Mn0.75Ox prepared using autotitration and washed with 2 l of water showed high 

stability for both propane and naphthalene reactions. The T100 temperature remained 

constant at 350 °C during a multiple run propane test. There was only minor deviations 

at lower temperatures suggesting the catalyst remained stable during the stability run. 

During the naphthalene total oxidation time-on-line study only a 5 % deviation over a 60 

hour period in CO2 yield was observed, confirming the stability of this sample.   
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5 Investigation of iron-manganese mixed metal oxide 

catalysts for the total oxidation of propane.  

5.1 Introduction 

As shown in the previous chapter metal oxides containing manganese are extremely 

active for VOC total oxidation reactions. Manganese oxides have been modified with a 

variety of elements leading to synergy and increased total oxidation activity. Adding 

silver into the manganese oxide lattice led to an increase in carbon monoxide oxidation 

activity [1]. Along with lanthanides and precious metals, manganese has been doped with 

a range of top row transition metals. Synergy between copper and manganese oxides have 

been reported for total oxidation of naphthalene [2], benzene [3,4] and carbon monoxide 

[5]. The increased activity of the mixed metal oxides have been attributed to increased 

migration of copper into the manganese oxide lattice leading to formation of solid 

solutions [5].  

To further reduce the cost of VOC total oxidation catalysts, cheaper and abundant 

materials such as iron oxides have been suggested. Currently iron oxides are used as 

catalysts for large scale processes such as ammonia synthesis and high temperature water 

gas shift [6]. Iron oxides are rarely studied for VOC total oxidation reactions however 

have shown appreciable naphthalene total oxidation activity [7]. Also high surface area 

iron oxide, produced using a mesoporous silica structure, is reported to be active for 

propane and toluene total oxidation [8]. Gold and platinum nanoparticles have been 

supported on iron oxides for CO oxidation [9,10]. Iron has regularly been used as a dopant 

in metal oxide lattices. Addition of 5 % iron into titania showed significant increase in 

toluene total oxidation activity [11] and incorporation of 1 % and 2 % iron oxide into 

ceria showed noticeable increase for soot oxidation [12]. 

Solid solutions have also been reported in iron-manganese mixed metal oxides, with 

smaller iron ions incorporating into the manganese oxide lattice [13]. The surface of the 

iron-manganese oxide solid solution will contain many defect sites leading to oxygen 

vacancies on the surface, compared to the metal oxides components alone. This has led 

to synergy between iron and manganese mixed metal oxides for the total oxidation of 

toluene [14,15], ethanol and ethyl acetate [15]. Iron-manganese mixed metal oxides have 

also shown synergy for the partial oxidation of propane and propene [16]. Therefore, it is 

hoped synergistic propane and naphthalene total oxidation activity between iron and 

manganese mixed metal oxides can be observed.  
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Against this background, iron-manganese mixed metal oxides were prepared using co-

precipitation. The effect of precipitating base will be investigated, along with calcination 

temperature. All catalysts with be characterised using a range of bulk and surface methods 

and tested for VOC total oxidation.   

5.2 Results on the effects of Fe:Mn ratios on iron-manganese 

mixed metal oxides 

For the study of iron and manganese ratios, iron-manganese mixed metal oxides were 

precipitated from 0.25 M premixed solutions of iron and manganese nitrates. A 1 M 

solution of sodium carbonate was used as the precipitating agent and the pH was kept 

constant at 9. The solution was aged for 2 hours at 60 °C and then filtered and washed 

with 1 l of warm water. The following precipitate was dried for 16 hours at 110 °C and 

calcined at 500 °C for 3 hours.  

5.2.1 Precursor characterisation 

5.2.1.1 Thermal gravimetric analysis 

 

Figure 5-1: Thermogravimetric analysis of all the pre-calcined iron-manganese mixed 

metal oxides prepared via co-precipitation using sodium carbonate. Samples heated in a 

flowing N2 atmosphere from 50 to 600 °C with a ramp rate of 5 °C min-1 

The thermal decomposition profiles of the iron-manganese mixed metal oxides are shown 

in Figure 5-1. The decomposition profile of the iron oxide had two weight loss events. A 

prolonged loss from 100-250 °C, accounting for a 7 % weight loss, and another minor 

weight loss is seen between 300-375 °C, accounting for 2 % weight loss. Iron nitrates 
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decomposed at 150 °C [17] and iron carbonates decompose at 190 °C [18] with both 

accounting for a 40 % weight loss. As the weight loss in this region is smaller compared 

to the literature values, and most of it occurring around 190 °C. This suggests only a small 

amounts of iron nitrate has been converted into iron carbonate. The decomposition profile 

of the manganese oxide occurs within a very short temperature range starting at 400 °C 

and accounts for 35 % weight loss.  

The decomposition profiles of the iron-manganese mixed metal oxides vary depending 

on the iron content of the mixed metal oxide. Mixed metal oxides with high iron content 

(above 80 %) had similar decomposition profiles to the iron oxide, with one small 

decomposition regime observed between 100-250 °C. This region consists of two small 

weight loss events, suggesting the decomposition of both nitrates and carbonates has 

occurred. This suggests that only small amounts of iron nitrate and manganese nitrate 

species were converted into carbonates during preparation of the iron-manganese mixed 

metal oxides. However, as the iron content of the iron-manganese mixed metal oxide 

decreases below 50 %, the decomposition profile resembles manganese oxide. Only one 

large weight loss was observed around 400 °C, accounting for 15-23 % weight loss 

depending on the iron-manganese mixed metal oxide. With no separate iron nitrate/ 

carbonate and manganese carbonate decompositions observed in the iron-manganese 

mixed metal oxides, this suggests both species are well mixed in the mixed metal catalyst 

precursors.  

Unlike in the other results chapters, no in situ XRD analysis was undertaken for the iron-

manganese mixed metal oxides. Therefore a 500 °C calcination temperature was selected 

using the TGA decomposition profiles of the iron-manganese metal oxides. No further 

decomposition events were observed after this temperature suggesting all precursor 

species had been converted into the mixed metal oxide.  

5.2.2 Catalyst performance 

5.2.2.1 Propane total oxidation 

All iron-manganese mixed metal oxides showed appreciable propane total oxidation 

activity, Figure 5-2. All samples showed high CO2 selectivity (>99 %) throughout the 

reaction runs. The iron oxide showed the lowest propane total oxidation activity of all the 

samples tested throughout the investigation. Only 30 % propane conversion was achieved 

within the temperature range. Manganese oxide showed significantly better propane total 

oxidation activity compared to the iron oxide with 100 % propane conversion occurring 

at 500 °C. 
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Addition of 1 % manganese oxide into the iron oxide led to a significant increase in 

propane total oxidation activity compared to the iron oxide. All the other iron-manganese 

mixed metal oxides showed propane total oxidation higher than the manganese oxide. 

Addition of higher concentrations of manganese into the iron lead to higher propane total 

oxidation activity compared to the palladium reference catalyst and followed the general 

trend:  

Fe0.50Mn0.50Ox > Fe0.20Mn0.80Ox ~ Fe0.80Mn0.20Ox > Fe0.10Mn0.90Ox ~ Fe0.90Mn0.10Ox > 

Fe0.01Mn0.99Ox > MnOx > 5 % Pd/Al2O3 > Fe0.99Mn0.01Ox > FeOx 

 

Figure 5-2: Catalytic activities for the total oxidation of propane of the iron-manganese 

mixed metal oxide catalysts prepared via co-precipitation using sodium carbonate. 

Reaction conditions: GHSV: 45,000 h-1, temperature range 200-600 °C, 5000 ppm 

propane in air. Legend refers to the different Fe:Mn ratios 

5.2.2.2 Naphthalene total oxidation 

All iron-manganese mixed metal oxides showed appreciable activity for naphthalene total 

oxidation, Figure 5-3. Unlike the naphthalene total oxidation over ceria containing 

catalysts in the previous chapters, the carbon balance did not vary during the reaction run. 

All reaction runs showed carbon balance above 90 % throughout the reaction runs. This 

indicates minimal naphthalene adsorption has occurred on the surface of the catalysts. 

Only naphthalene and carbon dioxide were observed in the GC suggesting only the total 

oxidation pathway was occurring over the catalyst samples. The iron oxide had the lowest 

naphthalene total oxidation activity out of the samples tested throughout the thesis. This 

is observed in previous studies with both manganese oxide and ceria showing higher 
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naphthalene total oxidation activity compared to iron oxide over the temperature range 

studied [7].  Manganese oxide showed significantly higher naphthalene total oxidation 

activity compared to the iron oxide. Addition of manganese into the iron oxide produced 

catalysts more active than the iron oxide however no synergy between the two metals was 

observed. Only one iron-manganese mixed metal oxide showed increased naphthalene 

total oxidation activity compared to the palladium reference. A general trend in 

naphthalene total oxidation over iron manganese mixed metal oxides is: 

MnOx > Fe0.20Mn0.80Ox > 5 % Pd/ Al2O3 > Fe0.50Mn0.50Ox > Fe0.10Mn0.90Ox > 

Fe0.01Mn0.99Ox > Fe0.80Mn0.20Ox > Fe0.90Mn0.10Ox > Fe0.99Mn0.01Ox > FeOx 

 

Figure 5-3: Catalytic activities for the total oxidation of naphthalene over iron-

manganese mixed metal oxide catalysts prepared via co-precipitation using sodium 

carbonate. Reaction conditions: GHSV: 45,000 h-1, temperature range: 100-250 °C, 100 

vppm naphthalene in 20 % O2 balanced with He. Legend refers to different Fe:Mn ratios 

5.2.3 Catalyst characterisation 

5.2.3.1 X-ray diffraction 

XRD patterns of the iron-manganese mixed metal oxides are shown in Figure 5-4 along 

with derived data in Table 5-1. As mentioned in the previous chapter, a majority of bulk 

manganese oxide is present in the MnO2 phase with Mn2O3 also present. Like manganese 

oxides, iron oxide can be present in a variety of oxidation states. XRD reflections at 24 °, 

33 °, 35 °, 40 °, 49 °, 54 ° and 57 ° are attributed to Fe2O3 [19] and reflections at 30 °, 36 
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°, 43 °, 53 °, 57 ° and 62 ° indicate the presence of Fe3O4 [20]. The XRD reflections of 

the iron oxide indicate it is present in a Fe2O3 phase of low crystallinity.  

Assessment of the XRD patterns of the iron-manganese mixed oxides show that the 

crystallinity increase upon increasing manganese content of the mixed metal oxide 

compared to the iron oxide sample. Iron-manganese mixed metal oxides with manganese 

content below 50 % only show XRD reflections ascribed to iron oxide present in the 

Fe2O3 phase. Combinations of Fe2O3 and MnO2 mixed metal oxides have been reported 

in the presence of lithium precipitating agent [21]. Therefore the presence of a potential 

small cation, such a sodium, in the lattice of iron-manganese mixed metal oxide may 

stabilise the two metal oxides in a solid solution. As the manganese content of the mixed 

metal oxide increased above 50 %, additional reflections appear. These additional 

reflections were attributed to the presence of manganese oxide present in the MnO2 phase 

alongside the iron oxide. With two separate metal oxides observed in the bulk of the 

mixed metal oxide, this indicates phase separation has occurred. Phase separation has 

been reported in iron-manganese mixed metal oxides calcined below 1000 °C [13].  

 

Figure 5-4: Powder XRD of the iron-manganese mixed metal oxide catalysts prepared 

via co-precipitation using sodium carbonate 

MnO2 is reported to have lower naphthalene total oxidation activity compared to Mn2O3 

[22]. With minor phases of Mn2O3 present along with the MnO2 in the manganese oxide, 

whereas the mixed metal oxides only contained MnO2 in the bulk. This could be a factor 
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for the lower naphthalene total oxidation activity observed over high manganese 

containing iron-manganese mixed metal oxides.  

The iron oxide had a relatively small crystallite size and this increased significantly as 

manganese oxide was introduced into the lattice, Table 5-1. This follows the increase in 

crystallinity observed in the mixed metal oxides. As the manganese oxide content of the 

iron-manganese mixed metal oxide increased, the crystallite size of the manganese oxide 

phase increased. However the manganese oxide still had the largest crystallite size of the 

manganese containing catalysts. As seen in the previous results chapter, the phase of 

manganese oxide along with manganese oxide crystallite size had a significant impact on 

the naphthalene total oxidation activity. With the large crystallite size of the manganese 

oxide, this may lead to the increased naphthalene total oxidation activity observed for this 

sample compared to the other iron-manganese mixed metal oxides. However, this trend 

isn’t linear, as the sample with the activity of the manganese oxide with the 2nd largest 

crystallite size, Fe0.01Mn0.99Ox, having lower naphthalene total oxidation activity. This 

suggests other factors will affect the VOC total oxidation activity of the iron-manganese 

oxides.  

