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Abstract 

Volatile organic compounds (VOCs) are a group of chemicals particularly 

damaging to the environment and human health. Improvements to current 

removal techniques are needed in order to meet increasingly stringent 

legislation on VOC emissions. Chemical vapour impregnation (CVI) is a novel 

catalyst synthesis technique that has only seen application in a small number 

of reactions. This thesis aims to investigate CVI as a preparation method for 

total propane oxidation catalysts. 

 

CVI prepared catalysts were first compared against the more traditional 

synthesis technique of wet impregnation (WI) for the deep oxidation of 

propane. Three Pd/Al2O3 catalysts were synthesised by both techniques with 

a weight loading of 1 %, 2.5 %, and 5 %. In all cases the CVI catalysts were 

more active in terms of propane conversion than the analogous WI catalyst. 

XRD and XPS analysis was performed, identifying that both techniques 

prepared palladium in its highly active PdO form. TEM showed large 

differences in the palladium structure with CVI producing discrete 

nanoparticles 3-5 nm in diameter while WI produced large palladium rich areas 

but no discernible nanoparticles. CO chemisorption showed CVI produced 

significantly more active sites than WI catalysts with this being proposed as a 

major reason for increased activity. TOF calculations, suggested active sites 

on WI catalysts were more active per site than CVI sites.  

 

A range of 1% PdPt/Al2O3 bimetallic catalysts were synthesised by CVI, where 

the Pd:Pt ratios were 3:1, 1:1, and 1:3.  The 3:1 Pd:Pt ratio was found to be 

the most active. XPS found that the palladium species on the bimetallic 

catalysts existed as a mixture of Pd0 and PdO. A strong correlation was found 

between increasing the proportion of metallic palladium to PdO and propane 

conversion. XRD suggested these bimetallics produced larger platinum 

particles, which was confirmed by SEM. Microscopy coupled with EDX 

identified segregation of the platinum and palladium with the platinum existing 
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as large particles while the palladium was disperse nanoparticles, too small 

for identification on the microscope used. 

 

PdFe, PdNi, and PdCo on alumina catalysts with a Pd:X of 3:1 were prepared 

by CVI and tested for propane oxidation. The PdFe catalyst was found to be 

the most active with a T50 of 298 °C, making it more active than the PdPt 

reference. XPS suggests that these catalysts also follow relationship between 

palladium oxidation state ratio and propane conversion; however, the 

relationship was not as strong. Heat treatment has been shown to influence 

activity, with catalysts reduced then calcined being more active than those 

calcined only. TEM imaging suggests that very small disperse nanoparticles 

have been synthesised. XPS shows catalysts that are almost exclusively in 

the oxide form with the literature suggesting a highly active PdO shell has 

formed around an alloy core.  

 

Overall, it was demonstrated that CVI produces highly active monometallic and 

bimetallic catalysts for the deep oxidation of propane, outperforming more 

traditional preparation techniques and should be considered for further 

investigation for use in making oxidation catalysts.         

 

  



IV 
 

Table of Contents 
Acknowledgments ........................................................................................... I 

Abstract .......................................................................................................... II 

1 – Introduction .............................................................................................. 1 

1.1 – An introduction to catalysis ................................................................ 1 

1.2 – Automotive catalysis .......................................................................... 3 

1.2.1 - Internal combustion engine (ICE) emissions ................................ 3 

1.2.2 – Catalytic converters ..................................................................... 3 

1.2.3 – Emissions Regulation .................................................................. 5 

1.2.4 – Cold-start emissions .................................................................... 7 

1.3 – Volatile organic compounds ............................................................... 7 

1.3.1 – Dangers of VOC emissions ......................................................... 8 

1.3.2 – VOC emissions legislation........................................................... 9 

1.3.3 – Propane as a volatile organic compound .................................... 9 

1.3.4 – VOC removal methods .............................................................. 10 

1.3 – VOC oxidation catalysts ................................................................... 12 

1.3.1 – Metal oxide catalysts ................................................................. 13 

1.3.2 – Supported metal catalysts ......................................................... 14 

1.4 –Catalyst synthesis technique ............................................................ 29 

1.4.1 – Chemical vapour impregnation as a catalyst synthesis technique

 .............................................................................................................. 30 

1.5 – Project aims ..................................................................................... 32 

1.6 – References ...................................................................................... 34 

2 - Experimental ........................................................................................... 45 

2.1 - Materials Used .................................................................................. 45 

2.2 - Catalyst Preparation ......................................................................... 45 

2.2.1 – Wet Impregnation ...................................................................... 46 

2.2.2 – Chemical Vapour Impregnation ................................................. 47 



V 
 

2.3 – Characterisation Techniques ........................................................... 48 

2.3.1 – Powder X-Ray Diffraction (XRD) ............................................... 48 

2.3.2 – X-Ray Photoelectron Spectroscopy (XPS) ................................ 50 

2.3.3 – CO Chemisorption .................................................................... 52 

2.3.4 – Electron Microscopy .................................................................. 54 

2.3.5 – Brunauer Emmett Teller (BET) surface area detemination ....... 57 

2.3.6 – Temperature Programmed Reduction ....................................... 59 

2.3.7 – Thermogravimetric Analysis (TGA) ........................................... 59 

2.3.8 – Infrared (IR) Spectroscopy ........................................................ 60 

2.3.9 – Microwave Plasma Atomic Emission Spectroscopy (MP-AES) . 61 

2.4 – Catalyst Testing ............................................................................... 62 