Table 5-1: Physical properties of the iron-manganese mixed metal oxides derived from 

XRD  

Sample Phases 

present 

Crystallite size / Å 

FeOx MnOx 

FeOx Fe2O3 190 - 

Fe0.99Mn0.01Ox Fe2O3 387 - 

Fe0.90Mn0.10Ox Fe2O3 322 - 

Fe0.80Mn0.20Ox Fe2O3 280 - 

Fe0.50Mn0.50Ox Fe2O3 291 - 

Fe0.20Mn0.80Ox Fe2O3, MnO2 366 188 

Fe0.10Mn0.90Ox Fe2O3, MnO2 225 160 

Fe0.01Mn0.99Ox MnO2 - 317 

MnOx Mn2O3, MnO2 - 361 

5.2.3.2 Surface area 

The surface areas of the iron-manganese mixed metal oxides are shown below, Table 5-2, 

with the iron oxide showing the highest surface area and manganese oxide the lowest of 

the iron-manganese mixed metal oxides analysed. Addition of manganese into the iron 

oxide led to a decrease in the surface area, with the iron-manganese mixed metal oxides 

showing surface areas lower than the iron oxide. However, as reported previously, the 

iron-manganese mixed metal oxides all have surface areas higher than that of the 
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manganese oxide [23,24]. There is a noticeable trend between surface area and crystallite 

size of the iron-manganese mixed metal oxide, however the trend isn’t linear.  

Surface area is noted to effect the activity of toluene and ethanol total oxidation over iron-

manganese oxides [15]. Surface area normalised propane and naphthalene total oxidation 

rates are also shown in Table 5-2. An appreciable positive relationship is noted between 

the surface area and the rate of propane total oxidation for all the iron-manganese mixed 

metal oxides which showed activity at 250 °C. The same relationship between surface 

area and naphthalene total oxidation is noted for iron-manganese mixed metal oxides. 

However, due to the significantly higher activity of the manganese oxide, this trend 

wasn’t universal for all the samples tested. This suggests that surface area of the iron-

manganese mixed metal oxide effects the activity for propane and naphthalene total 

oxidation. 

Table 5-2: Surface area of the iron-manganese mixed metal oxide catalysts prepared via 

co-precipitation using sodium carbonate. Calculated using the 5-point N2 adsorption 

BET analysis  

Sample BET Surface 

area / 

m2 g-1 

Surface area normalised 

rate of propane total 

oxidation at 250 °C (10-7)  

/ mol s-1 m-2 

Surface area normalised 

rate of naphthalene total 

oxidation at 175 °C (10-11)  

/ mol s-1 m-2 

FeOx 62  0 0 

Fe0.99Mn0.01Ox 23 0 0.01 

Fe0.90Mn0.10Ox 25 0.33 0.01 

Fe0.80Mn0.20Ox 31 0.41 0.24 

Fe0.50Mn0.50Ox 42 0.40 1.19 

Fe0.20Mn0.80Ox 33 0.37 0.33 

Fe0.10Mn0.90Ox 31 0.24 0.57 

Fe0.01Mn0.99Ox 35 0.27 0.59 

MnOx 18 0.14 1.70 

 

5.2.3.3 Temperature programmed reduction 

Temperature programmed reduction profiles of the iron-manganese mixed metal oxides 

are shown in Figure 5-5. As mentioned in the previous results chapter, the manganese 

oxide is present in the MnO2 phase. Iron oxides can be present in a range of oxidation 

states, which have similar reduction profiles. Only one peak for reduction at 550 °C is 

noted during the reduction of Fe3O4 [25]. The reduction of Fe2O3 contains the peak at 550 

°C, along with a minor peak 400 °C [25,26]. Depending on the temperature ramp rate, a 

second minor peak is also noted after the peak at 550 °C, which was assigned to reduction 
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of residual FeO to Fe [26]. With a clear minor reduction peak at 400 °C along with the 

peak at 550 °C, this suggests the iron oxide is present in the Fe2O3, confirming the bulk 

phase identification from XRD.  

 

Figure 5-5: Hydrogen temperature programmed reduction profiles of the iron-

manganese mixed metal oxide catalysts prepared via co-precipitation using sodium 

carbonate. Reaction conditions: 30 mg sample, 30 ml min-1 10 % H2/ Ar, temperature 

range: 100-800 °C 

The reduction profiles of the iron-manganese mixed metal oxides vary upon the ratio of 

iron and manganese present in the sample. One observation noted for all reduction 

profiles, is the decrease in magnitude of the peak at 550 °C upon increasing manganese 

content of the mixed metal oxide. This confirms the presence of Fe2O3 in all the mixed 

metal oxides as seen in the bulk phase identification. Mixed metal oxides containing 

below 50 % iron had reduction profiles which resemble the profile of the iron oxide. 

However, there were some shifts in temperature of the reduction peaks which may have 

arisen from the manganese in the lattice effecting the ease of iron oxide reduction. The 

minor reduction peak of the γ-Fe2O3 is noted to have a lower reduction temperature 

compared to the α-Fe2O3 [25]. The Fe0.50Mn0.50Ox had four low intensity peaks at 320 °C, 

380 °C, 480 °C and 550 °C.  These peaks arise from addition of reduction profiles of iron 

oxide and manganese oxide. Due to the overlapping of manganese oxide and iron oxide 

reduction temperatures, it is difficult to accurately identify the phases present. However 

with the large low intensity reduction regime present at 550 °C, this suggests the presence 



 

195 

 

of Fe2O3 as observed in XRD. The presence of a reduction peak at 380 °C also indicates 

the presence of Fe2O3. 

The reduction profiles of the iron-manganese mixed metal oxides containing higher ratios 

of manganese follow a similar profile to the manganese oxide. The reduction profiles 

consist of two peaks at 300 °C and 420 °C, with an observable shoulder peak noted on 

the second reduction peak of Fe0.20Mn0.80Ox and Fe0.10Mn0.90Ox. The two major reduction 

peaks on these samples are similar to those for reduction of MnO2 [27], therefore 

confirming the phase identification from XRD. The shoulder peaks arise from the 

presence of Fe2O3, as observed in XRD.  

Overall the decrease in peak intensity of the iron-manganese mixed metal oxides, 

compared to the parent oxides, indicates the extent of reduction significantly decreases 

upon mixing of iron and manganese mixed metal oxides. Only small decreases in 

reduction temperature observed in the mixed metal oxides compared to the parent oxides. 

The ease of reduction is only slightly affected upon mixing of iron and manganese mixed 

metal oxides. One observation from analysis of TPR is the presence of mixed iron oxide 

and manganese oxide phases in the Fe0.50Mn0.50Ox and Fe0.20Mn0.80Ox samples. With these 

two samples showing high propane total oxidation activity, this suggests the presence of 

mixed phases or potential dilution of iron or manganese oxide with the other metal oxide 

component may cause an increase in active sites for propane total oxidation.  

5.2.3.4 Microwave-plasma atomic emission spectroscopy 

Table 5-3: Elemental analysis of the iron-manganese mixed metal oxides prepared via 

co-precipitation using sodium carbonate derived from MP-AES 

Sample Concentration / ppm Relative Fe / % Relative Mn / %  
Fe Mn Na   

FeOx 53.8 - 4.0 100 0 

Fe0.99Mn0.01Ox 45.7 0.4 5.5 99.2 0.8 

Fe0.90Mn0.10Ox 53.9 3.2 3.7 94.4 5.6 

Fe0.80Mn0.20Ox 43.3 8.0 5.2 84.4 15.6 

Fe0.50Mn0.50Ox 33.0 26.1 4.0 55.8 44.2 

Fe0.20Mn0.80Ox 16.9 48.1 3.7 26.0 74.0 

Fe0.10Mn0.90Ox 7.8 52.2 3.7 13.0 87.0 

Fe0.01Mn0.99Ox 2.0 60.9 4.0 3.2 96.8 

MnOx - 60.8 4.0 0 100 

Elemental analysis of the iron-manganese mixed metal oxides, Table 5-3, show the iron 

content of all iron-manganese mixed metal oxides to be marginally higher than the 

nominal value. This could arise from the different solubilities of the manganese and iron 

carbonate species at pH 9 [28]. This will lead to increased amounts of iron carbonate 
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precipitation compared to manganese carbonate. Also the hydroscopic nature of the iron 

and manganese nitrate precursors, may lead to discrepancies during weighing out of the 

samples. However even with the discrepancies, the table above shows that co-

precipitation produces iron-manganese oxides with values consistently close to the 

expected nominal values.  

As seen in the ceria-manganese mixed metal oxides prepared via co-precipitation using 

sodium carbonate, sodium is also present in the iron-manganese mixed metal oxides. The 

sodium content of the iron-manganese mixed metal oxides range between 5-10 %, which 

is similar to the previously mentioned ceria-manganese mixed metal oxides. The effects 

of sodium poisoning in manganese containing mixed metal oxides for CO oxidation have 

been previously reported [29]. So the presence of this sodium on the surface or bulk of 

the iron-manganese mixed metal oxides may lead to hinderance of VOC total oxidation 

activity. This is noted for the differences in naphthalene total oxidation activity of the co-

precipitated iron oxides and manganese oxides compared to the literature values [7]. 

5.2.3.5 Electron microscopy 

5.2.3.5.1 Scanning electron microscopy 
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Figure 5-6: The secondary electron (left) and backscattered electron (right) micrographs 

of (a) FeOx, (b) Fe0.99Mn0.01Ox, (c) Fe0.90Mn0.10Ox, (d) Fe0.80Mn0.20Ox, (e) Fe0.50Mn0.50Ox, 

(f) Fe0.20Mn0.80Ox, (g) Fe0.10Mn0.90Ox, (h) Fe0.01Mn0.99Ox and (g) MnOx. Image 

magnification: 313 kx 

Scanning electron micrographs of the iron-manganese mixed metal oxides are shown in 

Figure 5-6. The iron oxide forms a spherical sponge morphology and as mentioned 

previously, the morphology of the manganese oxide resembles crystallites layered on top 

of each other. Addition of manganese into the iron oxides did not cause a significant 

change in the morphology of the sample. The morphology remained consistent until the 

Fe0.50Mn0.50Ox. However, as the manganese became the dominant component of the mixed 

metal oxide, the plate-like morphology became dominant. Some areas of the spherical 

particles were observed in the manganese dominant iron-manganese samples. This 

suggests the iron hasn’t fully incorporated into the manganese oxide lattice as seen in the 

phase separation in XRD. However due to the similarity of the phase contrast between 

the iron and manganese, identifying the phase separation from the back-scattered image 

was unable to be undertaken.    

5.2.3.5.2 Electron dispersive x-ray spectroscopy 

In addition to the MP-AES elemental analysis, EDX analysis was undertaken to 

determine the elemental composition in the bulk of the iron-manganese mixed metal 

oxides. The MP-AES analysis of the iron-manganese mixed metal oxides show the ratios 

were close to the nominal values, however, they were in slight excess in iron content. The 

iron: manganese ratios calculated from EDX analysis show the ratios to be close to 
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expected nominal values. However, it is noted the samples at the extreme ends of the 

iron:manganese ratios showed iron content higher than the nominal ratio. As mentioned 

previously this may have occurred due to errors during preparation of the sample or due 

to the differing precipitation rates of the iron and manganese carbonates during the 

catalyst preparation.  

Table 5-4: SEM-EDX derived bulk elemental analysis of the iron-manganese mixed 

metal oxides prepared using co-precipitation using sodium carbonate 

Sample Concentration / % Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn O Na   

FeOx 36.6 0 60.1 3.4 100 0 

Fe0.99Mn0.01Ox 33.0 0.3 63.1 3.7 99.19 0.81 

Fe0.90Mn0.10Ox 28.7 2.2 66.2 2.9 93.00 7.00 

Fe0.80Mn0.20Ox 22.6 5.8 66.8 4.8 79.58 20.42 

Fe0.50Mn0.50Ox 15.3 16.3 64.2 4.2 48.31 51.69 

Fe0.20Mn0.80Ox 6.8 23.9 66.4 2.9 22.15 77.85 

Fe0.10Mn0.90Ox 3.6 24.1 68.0 4.4 12.95 87.05 

Fe0.01Mn0.99Ox 0.6 26.7 69.9 2.8 2.27 97.73 

MnOx 0 36.1 59.9 4.1 0 100 

As seen in the MP-AES analysis of the iron-manganese mixed metal oxides, sodium is 

prevalent throughout all the mixed metal oxides. The values of sodium in EDX are 

significantly lower than the values derived from MP-AES. This discrepency may have 

occurred due to the area examined under EDX, which may not have observed sodium 

enriched areas. As the MP-AES analysis doesn’t contain oxygen in the elemental analysis, 

the values will also be different when compared to the EDX values. Also there maybe 

differences in the bulk and surface sodium content leading to potentially increased sodium 

on the surface rather than the bulk of the iron-manganese mixed metal oxides.  

The elemental EDX maps of the single and mixed metal oxides are shown in Figure 5-7 

and Figure 5-8 respectively. Sodium is regularly distributed across the iron-manganese 

mixed metal oxides.  



 

200 

 

 

Figure 5-7: SEM-EDX mapping of (a) FeOx and (b) MnOx. Showing iron (red), 

manganese (pink), oxygen (blue) and sodium (yellow) 

The EDX maps of the iron-manganese mixed metal oxides show the iron and manganese 

to be very well mixed together, with very little phase segregation of each metal observed. 

Some iron-rich areas are observed in the EDX maps of the Fe0.20Mn0.80Ox and 

Fe0.10Mn0.90Ox which is consistent with the XRD phase analysis of these samples. These 

iron species may also provide the extra reduction peaks observed in the TPR of these 

samples. In the previous chapter, the phase segregation of the Ce0.25Mn0.75Ox was one of 

the factors for its high naphthalene total oxidation activity. Therefore with very little 

phase segregation observed in this samples, this may lead to the poor naphthalene total 

oxidation activity in the iron-manganese mixed metal oxides. Another factor could be the 

poor activity of the iron oxide. Even if phase segregation had occurred in the iron-

manganese mixed metal oxides, due to the low activity of the secondary metal the effect 

may not be as pronounced.  
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Figure 5-8: SEM-EDX mapping of (a) Fe0.99Mn0.01Ox, (b) Fe0.90Mn0.10Ox, (c) Fe-

0.80Mn0.20Ox, (d) Fe0.50Mn0.50Ox, (e) Fe0.20Mn0.80Ox, (f) Fe0.10Mn0.90Ox, (g) 

Fe0.01Mn0.99Ox. Iron (red), manganese (pink) and sodium (yellow) 
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5.2.3.6 X-ray photoelectron spectroscopy 

Table 5-5: XPS derived surface elemental concentrations for the iron-manganese mixed 

metal oxides prepared via co-precipitation using sodium carbonate 

Sample Concentration / at. % Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn O Na   

FeOx 15.6 - 81.0 3.4 100 0 

Fe0.99Mn0.01Ox 21.9 0.5 65.3 12.4 97.9 2.1 

Fe0.90Mn0.10Ox 19.7 3.6 69.5 7.4 84.8 15.2 

Fe0.80Mn0.20Ox 15.4 6.1 67.8 10.8 71.2 28.8 

Fe0.50Mn0.50Ox 13.6 13.9 67.6 4.9 49.6 50.4 

Fe0.20Mn0.80Ox 10.6 18.8 68.9 1.8 36.0 64.0 

Fe0.10Mn0.90Ox 6.1 22.8 69.3 1.9 21.1 78.9 

Fe0.01Mn0.99Ox 3.9 24.9 70.0 1.2 13.5 86.5 

MnOx 0 31.5 61.8 6.7 0 100 

To complement the EDX and MP-AES elemental analysis, XPS was used to calculate the 

near surface elemental composition of the iron-manganese mixed metal oxides, Table 5-5. 

The iron and manganese ratios are significantly different to those observed in MP-AES 

and EDX. Variations between bulk and surface ratios have been noted in other mixed 

metal oxides containing manganese prepared at pH 9 [30]. This suggests the effect maybe 

universal for manganese containing mixed metal oxides. The relative iron and manganese 

ratios indicate the metal with the minor concentration seem to segregate more on the 

surface. This is seen when the iron content is above 50 %, the manganese ratio is higher 

than the nominal value, and the reverse is noted when the iron content of the mixed metal 

oxide is below 50 %. When the iron and manganese ratios are the same, the relative ratio 

remains consistent with the nominal ratio. This suggests minor metal oxide may not form 

solid solutions on the surface of the mixed metal oxides and segregates to the surface of 

the mixed metal oxide. Manganese surface enrichment has been observed previously on 

iron-manganese metal oxides containing large iron particles [31].  

There is also a noticeable difference between the observed bulk and surface sodium 

content in the iron-manganese mixed metal oxides. The iron oxide had around half the 

surface sodium content of the manganese oxide, even though the sodium content 

calculated from MP-AES showed both metal oxides had similar amounts of sodium. 

Variations between the EDX and MP-AES analysis are also seen in the mixed metal 

oxides. The sodium content of the iron-manganese mixed metal oxides varied between 5-

10 % in MP-AES and 3-5 % in EDX. However the sodium content of the iron-manganese 

mixed metal oxides varied between 1-12 %. The iron-manganese mixed metal oxides 
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containing lower concentrations of manganese (below 50 %) all had surface sodium 

content significantly higher than the iron oxide and manganese oxide,  whereas the iron-

manganese mixed metal oxides with higher concentrations of manganese (above 50 %) 

had significantly lower sodium content compared to the mono-metallic oxides. This 

observation is the reverse of observations for the iron oxide and manganese oxide. This 

suggests the surface enrichment of the minor metal in the mixed metal oxide may reverse 

the sodium binding properties of the surface. However the extent of this is difficult to 

estimate.  

 

Figure 5-9: XPS spectra of the Fe 2p peaks for the iron-manganese mixed metal oxides 

prepared using co-precipitation using sodium carbonate 

Fe 2p XPS spectra of the iron-manganese mixed metal oxides are shown in Figure 5-9.  

All spectra contain peaks at 710 eV and 724 eV, along with a satellite peak at 718 eV, 

which decrease in intensity as the iron content of the iron-manganese mixed metal oxide 

decreases. These peaks are characteristic of iron present in the 3+ oxidation state [32,33]. 

This suggests the iron species in both bulk and surface are both present in the Fe2O3 phase. 

There is a small shift to lower binding energy upon addition of manganese into the iron 

oxide lattice. This may arise from the increased particle size of the iron-manganese mixed 

metal oxides and increased electron density from the manganese, which is acting as an 

electron donor [31].  
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Figure 5-10: XPS spectra of the Mn 2p peaks for the iron-manganese mixed metal 

oxides prepared via co-precipitation using sodium carbonate 

The Mn 2p spectra from XPS of the iron-manganese mixed metal oxides are shown in 

Figure 5-10. With no satellite peak observed at 647 eV on any of the Mn 2p spectra, this 

indicates no MnO is present on the surface of the iron-manganese mixed metal oxides 

[34]. As mentioned previously it is difficult to distinguish the oxidation state of the 

manganese oxides from the 2p spectra. However a broader peak at 640 eV is noted on the 

Fe0.10Mn0.90Ox, Fe0.20Mn0.80Ox and Fe0.50Mn0.50Ox compared to the manganese oxide. This 

suggests the presence of manganese in multiple oxidation states. Along with a broadening 

of the lower energy peak, there is a shift to higher binding energy on the minor peak upon 

increasing iron content of the mixed metal oxide. This is also an indication of multiple 

manganese oxidation states. As mentioned above, potential electron donation between the 

two metals may have occurred, which may also induce the shift in electron binding 

energy. 
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Figure 5-11: XPS spectra of the Mn 3s peaks for the iron-manganese mixed metal 

oxides prepared via co-precipitation using sodium carbonate 

With the difficulty in determining manganese oxidation states from the 2p spectra, it can 

be determined by comparing the energy difference between the doublet peaks in the 

manganese 3s spectra, Figure 5-11. Along with the doublet peaks between 80-90 eV, 

assigned to manganese oxides, a peak is observed ~93 eV. The intensity of this peak 

increases upon increasing iron content of the iron-manganese mixed metal oxide, 

suggesting it arises from iron species. Previous studies noted small peaks from iron oxides 

at low binding energies arising from Fe 3s electron emission [35].   

Table 5-6: Magnitude of peak splitting in the Mn 3s spectra for the iron-manganese 

mixed metal oxides prepared via co-precipitation using sodium carbonate 

 Magnitude of Mn 3s 

peak splitting / eV 

Surface oxidation 

state of Mn (all +) Sample 

Fe0.01Mn0.99Ox - - 

Fe0.10Mn0.90Ox - - 

Fe0.20Mn0.80Ox - - 

Fe0.50Mn0.50Ox 5.4 3 

Fe0.20Mn0.80Ox 5.1 4 

Fe0.10Mn0.90Ox 4.9 4 

Fe0.01Mn0.99Ox 4.8 4 

MnOx 4.8 4 

The peak splitting energies of the two manganese 3s peaks are shown in Table 5-6. 

Manganese is present in the 4+ oxidation state if the splitting is below 5.3 eV, 3+ if the 
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split is between 5.3-6.0 eV and 2+ if the difference is above 6.0 eV [34]. There were no 

peaks arising from Mn 3s in the iron-manganese mixed metal oxides containing less than 

50 % manganese. However in the iron-manganese mixed metal oxides containing a 

majority of manganese, Mn 3s peaks were observed. The manganese oxide had the lowest 

peak splitting, and this increased upon increasing iron content. The increased splitting 

suggests potential surface defect formation from mixing of manganese oxidation states. 

This may lead to increased propane total oxidation activity observed in the iron-

manganese mixed metal oxides. Manganese was present in the 4+ oxidation state in the 

manganese oxide, Fe0.01Mn0.99Ox, Fe0.10Mn0.90Ox and Fe0.20Mn0.80Ox. This is consistent 

with the XRD bulk analysis of these materials, suggesting the bulk and surface species 

are similar in structure. However the Fe0.50Mn0.50Ox had a splitting indicating the 

manganese is present in the 3+ oxidation state. Manganese oxide present in as Mn2O3 is 

known have increased VOC total oxidation activity compared to MnO2 [22]. As seen in 

the previous chapter, the ceria-manganese mixed metal oxides catalysts containing 

Mn2O3 showed increased naphthalene and propane. However in the iron-manganese 

mixed metal oxides only synergy between iron and manganese was observed for propane 

total oxidation. This suggests other factors along with surface oxidation state effect VOC 

total oxidation in iron-manganese mixed metal oxides. 

Lattice and defect oxygen species are noted for both iron and manganese oxide, and are 

present between 529-31 eV and 531-3 eV respectively [36,37]. The iron oxide had a high 

relative ratio of oxygen species compared to the manganese, which has been noted 

previously [38]. However when compared to the ceria-manganese mixed metal oxides, 

no change in the oxygen species ratios was observed, once iron and manganese oxides 

had been mixed together. There is a slight shift in oxygen binding energy upon increasing 

iron content of the iron-manganese mixed metal oxide compared to the manganese oxide. 

The shift had been noted in other manganese containing mixed metal oxides and arises 

from synergistic interactions between the two metal oxide species [39]. This synergistic 

interaction may cause the increased activity in propane total oxidation in the iron-

manganese mixed metal oxide, however, the extent of this is difficult to analyse.    
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Figure 5-12: XPS spectra of the O 1s peaks of the iron-manganese mixed metal oxides 

prepared via co-precipitation using sodium carbonate 

 

5.3 The effect of precipitating agent on the Fe0.50Mn0.50Ox for 

VOC total oxidation activity 

None of the iron-manganese mixed metal oxides showed synergy between the metal 

oxides or showed greater performance compared to the palladium reference for 

naphthalene total oxidation. However, synergy for propane total oxidation in iron-

manganese mixed metal oxides was observed and Fe0.50Mn0.50Ox, and it was the most 

active iron-manganese mixed metal oxide. Therefore, for the rest of this chapter, the 

optimisation of Fe0.50Mn0.50Ox for propane total oxidation was undertaken.  