2.4.1 – Propane Oxidation .................................................................... 62 

2.5 – References ...................................................................................... 66 

3 – Highly Active Pd/Al2O3 catalysts for propane oxidation synthesised by 

chemical vapour impregnation ..................................................................... 68 

3.1 Introduction and aims ......................................................................... 68 

3.2 – Effect of preparation technique on propane oxidation activity ......... 70 

3.2.1 – Catalyst performance for deep oxidation of propane ................ 71 

3.2.2 – Characterisation ........................................................................ 75 

3.3 – CVI as a technique for producing scalable catalysts ....................... 89 

3.4 – Catalyst Stability .............................................................................. 92 

3.5 – Discussing the need for calcination of CVI catalysts ....................... 97 

3.6 - Conclusions .................................................................................... 100 

3.7 - References ..................................................................................... 102 

4 – Investigating chemical vapour impregnation as a method of synthesising 

highly active PdPt bimetallic catalysts ........................................................ 106 

4.1 – Introduction and aims .................................................................... 106 



VI 
 

4.2 – Effect of Pd:Pt ratio on the activity of catalysts for the deep oxidation 

of propane .............................................................................................. 108 

4.2.1 - Catalyst performance testing ................................................... 109 

4.2.4 – Catalyst characterisation ......................................................... 113 

4.3 – Catalyst Stability ............................................................................ 128 

4.4 – Effect of catalyst heat-treatment .................................................... 130 

4.5 – Conclusions ................................................................................... 135 

4.6 – Future work .................................................................................... 137 

4.7 – References .................................................................................... 139 

5 – Investigating CVI as a synthesis technique for PGM transition metal 

bimetallic catalysts for deep propane oxidation. ......................................... 143 

5.1 – Introduction and aims .................................................................... 143 

5.2 – Transition metal-palladium bimetallic catalysts for propane oxidation

................................................................................................................ 144 

5.2.1 – Catalyst performance testing ................................................... 145 

5.2.2 – Catalyst Characterisation ........................................................ 150 

5.2.3 – Effect of catalyst heat-treatment .............................................. 157 

5.3 – Conclusions ................................................................................... 166 

5.4 – Future work .................................................................................... 168 

5.5 – References .................................................................................... 170 

6 – Conclusions .......................................................................................... 173 

6.1 – References .................................................................................... 180 

7 – Future work .......................................................................................... 181 

 

 



1 
 

1 – Introduction 

 

1.1 – An introduction to catalysis 

A catalyst can be defined as ‘a substance that increases the rate of a reaction 

without modifying the overall standard Gibbs energy change in the reaction’ 

while not being used by the reaction process.1 Enzymes have been used by 

human civilisation for thousands of years in the production of food and drinks 

like bread and alcohol.2 Berzelius first made reference to catalysis in 1835, 

using the term ‘catalytic force’ to describe the impact small amounts of a 

substance had on the rate of reactions.3  

 

The addition of a catalyst will not change the equilibrium point under specific 

conditions; it will instead increase the rate at which it reaches this point. The 

kinetics of the reaction is changed through an alternative reaction pathway 

which has a different activation energy as seen in Figure 1.1. This is typically 

through the formation of different intermediates and transition states. A 

catalysed reaction will often have multiple intermediates, but the largest 

activation energy will not be higher than that for the uncatalysed reaction.4 

Figure 1.1: Energy profile demonstrating the difference in activation energy for catalysed and 

uncatalysed reactions 
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While, by definition, a catalyst is unchanged by a reaction, this is invariably not 

the case, as external factors can change the catalyst characteristics leading 

to changes in performance such as deactiviation. Notable deactivation 

processes include poisoning by chemicals introduced by the reaction or 

synthesis technique,5–8 and metal particle sintering.9–11 Stability is an important 

factor to consider when assessing catalyst performance.  

 

There are three main types of catalyst: heterogeneous, homogeneous and 

enzymes. Heterogeneous catalysts exist in a difference state to the reactants. 

This will typically be a solid catalyst with gas or liquid phase reactants. 

Heterogeneous catalysts are known for the ease in which catalyst and 

products can be separated with the catalyst easily recovered. This is a factor 

that has helped bring about their widespread use in industry.4 A homogeneous 

catalyst is in the same state as the reactants, usually both being in the solution. 

They normally involve a metal complex with associated ligands. These ligands 

can be modified in a number of ways allowing these catalysts to be highly 

selective to give a desired product. However, separation of catalyst and 

product can prove difficult.12,13 Enzymes are biological catalysts that have 

been shown to be highly active and selective for a number of reactions; 

however, their use is limited due to low tolerance of reaction conditions outside 

of a very narrow temperature and pH range.14,15 

 

Catalysts have seen widespread use industrially with 85–90 % of all chemicals 

made are products of catalytic reactions, and around 80 % of all manufactured 

goods use a catalyst at some point in the synthesis route.16 The Haber-Bosch 

process is a prominent industrial processes that involves a catalyst where an 

iron catalyst is used to convert hydrogen and nitrogen into ammonia for 

fertilizer production. It is thought that 50 % of the world’s population are alive 

due to the implementation of this process.17 
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1.2 – Automotive catalysis 

 