As seen from the previous chapter, the presence of sodium had a significant impact on 

the VOC total oxidation activity and effected the bulk and surface structures of the mixed 

metal oxides. There were difficulties in synthesising the Fe0.50Mn0.50Ox from oxalic acid, 

citric acid, urea and mechanochemical grinding methods from the ceria-manganese mixed 

metal oxide chapter. Therefore, Fe0.50Mn0.50Ox was prepared using co-precipitation using 

non-sodium precipitating agents. The same preparation method was used to prepare the 

Fe0.50Mn0.50Ox however the precipitating agent was changed. Along with sodium 

carbonate, other carbonates: potassium carbonate and ammonium carbonate, and 

hydroxides, sodium hydroxide, potassium hydroxide and ammonium hydroxide solution 

were used to prepare the Fe0.50Mn0.50Ox.   
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5.3.1 Precursor characterisation 

5.3.1.1 Thermal gravimetric analysis 

 

Figure 5-13: Thermogravimetric analysis of the dried Fe0.50Mn0.50Ox prepared via co-

precipitation using different precipitating agents. Samples heated in a flowing N2 

atmosphere from 100-700 °C at a ramp rate of 5 °C min-1 

The decomposition profiles of the Fe0.50Mn0.50Ox vary significantly and depend on the 

precipitation agent, Figure 5-13. All Fe0.50Mn0.50Ox prepared from hydroxide based 

precipitating agents followed a similar decomposition profile, with two small features at 

100 °C and 600 °C accounting for 4-7 % accumulative weight loss. The initial loss 

accounts for loss of surface or physiosorbed water and the second for hydroxide groups. 

This decomposition profile is characteristic of manganese hydroxide [40], suggesting all 

the nitrates have been substituted with hydroxide groups in the dried Fe0.50Mn0.50Ox 

prepared using hydroxides. The Fe0.50Mn0.50Ox prepared using potassium carbonate 

follows a similar decomposition profile to the sodium carbonate with one large observable 

decomposition region between 400-50 °C. This suggests the nitrates had been substituted 

for carbonates, as this weight loss region characteristic for carbonate decomposition. The 

Fe0.50Mn0.50Ox prepared using ammonium carbonate had a different decomposition 

profile compared to the other two carbonate precipitating agents. Three weight loss 

regions centring at 200 °C, 350 °C and 500 °C were observed. The first weight loss region 

accounts for loss of water species and the temperature of the third region indicates the 

decomposition of carbonates. However, the addition region at 350 °C suggests not all the 

nitrate groups had been substituted by carbonates and this feature may show this. This 
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region could represent decomposition of ammonium groups present from the precipitating 

agent, which may interact with the Fe0.50Mn0.50Ox precursor. 

To keep the investigation consistent with the previous section, a calcination temperature 

of 500 °C was used. Also at this temperature, all the precursor species have been 

decomposed, or are in the region of decomposition, suggesting the Fe0.50Mn0.50Ox is fully 

formed. 

5.3.2 Catalyst performance 

5.3.2.1 Propane total oxidation 

 

Figure 5-14: Catalytic activities for propane total oxidation over Fe0.50Mn0.50Ox 

prepared via co-precipitation using different precipitating agents. Reaction conditions: 

45,000 h-1, temperature range 200-600 oC, 5000 ppm propane in air. Legend refers to 

the different precipitating agent used to prepare Fe0.50Mn0.50Ox 

All Fe0.50Mn0.50Ox catalysts showed high propane total oxidation and CO2 selectivity (>99 

%). Only the Fe0.50Mn0.50Ox prepared using potassium carbonate showed propane total 

oxidation activity lower than the catalyst prepared using sodium carbonate, Figure 5-14. 

However this lower propane total oxidation activity was only observed at temperatures 

below 350 °C, with all samples showing 100 % propane conversion at this temperature. 

All Fe0.50Mn0.50Ox prepared using hydroxide precipitating agents showed activity higher 

than their carbonate counterparts. The propane total oxidation activity over the 

Fe0.50Mn0.50Ox samples followed the general trend: 

NH4OH > NaOH > (NH4)2CO3 > KOH > Na2CO3 > K2CO3 
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Following the observations from the ceria-manganese mixed metal oxide chapter, this 

suggests that the presence of a potential surface poison may inhibit propane total 

oxidation activity. The ammonium-based precipitating agents will decompose during the 

calcination of the catalyst, therefore leaving no potential surface poisons. Whereas the 

sodium and potassium containing precipitating agents may leave a surface or bulk poison 

leading to the lower activity observed above.   

5.3.3 Catalyst characterisation 

5.3.3.1 X-ray diffraction 

 

Figure 5-15: Powder XRD patterns of the Fe0.50Mn0.50Ox
 prepared via co-precipitation 

using different precipitating agents.  

There are similarities in the XRD patterns of the Fe0.50Mn0.50Ox prepared using either 

carbonate or hydroxide bases, Figure 5-15. Fe0.50Mn0.50Ox prepared using carbonate-

based precipitating agents form samples with a higher crystallinity than the samples 

prepared using hydroxides. The samples prepared using carbonates formed Fe2O3 phases, 

as seen by reflections at 24 °, 33 °, 35 °, 40 °, 49 ° and 54 ° [19], whereas samples prepared 

from hydroxides formed Fe3O4 phases, represented by reflections at 30 °, 36 °, 43 °, 57 ° 

and 62 ° [20]. The Fe0.50Mn0.50Ox prepared using hydroxide precipitation agents showing 

higher propane total oxidation activity than the samples prepared from carbonate. This 

suggests the phase of the metal oxide plays a role in the propane total oxidation activity, 

with M3O4 more active than the M2O3 phase. 
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Table 5-7: Physical properties of the Fe0.50Mn0.50Ox prepared via co-precipitation 

different using precipitation agents derived from XRD 

Sample Phases 

present 

Crystallite size / Å 

FeOx MnOx 

Na2CO3 Fe2O3 291 - 

K2CO3 Fe2O3 443 - 

(NH4)2CO3 Fe2O3 274 - 

NaOH Fe3O4 88 - 

KOH Fe3O4 100 - 

NH4OH Fe3O4, 

Mn3O4 

91 240 

Alongside the affect on the metal oxide phase, there is also an observable trend in the 

effect of crystallite size and propane total oxidation activity. The smaller the iron oxide 

crystallite size lead to more active propane total oxidation catalysts. The Fe0.50Mn0.50Ox 

prepared using potassium carbonate had the largest iron oxide crystallite size and 

performed the worst of all the bases used to prepare the Fe0.50Mn0.50Ox. The 

Fe0.50Mn0.50Ox prepared from ammonium hydroxide and sodium hydroxide had similar 

iron oxide crystallite sizes and had the highest activity out of the samples tested. The 

Fe0.50Mn0.50Ox prepared using ammonium hydroxide showed reflections from manganese 

oxide phases, Table 5-7, alongside iron oxide reflections. The presence of large bulk 

manganese oxide crystallites may have increased the propane total oxidation leading to 

the Fe0.50Mn0.50Ox prepared using ammonium hydroxide solution showing the highest 

propane total oxidation activity. 

5.3.3.2 Surface area 

Table 5-8: Surface area of the Fe0.50Mn0.50Ox prepared via co-precipitation using 

different precipitating agents. Calculated from 5-point N2 adsorption BET analysis 

Sample BET Surface 

area / 

m2 g-1 

Surface area normalised rate of 

propane total oxidation at 250 °C (10-7)  

/ mol s-1 m-2 

Na2CO3 42 0.40 

K2CO3 49 0.19 

(NH4)2CO3 88 0.29 

NaOH 63 0.45 

KOH 68 0.29 

NH4OH 98 0.32 

The surface areas of the Fe0.50Mn0.50Ox were significantly affected by the precipitating 

agent used to prepare the sample, Table 5-8. Fe0.50Mn0.50Ox prepared using hydroxides 
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had a higher surface area compared to their carbonate counterparts. Fe0.50Mn0.50Ox 

produced from potassium and sodium carbonate had ~2/3 of the surface area of their 

hydroxide counterpart. However, the Fe0.50Mn0.50Ox prepared from ammonium 

precipitating agents had similar surface areas.  Another trend observed was the 

Fe0.50Mn0.50Ox prepared using ammonium precipitating agents produced the catalyst with 

the highest surface area, followed by potassium and then sodium salts. There was a slight 

correlation between iron oxide crystallite size and surface area, as noted in the iron-

manganese oxides prepared via co-precipitation with sodium carbonate. Discrepancies 

between crystallite size and surface area may have arisen from small or amorphous 

crystallites which were undetectable in XRD, leading to increased or decreased surface 

area. As seen by the surface area normalised propane total oxidation rates, there isn’t a 

trend between higher surface area and propane total oxidation activity. This suggests other 

factors may affect the propane total oxidation activity of the Fe0.50Mn0.50Ox.  

5.3.3.3 Temperature programmed reduction 

 

Figure 5-16: Hydrogen temperature-programmed reduction profiles of the 

Fe0.50Mn0.50Ox prepared via co-precipitation using different precipitation agents. 

Reaction conditions: 30 mg sample, 30 ml min-1 10 % H2/ Ar, temperature range 100-

800 °C 

The reduction profiles of Fe0.50Mn0.50Ox prepared using hydroxides have three major 

peaks, and catalysts prepared using carbonates have four major peaks, Figure 5-16. The 

three peaks arising from Fe0.50Mn0.50Ox precipitated using hydroxides, are centred at 300 
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°C, 460 °C and a broad reduction area from 500-650 °C. The first two reduction peaks 

may arise from reduction of MnO2 phases, with reduction of this manganese oxide phase 

occurring at 300 °C and 500 °C [41]. The presence of iron and other cations may cause 

the shifting of peaks from the reduction of the pure manganese oxide phases. The last 

reduction peak is characteristic of Fe3O4 reduction [25]. With no discrete peak observed 

at 400 °C, indicating the presence of Fe2O3, this suggests the iron oxide is in the Fe3O4 

phase. This confirms the iron oxide phase identification from XRD for all Fe0.50Mn0.50Ox 

produced from hydroxide precipitating agents. Due to the potential amorphous nature or 

small crystallite size of the manganese oxide, could not be detected using XRD analysis. 

However from TPR we can indicate the manganese oxide is present in the MnO2 phase.  

All the reduction peaks in the Fe0.50Mn0.50Ox produced by hydroxide precipitating agents 

had a similar peak height. This suggests the extent of reduction is similar regardless of 

the cation used to precipitate the Fe0.50Mn0.50Ox from hydroxide bases. However, the 

Fe0.50Mn0.50Ox prepared from ammonium hydroxide had a slightly lower reduction 

temperature compared to the catalyst prepared by potassium and sodium hydroxide. This 

suggests the it is easier to reduce the Fe0.50Mn0.50Ox  prepared from ammonium hydroxide 

compared to the other hydroxide prepared catalysts. This in turn will mean there is 

potentially increased surface oxygen available at lower temperatures. This could also 

lower the temperature for propane total oxidation as seen in the testing data. However, 

with only small shifts in temperature, this may have an effect on propane total oxidation 

activity.   

The four reduction peaks arising from Fe0.50Mn0.50Ox prepared from carbonate 

precipitating agents are at similar temperatures to those observed from the catalyst 

prepared using sodium carbonate. Slight shifts to lower temperatures are observed when 

compared the potassium and ammonium to the sodium. Reduction peaks centred at 380 

°C and 500 °C in all reduction profiles Fe0.50Mn0.50Ox prepared from carbonate confirm 

the presence of Fe2O3 as identified from XRD [26]. The peaks at 280 °C and 480 °C 

suggest the manganese oxide is present in the MnO2 phase [41]. However, due to 

overlapping of the iron oxide and manganese oxide phases, the exact phase is difficult to 

identify.  

Unlike the Fe0.50Mn0.50Ox prepared from hydroxide precipitating agents, the intensity of 

the reduction peaks of the Fe0.50Mn0.50Ox prepared by carbonates varied depending on the 

precipitating agent. The Fe0.50Mn0.50Ox prepared using ammonium carbonate had the 

largest peaks, followed by sodium carbonate and then potassium carbonate. This suggests 

the extent of reduction is significantly greater in the catalyst prepared from ammonium 
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carbonate. This correlates with the surface area of the Fe0.50Mn0.50Ox prepared from the 

three carbonate precipitation agents. This will mean increased concentrations of oxygen 

will be present for oxidation reactions leading to the increase in propane total oxidation 

reactivity observed on this sample. The Fe0.50Mn0.50Ox prepared from ammonium 

carbonate also had the lowest initial reduction temperature compared to the other catalysts 

prepared using carbonates. This suggests it will be easier to reduce this catalyst compared 

to the other samples. This will also increase surface oxygen present at lower temperatures, 

allowing for the catalyst to be more active at lower temperatures. 

5.3.3.4 Microwave-plasma atomic emission spectroscopy 

Table 5-9: Elemental analysis of the Fe0.50Mn0.50Ox prepared using different 

precipitating agents derived from MP-AES 

Sample Concentration / ppm Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn K Na   

Na2CO3 33.0 26.1 - 4.0 55.77 44.23 

K2CO3 28.6 28.3 5.9 - 50.23 49.77 

(NH4)2CO3 31.7 28.8 - - 52.38 47.62 

NaOH 40.7 36.9 - 1.6 52.49 47.51 

KOH 39.9 36.6 2.1 - 52.14 47.86 

NH4OH 45.7 38.2 - - 54.42 45.58 

Elemental analysis of the Fe0.50Mn0.50Ox prepared using different precipitating agents 

show the iron and manganese ratios of each catalyst are close to the nominal 50:50 ratio, 

regardless of the precipitating agent used to prepare the sample, Table 5-9. As mentioned 

previously, a discrepancy in the iron and manganese ratios may have occurred during the 

preparation of the precursors, due to the hydroscopic nature of the iron and manganese 

nitrate salts.  

The Fe0.50Mn0.50Ox prepared using alkali metal precipitating agents all had residual metals 

present in the final catalyst. The Fe0.50Mn0.50Ox precipitated from sodium carbonate and 

potassium carbonate contained 6.3 % and 9.4 % respectively of the corresponding alkali 

metal. Whereas the Fe0.50Mn0.50Ox prepared from sodium hydroxide and potassium 

hydroxide contained 2 % and 2.6 % respectively of the corresponding alkali metal. 

Potassium has a lower solubility in water compared to sodium, therefore increased 

volumes of water will be required to remove the potassium from the Fe0.50Mn0.50Ox. The 

hydroxides had significantly lower concentrations of sodium and potassium compared to 

their carbonate counterparts. Due to the increased basicity of the hydroxides compared to 

the carbonates, lower volumes of the hydroxides will be used to reach the precipitating 
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pH of 9. Therefore there will be less potassium and sodium present in the precipitation 

vessel when hydroxides are used, leading to lower concentrations present in the final 

catalyst.  

A trend between percentage of alkali metal present in the elemental analysis and propane 

total oxidation activity is observed. The Fe0.50Mn0.50Ox prepared using potassium 

carbonate had the highest concentration of alkali metal present and the lowest propane 

total oxidation activity. The lowering in concentration of the alkali metal leads to an 

increase in propane total oxidation activity. As seen in the ceria-manganese mixed metal 

oxide chapter, the presence of an alkali can hinder the total oxidation activity of a catalyst 

and this effect is also noted in iron-manganese mixed metal oxide catalysts.  

5.3.3.5 Electron microscopy 

5.3.3.5.1 Scanning electron microscopy 
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Figure 5-17: Secondary (left) and backscattered (right) electron micrographs of the 

Fe0.50Mn0.50Ox prepared via co-precipitation using different precipitating agents: (a) 

Na2CO3, (b) K2CO3, (c) (NH4)2CO3, (d) NaOH, (e) KOH and (f) NH4OH. Image 

magnification: 313 kx   

The precipitating agent didn’t have a significant effect on the morphology of the 

Fe0.50Mn0.50Ox, Figure 5-17. The spherical sponge morphology was seen in all samples 

and no plate-like structures were observed. This suggests the bulk structure of the 

Fe0.50Mn0.50Ox is the iron oxide, as observed in XRD. However, there was a noticeable 

roughness observed on the samples prepared using ammonium containing precipitating 

agents. This may lead to the increased surface area observed on the Fe0.50Mn0.50Ox 

prepared using these bases. As mentioned earlier, phase contrast is difficult to observe 

between manganese and iron, therefore, any potential phase separation could not be seen. 
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5.3.3.5.2 Energy dispersive x-ray spectroscopy 

Table 5-10: SEM-EDX derived bulk elemental analysis of the Fe0.50Mn0.50Ox prepared 

via co-precipitation using different precipitating agents 

Sample Concentration / % Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn O K Na   

Na2CO3 15.3 16.3 64.2 - 4.2 48.3 51.7 

K2CO3 20.4 14.8 64.0 0.7 - 57.9 42.1 

(NH4)2CO3 15.4 16.6 68.0 - - 48.1 51.9 

NaOH 17.9 12.3 66.8 - 3.6 58.5 41.5 

KOH 19.9 18.4 61.4 0.3 - 52.0 48.0 

NH4OH 16.0 19.7 64.3 - - 44.9 55.1 

Further elemental analysis was undertaken using EDX on the Fe0.50Mn0.50Ox prepared 

using a range of precipitating agents, Table 5-10. The relative iron and manganese ratios 

calculated from MP-AES showed the values were close to the nominal values, however, 

they had some increased iron content. The iron and manganese ratios calculated using 

EDX vary from the nominal values from those determined from MP-AES. However, with 

most of the EDX ratios close to the nominal values, we can assume the iron and 

manganese ratio of all Fe0.50Mn0.50Ox is close to nominal values. Variation between the 

MP-AES analysis and EDX due to the errors observed from the EDX analysis.  

The trends of potassium and sodium present in the Fe0.50Mn0.50Ox observed from MP-

AES are also observed in EDX analysis. Fe0.50Mn0.50Ox produced from potassium and 

sodium carbonate had 1.89 % and 11.74 % respectively of the relative alkali metal present 

in the bulk. Whereas the Fe0.50Mn0.50Ox produced from potassium hydroxide and sodium 

contain 0.8 % and 10.95 % respectively of the relative alkali metal present in the bulk. 

The Fe0.50Mn0.50Ox produced using sodium precipitating agents, had significantly higher 

amount than the value obtained from MP-AES.  

Only the SEM-EDX map, Figure 5-18, of the Fe0.50Mn0.50Ox prepared using ammonium 

carbonate show clear phase separation between iron and manganese. All other 

Fe0.50Mn0.50Ox show iron and manganese to be well mixed within the EDX map of the 

sample. As seen from the EDX elemental analysis, sodium and potassium are ever present 

across the Fe0.50Mn0.50Ox precipitated using alkali precipitating agents. Both metals are 

spread evenly across the Fe0.50Mn0.50Ox. 
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Figure 5-18: SEM-EDX mapping of Fe0.50Mn0.50Ox prepared via co-precipitation using 

different precipitating agents : (a) Na2CO3, (b) K2CO3, (c) (NH4)2CO3, (d) NaOH, (e) 

KOH and (f) NH4OH. Iron (red), manganese (pink), sodium (yellow) and potassium 

(green) 
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5.3.3.6 X-ray photoelectron spectroscopy 

Table 5-11: XPS derived surface elemental concentrations of the Fe0.50Mn0.50Ox 

prepared via co-precipitation using different precipitating agents.  

Sample Concentration / % Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn O K Na   

Na2CO3 13.6 18.9 62.6 - 4.9 42.0 58.0 

K2CO3 21.4 18.6 60.1 4.9 - 53.5 46.5 

(NH4)2CO3 21.5 19.1 59.5 - - 53.0 47.0 

NaOH 21.4 19.0 59.3 - 0.4 53.0 47.0 

KOH 20.1 14.2 64.7 1.1 - 58.6 41.4 

NH4OH 20.3 20.3 59.4 - - 50.1 49.9 

The surface compositions of the Fe0.50Mn0.50Ox prepared using different precipitating 

agents, Table 5-11, show the precipitating agent has a significant effect on the surface 

iron and manganese ratio. Only when ammonium hydroxide was used to the prepare the 

Fe0.50Mn0.50Ox was the relative iron and manganese ratio close to the nominal value. 

When sodium carbonate was used the surface was enriched with manganese whereas all 

other bases shows surface enrichment of iron, with potassium hydroxide showing the 

highest relative surface iron content. As mentioned previously, the bulk and surface ratio 

in mixed metal oxides containing manganese don’t match and this is seen here. There is 

no observable correlation between surface iron and manganese ratio and propane total 

oxidation.  

The elemental analysis of sodium and potassium in the Fe0.50Mn0.50Ox precipitated from 

alkali metals showed differing metal contents depending on the analysis used. MP-AES 

showed a lower sodium concentration compared to the potassium in both carbonate and 

hydroxide precipitated Fe0.50Mn0.50Ox. However, EDX analysis showed the reverse in 

which high concentrations of sodium were noted from both carbonate and hydroxide 

precipitated Fe0.50Mn0.50Ox. This arises from potential limitation in the analysis method 

leading to disparities between elemental concentrations between the techniques. The 

surface ratios calculated from XPS, show Fe0.50Mn0.50Ox prepared from both carbonate 

precipitating agents show similar concentrations of alkali metal. However surface alkali 

metal concentrations of Fe0.50Mn0.50Ox prepared from hydroxides differ. Surface 

concentrations of potassium are higher than sodium in these catalysts. There is a 

correlation between surface concentrations of alkali metals and propane total oxidation 

activity. Increasing surface concentrations of the alkali metal leads to a decrease in 

propane total oxidation activity. This was seen in the ceria-manganese results chapter and 
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suggests the presence of any surface poison can effect the VOC total oxidation behaviour 

of the catalyst.  

 

Figure 5-19: XPS spectra of the Fe 2p peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using different precipitating agents 

All the spectra of the Fe0.50Mn0.50Ox prepared from different precipitating agents contain 

two major peaks centred at 710 eV and 724 eV, Figure 5-9. Along with this a minor 

satellite peak is observed on all Fe0.50Mn0.50Ox spectra, except the sample prepared using 

potassium hydroxide, centred at 718 eV. The presence of these three peaks suggest the 

iron is present in the 3+ oxidation state [32,33] and suggests the iron oxide is present in 

the Fe2O3 phase. However, the peaks centred at 710 eV in Fe0.50Mn0.50Ox prepared using 

hydroxide based precipitating agents are wider compared to the carbonate based 

precipitating agents. This indicates Fe is present in the 2+ oxidation alongside the 3+ 

oxidation state suggesting the iron oxide is in the Fe3O4 phase [42]. This suggests the iron 

oxide phase is consistent throughout the surface and bulk of the Fe0.50Mn0.50Ox 

precipitated using hydroxides. The Fe0.50Mn0.50Ox containing the Fe3O4 phase preforming 

significantly better than catalysts which exclusively have the Fe2O3 phase. This indicates 

the phase of the iron oxide plays a role in the propane total oxidation activity of the 

catalyst with Fe3O4 the phase with higher activity.  
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Figure 5-20: XPS spectra of the Mn 2p peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using different precipitating agents 

All the Mn 2p spectra of the Fe0.50Mn0.50Ox prepared using different precipitating agents 

show two peaks centred at 642 eV and 653 eV, Figure 5-20. Due to the absence of a 

satellite peak at 647 eV, no MnO phases are present on the surface of any Fe0.50Mn0.50Ox 

[34]. With the iron oxide present as Fe3O4 in the Fe0.50Mn0.50Ox prepared using hydroxide 

precipitating agents, we could assume the manganese oxide may have also formed Mn3O4 

phases. However with no MnO phase, alongside the manganese in the 3+ oxidation state, 

observed on the surface of these catalysts. However a shoulder peak is observed at 642 

eV in Fe0.50Mn0.50Ox prepared from hydroxides. This peak may have arisen from 

manganese present in the 2+ or 3+ oxidation state [34]. Therefore, the manganese could 

be present in a phase containing multiple oxidation states indicating the presence of 

Mn3O4.  

The oxidation state of the Fe0.50Mn0.50Ox prepared using a range of precipitating agents 

was calculated from the manganese 3s XPS spectra, Figure 5-21. The two peaks arising 

from manganese 3s are present between 80-90 eV and peaks from iron 3s emission occur 

at 93 eV [34,35]. The magnitude of the manganese 3s peak splitting for the Fe0.50Mn0.50Ox 

catalysts is shown in Table 5-12.  
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Figure 5-21: XPS spectra of the Mn 3s peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using different precipitating agents 

Only the catalyst prepared using potassium carbonate had a peak splitting below 5.3 eV, 

indicating the manganese oxide was in the MnO2 phase. All the other Fe0.50Mn0.50Ox 

catalysts had a splitting above 5.3 eV and below 6.0 eV suggesting the manganese oxide 

was in the Mn2O3 phase [34]. As seen previously, mixed metal oxide catalysts with 

manganese oxide present in the Mn2O3 had significantly increased VOC total oxidation 

activity. The same trend is observed in the Fe0.50Mn0.50Ox, with the sample prepared using 

potassium carbonate, the catalyst with the poorest propane total oxidation activity and the 

only catalyst with manganese present in the MnO2 phase. This suggests the manganese 

oxide phase is an important factor in determining the VOC total oxidation behaviour of a 

catalyst.  