1.2.1 - Internal combustion engine (ICE) emissions 

One of the most well-known, and widely researched areas of catalysis is 

automotive aftertreatment catalysis. Since the 1960s, an increasing population 

and easier mass production of automobiles has led to concerns about their 

contribution to air pollution, especially in urban areas.18 The combustion of fuel 

in a petrol engine is not a completely efficient process, with only 30-35 % of 

the energy produced from the fuel going towards powering the car.19 This 

leads to the production of other products besides the CO2 and H2O. These by-

products have been shown to be particularly harmful to human health 

especially effecting the heart, lungs, brain, and reproductive organs.20 The 

main classes of pollutants are CO and hydrocarbons (HCs) made through the 

incomplete combustion of the fuel, and NOx made by the unwanted oxidation 

of nitrogen at high temperature. CO is an exceptionally toxic molecule that can 

bind to haemoglobin, limiting oxygen uptake in the body.21 In high enough 

concentrations CO can lead to poisoning and death. Hydrocarbons are a major 

constituent of air pollution, which has been shown to be the largest cause of 

preventable death globally.22 Hydrocarbons are often carcinogenic with 

prolonged exposure being linked to increased incidence of leukaemia.23 

Formation of both of these products are caused by incomplete fuel combustion 

due to the speed at which combustion occurs in an engine cylinder. NOx refers 

to both NO and NO2 that is emitted by combustion engines. It forms due to the 

high temperature and pressure that engines operate at. On its own, it is a 

highly toxic molecule, but it can also react with organic compounds to form 

photochemical smog. Smog is often found in densely populated areas where 

automobile use is high.24    

 

1.2.2 – Catalytic converters 

Government legislation has proven to be one of the biggest factors in driving 

research aiming to reduce levels of these harmful pollutants. Catalytic 

converters were first introduced in the mid-1970s as a response to the 1970 
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Clean Air Act in the United States. This legislation targeted a reduction in the 

emissions of CO, HCs and NOx by 90 %.25 Efficiency improvements to car and 

engine performance could only go so far to reduce emission levels, so a 

catalytic solution was sought.          

 

The first catalytic converters were known as two-way catalytic converters, 

solely oxidising CO and hydrocarbon emissions to carbon dioxide and water. 

These were typically platinum and palladium based attached to the exhaust of 

an automobile. As air was injected into the reactant stream to ensure a highly 

oxidising environment, the reduction of NOx was very difficult to perform.26  

 

This brought about the introduction of the three-way catalytic converter (TWC) 

which allowed both oxidation and reduction to occur. The first TWCs involved 

two substrates for catalysis. The first substrate was loaded with rhodium and 

was responsible for reducing the NOx. This substrate came immediately after 

the engine, so the reactant mixture was particularly fuel rich providing a 

reducing environment. The second substrate was coated in platinum and 

palladium and was oxidising. An air pipe was located at the start of this 

substrate to ensure highly oxidising conditions. This catalytic system, 

however, was particularly inefficient and was phased out during the early 

1980s.25–27 

 

An all-in-one system was introduced through the development of sophisticated 

O2 sensors attached before and after the substrate. These sensors monitor 

the fuel to air ratio, oscillating conditions between oxidising and reducing 

allowing for a single substrate coated in platinum, palladium, and rhodium, 

where all reactions can take place.25 

Figure 1.2: Simple schematic of a three-way catalytic converter used in petrol automobiles. 
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The design of a catalytic converter is continuously developing as technology 

advances to maximise the conversion of emissions and efficiency. A typical 

TWC at the time of writing this thesis comprises of the active metal species, 

an oxygen storage material, BaO, a high surface area washcoat, and a 

thermally stable monolith support.28 The active metal is made up of deposited 

platinum and/or palladium, and rhodium. These are the species responsible 

for converting the reactants into less harmful emissions. The oxygen storage 

is often ceria or zirconia embedded onto the support. This acts as a source of 

oxygen to allow for oxidation reactions to occur when the reactant mix is 

running under reducing conditions. BaO is used as a store of NO during 

oxidising conditions, allowing NO to be reduced to N2 when the conditions are 

next reducing.29,30 Alumina is typically used as the washcoat due to its high 

surface area and thermal stability. The monolith support is typically made of 

cordierite as it has a high thermal stability. The catalytic converter can often 

reach temperatures exceeding 1000 °C so good thermal stability is highly 

desired. The monolith has a honeycomb like channel structure in order to 

maximise the surface area and contact between the reactants and the catalyst.     

 

1.2.3 – Emissions Regulation 

Legislation has proven to be one of the key factors driving research into this 

area of catalysis. The creation and widespread use of the TWC was a 

response to the 1970 Clean Air Act, which stipulated that automobiles must 

see a reduction of 90 % of the CO, HC and NOx emissions by 1975. This 

legislation also brought about the removal of tetraethyllead from petrol due to 

lead being a potent catalyst poison.25 

 

The Euro series is a major set of legislation implemented by the European 

Union, setting defined concentrations on the permitted emissions released by 

automobiles. Starting in 1992 with Euro 1, each iteration has placed 

increasingly stringent limits on the emissions of CO, HCs, NOx and particulate 

matter. Euro 1 also made catalytic convertors compulsory for all new-build 

automobiles. For a petrol engine, Euro 1 set limits on CO at 2.72 g/km and HC 

+ NOx emissions at 0.97 g/km. Subsequent legislation have introduced 
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measures for additional emissions. Figure 1.3 shows how limits have changed 

over time. The most recent iteration, Euro 6, is significantly more stringent than 

Euro 1 with limits set at 1 g/km for CO, total hydrocarbons at 0.1 g/km, non-

methane hydrocarbons at 0.068 g/km, NOx at 0.06 g/km, particulate matter 

(PM) at 0.005 g/km and particulate number at 6x1011 km-1.31–33 These 

regulations have proved very effective with the Society of Motor Manufacturers 

claiming that ‘It would take 50 new cars today to produce the same amount of 

pollutant emissions as one vehicle built in the 1970s.’34  

 

Legislation setting even more restrictions on emission levels is expected. 