Table 5-12: Magnitude of peak splitting in the Mn 3s spectra for the Fe0.50Mn0.50Ox 

prepared via co-precipitation using different precipitating agents 

 Magnitude of Mn 3s 

peak splitting / eV 

Surface oxidation 

state of Mn (all +) Sample 

Na2CO3 5.4 3 

K2CO3 4.7 4 

(NH4)2CO3 5.7 3 

NaOH 5.9 3 

KOH 5.7 3 

NH4OH 5.5 3 
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Two oxygen species, lattice and surface defect, are observed in the XPS spectra of the 

oxygen 1s of the Fe0.50Mn0.50Ox,  

Figure 5-22. A majority of the oxygen present in all Fe0.50Mn0.50Ox samples is within the 

lattice, as seen by relatively large peak at 529-31 eV [36].  Synergisitc interactions 

between the secondary metal and manganese are noted by shifting of the lattice oxygen 

peaks to higher binding energies [39]. The Fe0.50Mn0.50Ox prepared using both ammonium 

carbonate and hydroxide had the largest relative shift compared to the other samples. Both 

samples had high propane total oxidation activity, suggesting this synergistic effect may 

influence propane total oxidation activity. However, the extent of this effect is difficult to 

examine. 

 

Figure 5-22: XPS spectra of the O 1s peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using different precipitating agents 

5.4 The effect of calcination temperature on Fe0.50Mn0.50Ox for 

VOC total oxidation activity 

The optimal precipitating agent used to prepare Fe0.50Mn0.50Ox for propane total oxidation 

was ammonium hydroxide so this will be the base of choice for the calcination 

temperature study. The effect of calcination has a significant effect on manganese oxide 

for naphthalene [22], benzene, toluene and xylene total oxidation [43]. Calcination 

temperature used to prepare manganese containing mixed metal oxides has been reported 

to affect its activity for total oxidation reactions. With the activity of formaldehyde total 

oxidation over ceria-manganese mixed metal oxides [44] and CO oxidation over copper-
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manganese mixed metal oxides [45] effected by calcination temperature. Therefore, 

against this background it can be assumed the calcination temperature may have a 

significant effect on the iron-manganese mixed metal oxide. The TGA profile of the 

Fe0.50Mn0.50Ox prepared using ammonium hydroxide remained stable after 400 °C, 

indicating most of the precursor species had decomposed. Higher calcination temperature 

can have a significant effect on the bulk and surface properties of the catalyst. The same 

preparation method was used to prepare the catalyst. However the Fe0.50Mn0.50Ox catalyst 

was calcined at 400 °C, 450 °C and 500 .   

5.4.1 Catalyst performance 

5.4.1.1 Propane total oxidation 

 

Figure 5-23: Catalytic activities for propane total oxidation over Fe0.50Mn0.50Ox 

prepared via co-precipitation using NH4OH and calcined at various temperatures. 

Reaction conditions: 45,000 h-1, temperature range 200-600 oC, 5000 ppm propane in 

air. Legend refers to the different calcination temperatures used to prepare 

Fe0.50Mn0.50Ox 

All Fe0.50Mn0.50Ox calcined at different temperatures had high propane total oxidation and 

high CO2 selectivity (>99 %). Increasing the temperature used to calcine the 

Fe0.50Mn0.50Ox led to an increase in the propane total oxidation activity, Figure 5-23, 

following the general trend: 

500 °C > 450 °C > 400 °C 

The decrease in calcination temperature by 100 °C led to a increase in T100 by 50 °C. The 

Fe0.50Mn0.50Ox calcined at 450 °C had the same T100 temperature as the sample calcined 
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at 500 °C, however, it had lower propane total oxidation activity at lower temperatures. 

Increasing the calcination temperature in ceria-manganese mixed metal oxides for 

formaldehyde total oxidation also led to an increase in activity [44]. The same effect was 

noted for copper-manganese catalysts for CO oxidation [45]. In both cases, catalysts 

calcined at 500 °C produced the most active catalysts.  

5.4.2 Catalyst characterisation 

5.4.2.1 X-ray diffraction 

 

Figure 5-24: Powder XRD patterns of the Fe0.50Mn0.50Ox
 
50Ox prepared via co-

precipitation using NH4OH and calcined at various temperatures. 

All the XRD patterns of Fe0.50Mn0.50Ox calcined at various temperatures show reflections 

characteristic of Mn3O4, with reflections present at 33 °, 38 °, 44 ° and 52 ° [46], and 

Fe3O4, with reflections present at 30 °, 36 °, 43 °, 57 ° and 62 ° [20]. Some overlap 

between Mn3O4 and Fe3O4 reflections are noted. However with discrete peaks from each 

metal oxide observed, this suggests mixed metal oxide solid solutions haven’t been 

formed between the manganese oxide and iron oxides. It has been reported that 

calcination temperatures above 1000 °C are required to form iron-manganese solid 

solutions [13]. Therefore the solid solution structure wasn’t able to be formed. Metal 

oxides in the M3O4 phase had increased propane total oxidation compared to metal oxides 

in the M2O3 phase. This may explain the high propane total oxidation activity observed 

over these samples.  
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The XRD patterns of the Fe0.50Mn0.50Ox indicate phases that are low in crystallinity and 

slightly increase in crystallinity upon increasing calcination temperature, Figure 5-24. The 

increasing calcination temperature will lead to sintering and increasing crystallinity and 

crystallite size as observed in Table 5-13. The iron oxide crystallite size decreases upon 

increasing calcination temperature of the Fe0.50Mn0.50Ox. However, the reverse is 

observed for crystallite size of the manganese oxide. This is an interesting observation as 

the expectation would be both manganese and iron crystallite sizes will increase upon 

increasing calcination temperature. However, with the size of the iron oxide crystallite 

shrinking upon increasing calcination temperature, we can assume the iron oxide is either 

forming amorphous crystallites or becoming incorporated into the manganese oxide.  

Table 5-13: Physical properties of the Fe0.50Mn0.50Ox
 
50Ox prepared via co-precipitation 

using NH4OH and calcined at various temperatures derived from XRD  

Sample Phases 

present 

Crystallite size / Å 

FeOx MnOx 

400 °C Fe3O4, Mn3O4 283 138 

450 °C Fe3O4, Mn3O4 163 228 

500 °C Fe3O4, Mn3O4 91 240 

During this investigation, it was found that the manganese oxide crystallite size has a 

significant effect on VOC total oxidation. The Fe0.50Mn0.50Ox calcined at 500 °C had the 

largest manganese oxide crystallites, so we can assume this factor, alongside the metal 

oxide phase, has impacted the propane total oxidation activity of this catalyst. Also the 

presence of small iron oxide crystallites may also lead to increased propane total oxidation 

activity. The Fe0.50Mn0.50Ox prepared from co-precipitation using sodium carbonate had 

one of the smallest iron crystallite sizes of the iron-manganese mixed metal oxides 

investigated.  It was also one of the most active catalysts from the range of catalysts 

investigated. Therefore we can assume that the iron crystallite size alongside the 

manganese oxide crystallite size can influence the propane total oxidation activity.   

5.4.2.2 Surface area 

The surface areas of the Fe0.50Mn0.50Ox prepared from ammonium hydroxide, increased 

as the calcination temperature increased, Table 5-14. This is in line with the decreasing 

iron oxide crystallite size. However with the manganese crystallite size increasing, it may 

be assumed that this will lead to a decrease in surface area. The average manganese oxide 

and iron oxide crystallite size decreases upon increasing calcination temperature of the 

Fe0.50Mn0.50Ox. This will lead to smaller crystallites which in turn will lead to increased 

surface area observed over these catalysts.  
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Table 5-14: Surface area analysis of the Fe0.50Mn0.50Ox
 
50Ox prepared via co-

precipitation using NH4OH and calcined at various temperatures. Calculated from, 5-

point N2 adsorption BET analysis 

Sample BET Surface 

area / 

m2 g-1 

Surface area normalised rate of 

propane total oxidation at 250 °C (10-7)  

/ mol s-1 m-2 

400 °C 60 0.25 

450 °C 87 0.24 

500 °C 98 0.32 

The surface area normalised rate of propane total oxidation remains stable as the 

temperature used to calcine the Fe0.50Mn0.50Ox increases from 400 to 450 °C. This 

suggests surface area controls the activity of the Fe0.50Mn0.50Ox for propane total 

oxidation. However the higher surface normalised rate of propane total oxidation arising 

from the Fe0.50Mn0.50Ox calcined at 500 °C suggests other factors also influence propane 

total oxidation activity.  

5.4.2.3 Temperature programmed reduction 

The reduction profiles of the Fe0.50Mn0.50Ox calcined at various temperatures all feature 

three major peaks, Figure 5-25. The sample calcined at 400 °C had a completely different 

reduction profile to the other samples. It contained peaks at 400 °C, 520 °C and 650 °C, 

which successively increased in intensity. Due to the overlap in manganese oxide and 

iron oxide reduction peaks, it is difficult to clearly identify the exact phase of each metal 

oxide present in the sample. The peak at 520 °C, may represent the manganese oxide in 

the Mn3O4 phase [41]. A shift from the literature temperature to higher temperatures may 

have occurred due to possible interactions between the iron oxide and the Mn3O4 phase. 

The presence of this peak suggests the manganese oxide is uniform in the bulk with 

Mn3O4 also observed in the XRD patterns of this sample. The reduction peaks at 400 °C 

and 650 °C indicate the presence of both Fe2O3 and Fe3O4 in the catalyst. Due to the 

decreased intensity of the 400 °C, we can assume not all the iron oxide had been converted 

into Fe3O4 during the lower calcination temperature used for this sample [47]. The 

presence of this may lead to the decreased propane total oxidation activity observed on 

this sample. As seen previously in this chapter, iron oxide present in the Fe2O3 phase 

produced catalysts with lower propane total oxidation activity than those in the Fe3O4 

phase. Along with this the sample calcined at 400 °C has some of the highest temperatures 

at which reduction occurs. This suggests the ease of reduction is lower in this sample 
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which can also hinder the propane total oxidation activity of the sample, as the lability of 

lattice oxygen was reduced.  

 

Figure 5-25: Hydrogen temperature-programmed reduction profiles of the 

Fe0.50Mn0.50Ox prepared via co-precipitation using NH4OH and calcined at various 

temperatures. Reaction conditions: 30 mg sample, 30 ml min-1 10 % H2/ Ar, 

temperature range 100-800 °C 

The Fe0.50Mn0.50Ox sample calcined at 450 °C has a similar reduction profile of the 

catalyst calcined at 500 °C. However, all three peaks have shifted by ~15 °C to higher 

temperatures. This suggests the sample calcined at 450 °C has similar manganese oxide, 

MnO2, and iron oxide, Fe3O4, phases to the sample calcined at 500 °C. However the ease 

of reduction is decreased in the Fe0.50Mn0.50Ox calcined at 450 °C compared to the sample 

calcined at 500 °C. This ease in reduction of the Fe0.50Mn0.50Ox calcined at higher 

temperature may have arisen from the larger crystallite size and surface area compared to 

the samples calcined at lower temperatures. This ease in reduction, along with the 

increased surface area may lead to the increased propane total oxidation activity observed 

in the Fe0.50Mn0.50Ox calcined at 500 °C compared to the other temperatures.   

5.4.2.4 Electron microscopy  

5.4.2.4.1 Scanning electron microscopy 

The temperature used to calcine the Fe0.50Mn0.50Ox prepared from ammonium hydroxide, 

didn’t have a significant impact on the morphology of the sample, Figure 5-26. The coarse 

sponge-like morphology is maintained throughout the Fe0.50Mn0.50Ox catalysts. XRD 

patterns of the catalysts showed phase separation between the iron oxide and manganese 
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oxide. However, due to the similarities in contrast between both metal oxides in the back 

scattered electron images, this wasn’t observed.  

 

Figure 5-26: Secondary (left) and backscattered (right) electron micrographs of the 

Fe0.50Mn0.50Ox prepared via co-precipitation using NH4OH and calcined at various 

temperatures. (a) 400 °C, (b) 450 °C and 500 °C. Image magnification: 313 kx 

5.4.2.4.2 Energy dispersive x-ray spectroscopy  

The MP-AES analysis of the Fe0.50Mn0.50Ox prepared using ammonium hydroxide 

showed the relative iron and manganese concentrations to be 54.4 % and 45.6 % 

respectively. EDX was undertaken to investigate the effect of calcination temperature on 

bulk elemental concentration of iron and manganese in Fe0.50Mn0.50Ox, Table 5-15. The 

relative bulk iron concentration decreased upon increasing calcination temperature on the 

Fe0.50Mn0.50Ox. The concentrations deviate significantly from the MP-AES values. This 

suggests the increasing calcination temperature may cause phase separation of iron oxides 

and manganese oxides. Potential surface changes may also impact the relative iron 

concentration. 
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Table 5-15: SEM-EDX derived bulk element analysis of the Fe0.50Mn0.50Ox prepared via 

co-precipitation using NH4OH and calcined at various temperatures. 

Sample Concentration / % Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn O   

400 °C 17.3 17.5 65.2 49.8 50.2 

450 °C 22.8 29.0 48.2 44.1 55.9 

500 °C 16.0 19.7 64.3 44.9 55.1 

However, the SEM-EDX maps of the Fe0.50Mn0.50Ox calcined at various temperatures, 

Figure 5-27, show both metals to be homogenously distributed at the level of 

magnification employed. This suggests no significant phase separation between iron and 

manganese species has occurred. Therefore variations between the MP-AES and EDX 

iron and manganese ratios may have occurred during the EDX analysis of the samples 

[48]. 

 

Figure 5-27: SEM-EDX mapping of  Fe0.50Mn0.50Ox prepared via co-precipitation using 

NH4OH and calcined at various temperatures, (a) 400 °C, (b) 450 °C and 500 °C. Iron 

(red) and manganese (pink) 

 

 

 



 

231 

 

5.4.2.5 X-ray photoelectron spectroscopy 

Table 5-16: XPS derived surface elemental concentrations for the Fe0.50Mn0.50Ox 

prepared via co-precipitation using NH4OH and calcined at various temperatures.  

Sample Concentration / % Relative 

Fe / % 

Relative 

Mn / %  
Fe Mn O   

400 °C 17.3 16.6 66.1 51.1 48.9 

450 °C 17.1 16.7 66.2 50.6 49.4 

500 °C 20.3 20.3 59.4 50.1 49.9 

The relative concentration of surface iron decreases upon increasing temperature used to 

calcine the Fe0.50Mn0.50Ox, Table 5-16. This suggests the surface is restructuring as the 

calcination temperature increases. This follows the decreasing relative iron concentration 

as observed in EDX, however the decreases observed in XPS are significantly lower than 

those observed in EDX. With increased concentrations of manganese oxide present on 

the surface of the Fe0.50Mn0.50Ox calcined at 500 °C, this may lead to the higher propane 

total oxidation activity observed of this catalyst.   

 

Figure 5-28: XPS spectra of the Fe 2p peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using NH4OH and calcined at various temperatures.  

The Fe 2p XPS spectra of the Fe0.50Mn0.50Ox were all similar with two major observable 

peaks, centred at 710 eV and 724 eV, present in all spectra, Figure 5-28. Along with this 

a satellite peak was observed at 718 eV in the samples calcined at 400 °C and 450 °C. As 

the temperature used to calcine the Fe0.50Mn0.50Ox increases, the intensity of the peaks 

slightly decreases and broadens. This is in line with the decreasing concentration of iron 

observed on the surface of the Fe0.50Mn0.50Ox as the calcination temperature increases. 
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Along with this, the satellite peak at 718 eV becomes less observable. As mentioned 

previously, the two major peaks signify iron oxide present in the 3+ oxidation state. 

However, the broadening of peak width as the calcination temperature increases, suggests 

the presence of iron in the 2+ oxidation state [42]. 

This suggests, as the temperature used to calcine the Fe0.50Mn0.50Ox increases, the 

oxidation state of the iron becomes a mixture of 2+ and 3+ indicating the presence of 

Fe3O4. This is also noted with the decreasing intensity of the satellite peak at 718 eV upon 

increasing calcination temperature. This peak arises from iron in the 3+ oxidation state 

and the decrease in intensity of the peak indicates less 3+ is present, reinforcing the  

suggestion of formation of Fe3O4. This will mean the phase of the surface and bulk 

become more similar as the calcination temperature of the Fe0.50Mn0.50Ox increases. As 

seen previously in this chapter, when iron oxide is present in the Fe3O4 phase in iron-

manganese mixed metal oxide samples, it has increased propane total oxidation 

performance. Therefore the increased presence of the Fe3O4 phase throughout the Fe0.50-

Mn0.50Ox as the calcination temperature increases may lead to the higher propane total 

oxidation activity noted for these samples.  

 

Figure 5-29: XPS spectra of the Mn 2p peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using NH4OH and calcined at various temperatures.  

There were two peaks centred at 642 eV and 653 eV in the Fe0.50Mn0.50Ox calcined at 

various temperatures, Figure 5-29. The peaks centred at 642 eV seem to be formed of two 

separate peaks, due to the presence of a large shoulder peak present at the lower binding 

energy side of the peak. This may suggest the presence of manganese present in multiple 

oxidation states [34].  However, with no satellite peak at 647 eV, this suggests the 
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majority of the manganese is not present in the 2+ oxidation state. This means most of 

the manganese will be present in the 3+ oxidation state. This suggests that Mn3O4 may be 

present on the surface of Fe0.50Mn0.50Ox calcined at the three different temperatures. 

 

Figure 5-30: XPS spectra of the Mn 3s peaks for the Fe0.50Mn0.50Ox prepared via co-

precipitation using NH4OH and calcined at various temperatures.  

To investigate the oxidation state of the manganese in the Fe0.50Mn0.50Ox samples, the Mn 

3s peaks were used, Figure 5-30. The splitting between the Mn 3s peaks increased slightly 

upon increasing temperature used to calcine the Fe0.50Mn0.50Ox, Table 5-17. Only the 

sample calcined at 500 °C had manganese present in the 3+ oxidation state. It also shows 

the manganese phases in the surface and bulk are similar in the Fe0.50Mn0.50Ox.  

Table 5-17: Magnitude of the peak splitting in the Mn 3s spectra for the Fe0.50Mn0.50Ox 

prepared via co-precipitation using NH4OH and calcined at various temperatures.  

 Magnitude of Mn 

3s peak splitting / 

eV 

Surface oxidation 

state of Mn (all +) Sample 

400 °C 5.2 4 

450 °C 5.3 4 

500 °C 5.5 3 

Two oxygen species are observed in the XPS spectra of the all the Fe0.50Mn0.50Ox calcined 

at different temperatures, Figure 5-31, representing defect and lattice oxygen. However, 

the intensity of both species decrease upon increasing temperature used to calcine the 

Fe0.50Mn0.50Ox. There is also a shift in both peaks to lower binding energies upon 

increasing calcination temperature. This shift suggests synergistic interactions between 
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iron and manganese decrease upon increasing calcination temperature of the 

Fe0.50Mn0.50Ox. This may lead to increased phase separation between the iron and 

manganese which was shown to increase the propane total oxidation activity of the ceria-

manganese mixed metal oxides in the previous chapter.  

 

Figure 5-31: XPS spectra of the O 1s peaks of the Fe0.50Mn0.50Ox prepared via co-

precipitation using NH4OH and calcined at various temperatures.  

5.5 Conclusions 

This work shows the iron-manganese mixed metal oxides are very active for propane total 

oxidation. The ratios of iron and manganese within the mixed metal oxide were 

investigated, along with precipitating agents and calcination temperatures used to prepare 

the final catalyst. Fe0.50Mn0.50Ox catalyst prepared by co-precipitation using ammonium 

hydroxide and calcined at 500 °C showed the highest propane total oxidation activity out 

of the samples tested throughout the investigation. However no synergy was observed for 

the naphthalene total oxidation between iron oxides and manganese oxides. Co-

precipitation produced iron-manganese mixed metal oxides with ratios close to the 

nominal values, no matter which precipitating agent, or iron/manganese ratio, was used.  

The iron-manganese mixed metal oxides were initially prepared using sodium carbonate 

as a precipitating agent. Most of the iron-manganese mixed metal oxides prepared using 

this method had higher propane total oxidation activity compared to the base iron oxides 

and manganese oxide, with the Fe0.50Mn0.50Ox the most active out of all the samples 

tested. The Fe0.50Mn0.50Ox was the iron-manganese mixed metal oxide with the highest 
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manganese content that showed no iron oxide and manganese oxide phase separation. It 

also had one of the smallest iron oxide crystallite size of the iron-manganese mixed metal 

oxides. The higher activity of the mixed metal oxides compared to the parent oxides were 

assigned to higher surface areas of the mixed metal oxides when compared to the 

manganese oxide, which may have arisen from the small iron oxide crystallites. The 

presence of manganese in the iron oxide, lead to easier reduction of the iron oxide as seen 

by the reduction in TPR peak temperatures upon increasing manganese content of the 

iron-manganese mixed metal oxide. However, the extent of reduction in the iron-

manganese mixed metal oxides significantly decreased compared to the parent oxides. 

This will allow for increased concentration of surface oxygen species at lower 

temperatures therefore allowing for oxidation reactions to become enhanced at these 

temperatures giving increased activity. The surface oxidation states of the iron and 

manganese in the mixed metal oxides also changed compared to the parent metal oxides. 

Addition of iron oxide into the manganese led to an increase in the Mn 3s XPS peak 

splitting suggesting a change in oxidation state was occurring, The Fe0.50Mn0.50Ox had the 

largest peak splitting and manganese present in the 3+ oxidation state. With the 3+ 

oxidation state noted to have higher VOC total oxidation activity, the increased propane 

total oxidation activity of this sample may have influenced this. However, due to the 

dilution of those manganese species and higher surface concentrations of iron, which has 

significantly lower naphthalene oxidation activity. This may have led to the poor synergy 

between the metal oxides observed in this catalyst for naphthalene total oxidation. Also 

with low phase separation between the iron oxide and manganese oxide, this may have 

led to lower naphthalene total oxidation.   

As seen in the previous chapter, the presence of surface sodium had a significant impact 

on the VOC total oxidation activity of the mixed metal oxide catalyst. To investigate the 

effect of sodium on the Fe0.50Mn0.50Ox a range of sodium, potassium and ammonium 

containing precipitating agents were investigated. The Fe0.50Mn0.50Ox prepared from 

potassium containing precipitating agents had lower propane total oxidation activity than 

the Fe0.50Mn0.50Ox prepared from sodium. However the samples prepared from 

ammonium containing precipitating agents performed significantly better than the sodium 

containing samples. This suggests that any alkali containing precipitating agent leads to 

poor total oxidation activity. Along with this trend, all Fe0.50Mn0.50Ox prepared from 

hydroxides performed better for propane total oxidation than their carbonate counterparts. 

This trend was seen in surface and bulk elemental analysis of the Fe0.50Mn0.50Ox catalysts. 

The catalysts prepared by carbonates had higher concentrations of sodium or potassium 



 

236 

 

compared to the hydroxides. The higher propane total oxidation activity from the 

hydroxides were ascribed to the smaller iron oxide crystallites observed in XRD, Also the 

bulk iron oxide was present as Fe3O4 in Fe0.50Mn0.50Ox prepared from hydroxides whereas 

it formed Fe2O3 in the catalyst prepared from carbonates. Along with the smaller iron 

oxide crystallites phase separation in the Fe0.50Mn0.50Ox prepared from ammonium 

hydroxide occurred. The manganese oxide formed large crystallites, in the form of 

Mn3O4. As seen in the previous chapter, the presence of phase separation led to an 

increase in VOC total oxidation and this effect is noted in the Fe0.50Mn0.50Ox. These bulk 

iron oxide and manganese oxides were also observed in the TPR of the Fe0.50Mn0.50Ox 

prepared from hydroxides. All Fe0.50Mn0.50Ox had similar ease and extent of reduction 

suggesting this doesn’t effect the catalyst as much as other factors. The catalyst prepared 

from ammonium hydroxide had the highest surface area out of all the Fe0.50Mn0.50Ox 

prepared. All catalysts which had a higher propane total oxidation activity than the 

Fe0.50Mn0.50Ox prepared by sodium carbonate had manganese present in the 3+ oxidation 

state. The Fe0.50Mn0.50Ox prepared from hydroxides also had manganese present in the 2+ 

oxidation state indicating it was in the Mn3O4 phase. This may have led to higher propane 

total oxidation activity of the Fe0;50Mn0.50Ox prepared from hydroxides compared to the 

carbonates.  

Finally to investigate the influence of calcination temperature on propane total oxidation 

activity, the Fe0.50Mn0.50Ox prepared using ammonium hydroxide was calcined at 400 °C, 

450 °C and 500 °C. The highest calcination temperature produced the most active propane 

total oxidation catalyst. This was ascribed to the increased iron oxide and manganese 

oxide phase, both in M3O4. Along with this, the large manganese oxide crystallites 

observed in the sample also correlated with increase propane total oxidation activity. It 

also had the highest surface area and the was the easiest to reduce. Along with this the 

surface manganese was present in the 3+ oxidation state. This suggests that these factors 

have the greatest influence on the propane total oxidation activity of the Fe0.50Mn0.50Ox.  
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6 Conclusions and Future Work 

6.1 Conclusions 

This work presented a range of mixed metal oxide catalysts for total oxidation of propane 

and naphthalene, along with bulk and surface characterisation of the catalysts. The 

optimum ratio for each catalysts system is shown in Table 6-1. Along with this, both 

ceria-zirconia and ceria-manganese mixed metal oxide catalysts showed appreciable 

stability for both total oxidation reactions. 