While measures, such as cleaner burning premium fuels, have been brought 

in to help lower emissions,35 further improvements to the catalysis of the 

reactions occurring is a big way of achieving these goals. 

 

 

Figure 1.3: Graph demonstrating the change in allowed emission concentrations for the regulated gasses by the 

Euro emission legislation series. 
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1.2.4 – Cold-start emissions 

Catalytic converters have been shown to reduce emissions substantially 

except during a period known as cold-start. The catalyst needs to be operating 

above a certain temperature, typically over 300 °C, in order for emissions to 

be converted.36 When a car’s engine is first started, the catalyst is not at a 

temperature at which catalysis can happen, leading to a much higher release 

of emissions. It is thought that around 70 % of all automotive emissions occur 

during this warming up period.37,38 This problem is particularly prevalent in 

urban areas when journeys are often short and at low speed.  

 

Research and new technology have been focussed on reducing the emissions 

from cold-start. If improvements can be made here, it would go a long way to 

meeting emission limits set in legislation. Methods of reducing these emissions 

have included introducing new materials that heat up quicker than standard 

TWCs. Corning have developed a new ceramic substrate that they claim 

reduces cold-start emissions by 20 %.39 Other options include surrounding the 

catalyst with electrical heaters to decrease the time taken for it to warm up,40,41 

and using chemical adsorbents that store the emissions until the catalyst is up 

to the required temperature.42  

 

1.3 – Volatile organic compounds 

If a hydrocarbon is volatile and easily vapourisable at atmospheric pressure, it 

can be referred to as a volatile organic compound (VOC). A VOC is an organic 

compound with a boiling point below 250 °C at standard pressure.43 VOCs can 

cover a large number of molecules and aren’t exclusively hydrocarbons. VOCs 

can be alcohols, ketones or contain chlorine. 

 

Emission of VOCs come from two major sources: natural and man-made. 

Biological sources make up the vast majority of VOC production thought to 

account for roughly 75 % of emissions. The conversion of biogenic precursors 

performed by plants is a major source of biological VOCs, with forests and 
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swampland being particularly potent emitters. Volcanic eruption and forest 

fires are also key emitters.44 

 

Anthropogenic sources make up a growing proportion of VOC emissions. 

There are many sources ranging from domestic use of solvent and cleaning 

materials to large-scale industrial plants producing fine chemicals and 

petroleum refining. The oxidation of hydrocarbons is the largest man-made 

source of VOC emissions. This can either be from stationary sources like 

industrial power plants or mobile like automobiles, planes and ships. 

Emissions have decreased greatly since 1990, mainly due to increased use of 

catalytic converters in cars.45,46 

 

1.3.1 – Dangers of VOC emissions 

VOCs have been found to have a large negative impact on both the 

environment and human health. Some VOCs have been found to be powerful 

greenhouse gasses with a global warming potential (GWP) many times higher 

than that of CO2. Commonly emitted VOCs like propane and ethane have 

GWPs of 6.3 CO2e and 8.4 CO2e respectively, so the emission of a single 

tonne of propane would be the equivalent of emitting 6.3 tonnes of CO2. 

Gasses like trifluoromethane has a GWP of 14310 CO2e showing just how 

potent they can be.47  

 

VOCs impact to human health is a big reason for legislation to reduce their 

levels. Common VOCs in solvents have been shown to increase the risk of 

developing cancer. Prolonged exposure to toluene and benzene has been 

linked to increased incidence in cases of leukaemia.23 VOCs are also one of 

the biggest contributors to air pollution, whether as a primary source or by 

reacting with NOx to form low level ozone. Ozone is the main constituent of 

photochemical smog present in large cities. Air pollution can lead to significant 

respiratory distress and have been shown to negatively impact every single 

organ in the human body.20 It is thought to be the primary cause of preventable 

death globally22 and links between levels of air pollution and increased 

morbidity for Covid-19 has been demonstrated.48  
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1.3.2 – VOC emissions legislation 

The dangers linked to VOCs has led to the introduction of legislation to reduce 

emissions. As described in 1.2.3, the Euro series of legislation has led to 

significant decrease in the emissions from automobiles of which VOCs make 

up a large part. In 1999, the EU introduced the Gothenburg Protocol.46 This 

set limits on the emissions of common pollutants like ammonia, SOx, and NOx 

along with VOCs. The protocol set emission ceilings that a country could 

produce, based on a reduction in emission levels from 1990. These ceilings 

must be achieved by 2010. The ceiling varied by country with larger decreases 

required by countries that emitted larger quantities of VOCs. If the aims of the 

Protocol were met, then VOC emissions should be reduced by 40 %. In 2012, 

the Protocol was revised to achieve even more stringent levels by 2020. China 

has also made emissions reduction a key part of their economic policy. The 

13th Five-Year Plan starting in 2016 aims to reduce VOC emissions by 10 % 

by 2020.49 

 

1.3.3 – Propane as a volatile organic compound 

Propane is a three carbon, saturated hydrocarbon. It exists as a gas at 

standard temperature and pressure. Unlike VOCs like toluene and benzene, 

propane is non-toxic and relatively unharmful to humans. However, it can act 

as an asphyxiant when concentrations are high enough. Propane also has a 

global warming potential of 6.3 CO2e making the control of emissions 

important to help reduce the impact of climate change. 

 

Propane is a major constituent of liquified petroleum gas (LPG). It is typically 

mixed with butane. LPG is seeing an increase in its use a fuel, due to it being 

a cleaner burning fuel than petrol. It is being considered as an alternative fuel 

for use in automobiles. Currently LPG powers less than 1 % of vehicles in the 

UK; however, it is thought that this will increase with the introduction of 

regulation phasing out the sale of petrol and diesel automobiles.50 It is 

beneficial over petrol as it has been shown to produce less emissions of CO2, 

CO, NOx, HCs and PM than both petrol and diesel engines. It also has a much 

lower emission of particularly harmful products like toluene, benzene and SOx. 
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LPG is also widely used domestically through cooking and the heating of 

homes. 

 

Demand for LPG is expected to increase yearly by 4.8 %. Rising consumption 

will inevitably lead to increased emissions through spills and incomplete 

combustion causing increased levels in the atmosphere.51 

 

The combustion of petrol leads to the emission of a wide range of 

hydrocarbons and VOCs being released. Studies have found that in excess of 

50 different species can be released with significant levels of toluene, ethene, 

and benzene seen.52 The scientific study of vehicular HC/VOC oxidation using 

a representative gaseous composition is difficult due to the sheer number of 

different molecules emitted. To overcome this, a model gas is often used. 

Propane has seen a large amount of research into its oxidation as it is a 

particularly difficult molecule to oxidise. It is generally considered that if a 

catalyst can successfully oxidise propane, it will perform well with other 

VOCs.53 

 

1.3.4 – VOC removal methods 

Methods to remove VOCs are essential in order to both mitigate the negative 

effect of them seen to human health and the environment, and to meet levels 

stipulated by legislation. There are four main methods of VOC removal: 

absorption, adsorption, incineration and catalytic oxidation.  

 

1.3.4.1 – Absorption methods 

Absorption methods are a potentially non-destructive process to remove 

VOCs from a gas stream. Absorption brings the VOC into contact with a 

solvent into which it can absorb, removing it from the waste stream. It is then 

possible to remove the VOC through distillation or by adding oxidising agents 

to convert the VOCs to other chemicals. Common absorbents include silicon 

oil,54,55 mineral oil,56 and dimethyl sulfoxide.57 The solvent and VOC can 

subsequently be separated via distillation allowing the recycling of the solvent 

and recovery of the VOC for other processes. The distillation process, 
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however, is expensive and produces a low yield making its wide scale use 

impractical. Recent work has looked to improve VOC-solvent separation by 

introducing a switchable-hydrophilicity solvent where the solvent can change 

between being highly soluble and insoluble in water. When soluble, the solvent 

will dissolve in the water allowing the VOC to be removed. It can then be 

switched back to being hydrophobic allowing for solvent recovery.58 This 

method has its complications which has hindered its widespread use. Firstly, 

the conditions and solvent used can be specific for certain VOCs making it 

difficult to remove multiple VOCs present in exhaust streams. The typical way 

of recovering the solvent in distilling has also proved very expensive, 

producing low yields. This means regular replacement of the solvent is needed 

increasing costs. 

 

1.3.4.2 – Adsorption methods 

Chemical adsorption methods involve the VOC adsorbing onto a solid, 

typically a zeolite or activated carbon which have a high surface area. The 

waste stream will pass through the material allowing the VOC to adsorb, 

removing it from the stream. The VOC can then be disposed of either through 

discarding the adsorber or through heat treatment. Heat treatment can allow 

both the adsorber and the VOC to be used for further reactions.59  

 

1.3.4.3 – Incineration 

Incineration is a very simple way of removing VOCs from a waste stream.60 

The gas is simply burnt in air. Unlike the other techniques describe where the 

VOC can be recovered and used for other processes, here the VOC is 

destroyed, being converted into CO2 and water. This process can work for 

most VOCs allowing it to be very flexible. However, the costs of running this 

on a large scale are very high due to the temperature of an incinerator typically 

being over 1000 °C making it only cost-effective for streams containing high 

concentrations of VOCs. Incineration also runs into a lot of the same issues 

surrounding the initial fuel combustion from which VOCs are produced where 

incomplete incineration can produce soot and NOx along with highly toxic 

dioxins and dibenzofurans. 
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1.3.2.4 – Catalytic oxidation 

Like incineration, catalytic oxidation destroys the VOC by turning it into CO2 

and water. However, catalytic oxidation does this at a much lower temperature 

making the process significantly more cost effective. The VOC will adsorb onto 

the catalyst surface, be oxidised, with the products subsequently desorbing 

allowing multiple reaction cycles to occur without the need for regeneration.  