Table 6-1: The optimum metal ratios for ceria-zirconia, ceria-manganese and iron-

manganese mixed metal oxide catalysts for propane and naphthalene total oxidation 

Catalyst Optimum metal 

ratio 

Preparation method Propane T50 / 

°C 

Naphthalene T50 / 

°C 

Ce-Zr  Ce0.90Zr0.10Ox Mechanochemical 

grinding of nitrates 

400 160 

 Ce0.95Zr0.05Ox Mechanochemical 

grinding of carbonates 

375 180 

Ce-Mn Ce0.25Mn0.75Ox Co-precipitation using 

sodium carbonate and 

2 l washing 

270 160 

Fe-Mn Fe0.50Mn0.50Ox Co-precipitation using 

ammonium hydroxide 

220 - 

 

6.1.1 Ceria-zirconia mixed metal oxides  

Preparation of ceria-zirconia mixed metal oxides were undertaken using 

mechanochemical grinding of two types of precursors, nitrates and carbonates. In both 

cases, lower concentrations of zirconia provided the most active catalysts for propane and 

naphthalene total oxidation. Ceria-zirconia mixed metal oxides prepared from nitrates 

were slightly more active for naphthalene total oxidation, whereas mixed metal oxides 

prepared from carbonates showed increased propane total oxidation activity. The stability 

of propane and naphthalene total oxidation was also significantly different between both 

precursors. The ceria-zirconia mixed metal oxides prepared from nitrate showed minor 

deactivation upon repeated propane total oxidation runs and extended naphthalene total 

oxidation. However the sample prepared from carbonates, showed significant 

deactivation for both total oxidation reactions.  

Incorporation of zirconia into the ceria lattice led to an increase in the surface area and a 

decrease in the crystallite size compared to ceria. The reduction temperature of surface 

ceria species also decreased upon addition of zirconia into the ceria lattice. The hydrogen 
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consumption of the surface also increased indicating both ease and extent of reduction of 

the ceria was positively effected upon addition of zirconia. All these factors will lead to 

the increase in propane and naphthalene total oxidation activity observed over the ceria-

zirconia mixed metal oxides compared to the parent oxides. Surface area affects 

naphthalene total oxidation activity over ceria catalysts [1]. The ceria-zirconia mixed 

metal oxides prepared from nitrates had a slightly higher surface area compared to the 

mixed metal oxides prepared from carbonates. Therefore, the increased naphthalene total 

oxidation activity of the ceria-zirconia mixed metal oxides prepared from nitrates can be 

ascribed to the higher surface area.  

Elemental analysis of the ceria-zirconia mixed metal oxides showed zirconia enrichment 

occurred on the surface of all of the mixed metal oxide catalysts. With the surface 

concentrations of zirconia increasing upon increasing zirconia content of the ceria-

zirconia mixed metal oxide. This led to a decrease in propane and naphthalene total 

oxidation, due to the poor activity of zirconia for the reactions. The higher surface 

zirconia concentrations were ascribed to poor incorporation of zirconia into the ceria 

lattice and not from contamination from the milling surface. The relative surface oxygen 

species increased upon addition of low concentrations of zirconia into the ceria. The 

higher relative concentrations of surface oxygen defects correlated with increased VOC 

total oxidation over the mixed metal oxides catalysts.  

Differences in stability between the ceria-zirconia mixed metal oxide samples was 

ascribed to the stability of the catalysts under the reaction conditions. The higher reaction 

temperatures used during propane total oxidation led to loss of surface area and formation 

of phase separated ceria and zirconia, as observed from in situ XRD analysis of the 

samples. The loss of naphthalene total oxidation over extended periods of time was 

ascribed to potential loss of surface area and potential adsorption of naphthalene on the 

surface of the catalysts, causing blockage of active sites. However further investigation 

of these factors has to be carried out. 

6.1.2 Ceria-manganese mixed metal oxides 

Unlike the ceria-zirconia mixed metal oxides, ceria-manganese containing high 

concentrations of ceria were less active for propane and naphthalene total oxidation 

compared to the low ceria content mixed metal oxides. Only the Ce0.25Mn0.75Ox samples 

showed higher propane and naphthalene total oxidation compared to the manganese 

oxide. This was ascribed to a range of factors. The manganese in the Ce0.25Mn0.75Ox was 

in the 3+ oxidation state whereas the majority of the manganese in the manganese oxide 
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was in the 4+ oxidation state. Lower oxidation states of manganese oxide were noted to 

have increased naphthalene total oxidation activity, which led to the higher activity 

observed for the mixed metal oxide [2]. Along with the difference in manganese oxide 

phases, the Ce0.25Mn0.75Ox had a significantly higher surface area compared to the parent 

oxides, and the lowest reduction temperature of the ceria-manganese mixed metal oxides 

prepared from co-precipitation.  

However, the Ce0.25Mn0.75Ox prepared by co-precipitation using sodium carbonate and 

washed with 1 l of water had high surface and bulk concentrations of sodium. To 

investigate the effect of the sodium, the Ce0.25Mn0.75Ox was washed with increasing 

amounts of water and prepared using non-sodium containing methods. Increased washing 

of the Ce0.25Mn0.75Ox led to a significant decrease in bulk and surface sodium content 

compared to the original sample. Increased phase separation and manganese oxide 

crystallite sizes were observed upon increased washing of the sample. Along with this, 

the surface area increased. The reduction temperature of the mixed metal oxide also 

decreased and the 3+ manganese oxidation state was maintained.  

The Ce0.25Mn0.75Ox prepared using the range of sodium-free methods all showed 

appreciable propane total oxidation activity. However, all the catalysts had poor 

naphthalene total oxidation activity. The Ce0.25Mn0.75Ox prepared mechanochemically 

from carbonate and nitrate precursors had the highest propane total oxidation activity and 

had phase separation between ceria and manganese oxides. This indicated phase 

separation along with large manganese oxide crystallites were required for high VOC 

total oxidation activity over the ceria-manganese mixed metal oxides. The preparation 

method also affected the reducibility of the mixed metal oxide. The Ce0.25Mn0.75Ox 

prepared using co-precipitation with high washing had the lowest reduction temperature 

compared to the other samples. With this sample having the highest total oxidation 

activity of the different methods, this indicates the reducibility of the catalyst significantly 

effects the total oxidation activity.   

Unlike the ceria-zirconia mixed metal oxides, the Ce0.25Mn0.75Ox was extremely stable for 

both propane and naphthalene total oxidation reactions.  

6.1.3  Iron-manganese mixed metal oxides 

The iron-manganese mixed metal oxides produced the most active propane total oxidation 

catalysts during this project. Synergy was observed for propane total oxidation however, 

no synergy between the two metal oxides were observed for naphthalene total oxidation. 

Fe0.50Mn0.50Ox was noted to the be the most active ratio for propane total oxidation. It had 
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the smallest iron crystallite size and the highest surface area of the iron-manganese mixed 

metal oxides prepared using co-precipitation. The surface reduction temperature of the 

Fe0.50Mn0.50Ox was the lowest of the iron-manganese mixed metal oxides, suggesting ease 

of reduction accounts for the activity of VOC total oxidation for iron-manganese mixed 

metal oxide catalysts.  The other main factor for the Fe0.50Mn0.50Ox high activity is 

ascribed to the increased reducibility of surface manganese in the 3+ oxidation state, 

which was only observed on this sample.   

To further optimise the iron-manganese mixed metal oxide catalyst for propane total 

oxidation, the precipitating agent and calcination temperature were investigated. 

Fe0.50Mn0.50Ox prepared from hydroxides out performed their carbonate counterparts with 

the catalyst prepared using ammonium hydroxide solution performing the best. This 

sample had no bulk or surface sodium contamination, which as seen from the ceria-

manganese mixed metal oxides can effect the VOC total oxidation activity of the sample. 

This sample had the largest manganese oxide crystallites, indicating this is a key factor 

for high propane total oxidation activity. The manganese was present in the Mn3O4 phase 

in the Fe0.50Mn0.50Ox prepared from ammonium hydroxide and this phase was also noted 

on the surface. The presence of the Mn3O4 was noted to be active for propane total 

oxidation. When the calcination temperature used to prepare the Fe0.50Mn0.50Ox was 

decreased, this phase wasn’t formed and the propane total oxidation activity decreased as 

a result.  

6.2 Future Work 

For all the catalysts, the reaction pathway for both propane and naphthalene total 

oxidation will be interesting to study. Previous studies have used DRIFTS and IR methods 

to monitor naphthalene [3] and propane [4] total oxidation reactions respectively. Along 

with this, the stability of the catalysts should be more thoroughly investigated. By using 

large scale reactors, larger amounts of catalyst can be used and post reaction analysis of 

the sample can be done. ‘Industrial’ mixtures contain a range of VOCs from their exhausts 

or emissions [5]. Therefore to further investigate the catalyst in ‘industrial’ conditions, 

mixtures of VOCS should be used to investigate performance of the most active catalysts 

from this investigation.  

The effect of milling material on ceria-zirconia mixed metal oxide will be an interesting 

investigation. By using a harder material such as silicon carbide, this may lead to higher 

incorporation of zirconia into the ceria lattice. This may lead to less surface segregation 

of zirconia and form more active VOC total oxidation catalysts. To increase incorporation 
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of zirconia into ceria, organic solvents or water, could be added to the preparation vessel 

[6]. Addition of a solvent was noted to increase the incorporation of mixed metal oxides, 

so this can be used to future optimise the ceria-zirconia catalyst.  

Optimisation of the preparation methods can be used to provide a more comparable study 

on the effect of preparation method of Ce0.25Mn0.75Ox on propane and naphthalene total 

oxidation. The preparation methods were optimised for preparation of various metal 

oxides. Therefore factors such as calcination temperature, aging time and aging 

temperature will need to be further optimised. With some of the methods, especially 

mechanochemical, showing high activity for propane total oxidation, these methods could 

be optimised to produce extremely active catalysts for both propane and naphthalene total 

oxidation.  

The TEM analysis and stability of the iron-manganese mixed metal oxides need to be 

fully investigated to provide the complete examination of the materials. Along with this 

the Fe0.50Mn0.50Ox can be further optimised by changing a range of factors such as aging 

time, rate of addition of nitrates and aging temperature. This may lead to an increase in 

the naphthalene total oxidation activity of the catalysts, as it may create synergy between 

the two metal oxides.   

6.3 References 

[1] T. Garcia, B. Solsona, S.H. Taylor, Nano-crystalline Ceria Catalysts for the 

Abatement of Polycyclic Aromatic Hydrocarbons, Catal. Letters. 105 (2005) 183–189. 

doi:10.1007/s10562-005-8689-2. 

[2] T. Garcia, D. Sellick, F. Varela, I. Vázquez, A. Dejoz, S. Agouram, S.H. Taylor, 

B. Solsona, Total oxidation of naphthalene using bulk manganese oxide catalysts, Appl. 

Catal. A Gen. 450 (2013) 169–177. doi:10.1016/j.apcata.2012.10.029. 

[3] D.R. Sellick, A. Aranda, T. García, J.M. López, B. Solsona, A.M. Mastral, D.J. 

Morgan, A.F. Carley, S.H. Taylor, Influence of the preparation method on the activity of 

ceria zirconia mixed oxides for naphthalene total oxidation, Appl. Catal. B Environ. 132–

133 (2013) 98–106. doi:10.1016/j.apcatb.2012.11.036. 

[4] M.A. Hasan, M.I. Zaki, L. Pasupulety, IR investigation of the oxidation of 

propane and likely C3 and C2 products over group IVB metal oxide catalysts, J. Phys. 

Chem. B. 106 (2002) 12747–12756. doi:10.1021/jp0214413. 

[5] H.L. Wang, L. Nie, J. Li, Y.F. Wang, G. Wang, J.H. Wang, Z.P. Hao, 

Characterization and assessment of volatile organic compounds (VOCs) emissions from 

typical industries, Chinese Sci. Bull. 58 (2013) 724–730. doi:10.1007/s11434-012-5345-

2. 

[6] K. Ralphs, C. Hardacre, S.L. James, Application of heterogeneous catalysts 

prepared by mechanochemical synthesis., Chem. Soc. Rev. 42 (2013) 7701–18. 

doi:10.1039/c3cs60066a. 

 