 

Catalysis has many benefits over the other stated removal methods. Oxidation 

catalysts are highly selective to the specific reaction desired, so a material can 

be chosen on a large scale that only produces CO2 and water. The mechanism 

also sees the products of VOC oxidation easily desorb from the catalyst. This 

means that there is no need for expensive separation methods to be 

performed as with the adsorption and absorption techniques. Catalysts are 

also able to easily oxidise a mixture of different VOCs and reactants, a process 

other abatement techniques can struggle with. Catalysis is also able to 

successfully deal with low concentration feeds.61 

 

1.4 – VOC oxidation catalysts 

There are two main avenues of catalyst research looking into the deep 

oxidation of propane, these are supported metal nanoparticle catalysts, and 

metal oxide catalysts. Supported metal catalysts are known for being 

exceptionally active for propane oxidation and are more stable under harsh 

conditions than metal oxide catalysts.49 However, the use of platinum group 

metals makes them particularly expensive to synthesise. While supported 

metal catalysts makes up the majority of research into VOC oxidation, there 

has recently been a shift towards metal oxide catalysts. Metal oxides are 

significantly cheaper to produce and have shown the ability to match the 

performance of supported catalysts at times. They have also shown increased 

resistance to poisoning, a process that leads to significant deactivation for 

supported catalysts. 
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1.4.1 – Metal oxide catalysts  

Several metal oxides have been shown to be exceptionally active for propane 

oxidation. These include the oxides of Co, Mn, Fe, Ni, Cu, Zr, and Ce.62–70 

Cobalt oxides are considered some of the most promising materials for 

propane oxidation. Co3O4 has been found to be the most active of the possible 

cobalt oxides like CoO.71 Surface area has been found to have a large impact 

on catalyst activity, with high surface area cobalt oxide being particularly 

active. This is due to a weaker Co-O bond strength allowing easier redox 

cycling of the cobalt between Co3+ and Co4+ and an increased number of 

defect sites. Methods such as nanocasting have been employed to increase 

Co3O4 surface area, with testing results showing materials made in this 

manner giving improved performance against conventionally prepared 

Co3O4.72 Work by Salek et al. demonstrated that changing the cobalt precursor 

can lead to big changes in activity.73 Using CoO(OH) led to the formation of 

high surface area catalysts which were able to fully convert propane at 230 

°C. Studies have also investigated results of supporting Co3O4 onto an inert 

support with mixed results. While studies by Zhu et al. found activity increased 

when Co3O4 was supported on ZSM-5,74 work by Solsona et al. suggested 

supporting the metal oxide can lead to reduced performance due to unwanted 

strong interactions between the Co3O4 and support.75  

Figure 1.4: Propane conversion as a function of temperature over alumina-supported 
cobalt oxide catalysts. Symbols: (■) HS5, ()HS20, () HS50, (□)γ5, ()γ20, 
()γ50, (  )α5, (  )α20,(  )α50, (x) CO-100. Reproduced with permission from ref. 75. 
Copyright 2008 Elsevier 
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For MnO2, surface area is not a particularly important characteristic in 

determining activity, instead crystal phase has been found to be influential. 

Studies by Xie et al. investigated the α, β, γ, and δ phases of MnO2. The α-

MnO2 was the most active with a T90 of 290 °C. Activity was found to correlate 

with propane binding energy with a higher value giving increased catalyst 

activity.76 

 

While not found to be as active as cobalt or manganese oxide, iron oxide has 

seen a lot of research into its catalytic capabilities due to its high abundance, 

making it a much cheaper material to use, along with its high thermal stability. 

Mesoporous Fe2O3 has been found to be more active than bulk iron oxide.64,77 

This has been put down to increased surface area, changes to the iron oxide 

reducibility, and reduced mass-transfer resistance. 

 

A mixture of metal oxides has also been found to produce high performance 

catalysts. Creating a mixture of metal oxides can lead to improved 

performance through synergy of their different characteristics giving a catalyst 

with a performance greater than the sum of its parts. For example, a Cu-Mn 

mixed metal oxide showed greater activity for propane oxidation than both 

MnO2 and CuO individually.78 Studies have also demonstrated that Mn-Ni 

catalysts are highly active showing greater activity for propane oxidation than 

MnFe mixed oxides and Mn2O3 also studied.79  

       

1.4.2 – Supported metal catalysts 

Supported metal catalysts have seen widespread use in the abatement of 

VOCs. They typically contain supported palladium or platinum nanoparticles, 

though there has been research identifying gold and silver as active metals. 

Research has shown that the nature of the support has a large influence on 

performance, along with the metal chemical composition and nanoparticle 

size.49 While supported catalysts are highly thermally stable, they are prone to 

poisoning. Contaminants like chlorine introduced during the synthesis process 

or reaction feed can lead to premature deactivation of the catalyst.80–82 The 

effect of steam, a major by-product of petrol combustion, has been studied 
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extensively with the aim of identifying methods of reducing the deactivation 

caused by its presence in the feed.83–86 While significant research has been 

done into supported catalyst’s role in propane oxidation, this literature review 

will also look at the oxidation of other VOCs to help explain typical 

characteristics of these catalysts. 

 

1.4.2.1 – Palladium-based catalysts 

Palladium catalysts have proven a popular area of research for VOC oxidation 

due to their high activity along with greater resistance to thermal and 

hydrothermal deactivation than other PGM-based catalysts. Reactant streams 

for VOC oxidation, such as an exhaust feed in the TWC, are often heavily 

oxidising environments, encouraging the metal to exist as palladium oxide 

instead of metallic palladium. PdO is a less volatile and more stable species 

than platinum oxides, so the use of palladium is preferred as a way of reducing 

metal sintering from the catalyst which can inevitably lead to reduced 

performance.25 While studied in depth, there is debate in the literature as to 

the effect of many of the catalyst’s characteristics on the activity.  

 

The role of the palladium species in the reaction is a topic that has caused 

disagreement in the literature. It is generally accepted that PdO is the active 

species for oxidation, undergoing a reduction-oxidation cycle over the course 

of a reaction;87–90 however, there is no consensus as to the influence of 

metallic palladium. There is both evidence supporting the presence of Pd0 

being beneficial and evidence saying its presence merely reduces the amount 

of active PdO that could be present reducing activity. While studying methane 

oxidation, Farrauto et al. found that activity would drop to essentially zero upon 

transformation of the active PdO species into Pd0 at high temperature.91 

Activity would be recovered when cooled and the PdO species reformed. This 

is also suggested by work done by Khudorozhkov et al. who investigated 

Pd/Al2O3 catalysts for propane oxidation.88 They found a positive linear 

relationship between increasing the Pd2+/Pd0 ratio and catalyst activity. From 
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this they concluded that the PdO was the active species with metallic 

palladium being largely inactive.  

 

However, there is significant evidence supporting the idea that both oxide and 

metallic sites are needed for a reaction to proceed. There have been a few 

proposed uses for the metallic palladium. One is the idea that the Pd0 sites act 

as a place in which highly active PdO can form. Work by Hicks et al. found that 

when PdO was dispersed on palladium crystallites, it was more active for 

methane oxidation than PdO supported on alumina.92 Ribeiro et al. have also 

suggested that for activity to occur PdO needs to form a thin layer over a 

metallic palladium site, with bulk PdO not being active for methane oxidation.93 

It has been proposed that this PdO layer on Pd nanoparticles is the most active 

species for VOC oxidation.  

 

Another suggestion has been that a mixture of PdO and Pd is essential for 

VOC oxidation with the Pd:PdO ratio being very important for activity. Yazawa 

Figure 1.5: Dependence of the catalytic activity (namely, TOF) in propane oxidation over 
Pd/Al2O3 catalysts with the various mean sizes of palladium particles measured for both lean 
and rich conditions at 350 and 450 C on the Pd2+/Pd0 ratio calculated from XPS Pd3d core 
level spectra measured in situ. Each point on the graph corresponds to the TOF and 
Pd2?/Pd0 values which have been defiined under the same reaction temperature and 
C3H8:O2 ratio, but for different total pressures: 1 bar for kinetic measurements and 0.018 
mbar for in situ XPS experiments. Reproduced with permission from ref 88. Copyright 2017 
Springer Nature. 
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et al. did several studies demonstrating the effect palladium oxidation state 

has on catalyst activity for propane oxidation using Pd/SiO2-Al2O3.94 

Investigations into the impact of varying oxygen concentration found that this 

had a big influence on the oxidation state of the palladium. As the excess of 

oxygen increased, so did the proportion of PdO to Pd0 until the metal was 

completely oxidised. Reaction testing found that catalysts containing partially 

oxidised palladium were the most active for propane oxidation. Activity 

increased as the proportion of PdO increased up until a point where it started 

to decrease again. This showed that both states were needed. They 

suggested that it would be possible to identify an optimum Pd:PdO ratio where 

activity would be at its highest. Similar studies also by Yazawa looking at 

palladium dispersed on a number of supports have also found this with a 

mixture of palladium species being more active for propane oxidation than 

those containing just the one.95 There have been studies to suggest this is the 

case for methane oxidation as well. Work by Carsten et al. proposed that the 

mechanism for methane oxidation initiated through a dissociative adsorption 

step.96 The methane adsorbs to the metal site where the C-H bond cleaves. 

They concluded that a metallic site was preferential for this process to occur 

than the PdO sites. Studies by Lin and Burch have agreed with this 

mechanism.89,97 This shows that the different types of palladium sites play 

different roles in the reaction. The metallic palladium allows for favoured 

dissociative adsorption of the VOC to occur, while the PdO site is responsible 

for the oxidation. Propane oxidation has been shown to go through a similar 

dissociative adsorption step in the reaction mechanism, so findings for 

methane oxidation can be applicable here.    

 

The support has been shown to heavily influence the activity of a catalyst for 

propane oxidation. The number of Brönsted acid sites has been found to 

influence nanoparticle dispersion and palladium oxidation state. Yazawa et al. 

studied how the acidity of the support changed the catalyst activity for propane 

oxidation.95 They found that basic supports helped encourage the formation of 

PdO, while a more acidic support actively hinders its formation. Yazawa 

suggested that acidic supports would find better use in highly oxidising 
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environments where the palladium can be more readily oxidised to PdO, while 

basic supports would be better used in oxygen lean conditions.  

 

Interactions with the support have also been shown to affect the catalysts 

characteristics. Hoost et al. found that the addition of lanthanum to a Pd/Al2O3 

catalyst led to strong interactions between the palladium and lanthanum 

promoting Pd oxidation, but also reduced dispersion.98 Work by Hu et al. found 

that the morphology of ceria used for Pd/CeO2 catalysts influenced metal 

support interactions and subsequently activity.99 Using CeO2 comprising of 

rods and cubes led to the formation of PdxCe1-xO2-σ, where the Pd and Ce were 

linked by oxygen. This was found to be less active for propane oxidation than 

when the ceria comprised of octahedra which encouraged the formation of 

discrete PdO particles. 

 

The effect of metal nanoparticle size on catalyst activity for VOC oxidation is 

another area where there is little consensus in the literature. For the oxidation 

of methane there have been studies suggesting that particle size does 

Figure 1.6: The activity of palladium catalysts as a function of the acid strength of the 
support materials in the mixture ofSD2.4 at 773 K. Reproduced with permission from ref 
95. Copyright 1998 Elsevier 
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influence performance, with larger particles being more active.92,100–104 

However, there is also significant work suggesting that particle size plays no 

role in determining catalyst activity.89,93,105–107 When probing the effect of 

particle size of Pd/Al2O3 catalysts for methane oxidation, Stakheev found that 

the amount of methane converted at a specific temperature increases with 

particle size up until an average size of 4.2 nm; after which conversion 

decreased.104 However, when considering the TOF, activity increased with 

particle size. Khudorozhkov looked into the impact of particle size on propane 

oxidation, and also finding that TOF activity increased with particle size.88 Both 

researchers put this down to larger PdO particles having weaker Pd-O bonds, 

allowing much easier oxidation to occur.  

Figure 1.7: Dependence of TOF on metal particle size in CH4 total oxidation over 
Pd/Al2O3 (at 320 C) and Pt/Al2O3 (at 430 °C). Reproduced with permission from 
ref 104. Copyright 2013 Springer Nature 
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1.4.2.2 – Platinum-based catalysts 

Platinum is another metal that has shown significant activity for the deep 

oxidation of VOCs. In certain instances, it has been shown to have greater 

performance than palladium catalysts. For VOCs like ethane, propane, and n-

butane, platinum foils have been found to be more active than palladium 

catalysts.108 It has been shown that platinum catalysts perform better in 

stoichiometric and fuel rich gas streams, while palladium catalysts are more 

active in highly oxidising environments.105 This is thought to be because the 

metallic form of platinum is the active phase for VOC oxidation as opposed to 

PtO and PtO2 species. Oxidising environments will encourage the 

transformation of metallic platinum into its oxide forms, resulting in lower 

activity.  

 

The choice of support has also been shown to influence the activity of platinum 

catalysts. Yoshida et al. demonstrated that the electrophilicity of the support is 

an important factor to consider.109 Electrophilic supports saw a greater 

proportion of Pt0 than oxidised platinum leading to higher activity than 

electrophobic supports that saw much greater oxidation of the platinum. 

Yazawa built on this work, showing that electrophilic supports helped platinum 

show much greater resistance to oxidation in highly oxidising environments, 

allowing greater activity in these conditions than for electrophobic supports.110 

Yazawa also showed that this characteristic improved catalyst activity, when 

additives like tungsten, strontium, and vanadium were added to a Pt/Al2O3 

catalyst.111 Strong interactions between the platinum and support have also 

been shown to be beneficial in highly oxidising environments. Enterkin et al. 

found that a strong epitaxy between a SrTiO3 support and platinum stabilised 

platinum in its metallic form under oxidising conditions.51 This catalyst saw the 

formation of a Pt/PtO core shell, giving greater activity for propane oxidation 

for the Pt/Al2O3 catalyst it was compared against where the platinum had fully 

oxidised. 

 

As with palladium catalysts, there is debate as to whether nanoparticle size 

influences a platinum catalyst’s performance for VOC oxidation. Studies have 
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shown that while the reaction rate per platinum atom is unaffected by 

nanoparticle size or dispersion, when considering the rate per surface atoms 

of platinum, larger particles are more active than smaller ones.51 For methane 

oxidation significant improvements in TOF can be seen when particle size is 

increased.112–114 However, work by Beck et al. disagreed with this where a 

mean particle size of 2 nm was found to be optimal for Pt/Al2O3 catalysts when 

oxidising methane.115 Particle sizes below and above this figure were shown 

to be much less active. They put this down to larger particles exhibiting a larger 

activation energy for methane oxidation than the 2 nm catalyst while smaller 

particles mainly existed in the less active oxide form. 

 

1.4.2.3 – Bimetallic catalysts 

Bimetallic catalysts are when two active metals are used in catalysis. They are 

interesting to study as they can work together synergistically amplifying the 

properties of both individual metals. This means that in some cases the 

resultant bimetallic catalyst can perform better than the respective 

monometallic catalysts. Bimetallics can form in a number of ways including 

alloys, core-shell morphology, segregated clusters, or a homogeneous metal 

distribution. For VOC oxidation, enhanced activity and resistance to 

deactivation are key features of the research into bimetallic catalysts. 

 

A popular area of study are bimetallics made of platinum and palladium. Both 

these metals have been shown to be highly active for VOC oxidation reactions. 

Studies have shown that the main benefit of producing these bimetallics is 

increased stability, especially in reactant streams containing large amounts of 

steam.116–118 It is believed in most cases that the addition of platinum leads to 

lower activity due to the formation of less PdO sites.119–121 Preparation 

technique has been shown to influence the formation of these phases. 

Goodman et al. studied a range of bimetallic PdPt catalysts, alongside the 

monometallics, for the oxidation of methane.122 Under dry conditions, activity 

was highest for the palladium only catalyst, with the others tested all giving 

similarly worse performance. The reason suggested for this was that the 

addition of platinum discouraged the formation of the highly active PdO phases 
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responsible for oxidation. The catalysts were then tested in the presence of 

steam. Here, all but the 1:4 PtPd catalyst saw large reductions in activity. The 

4:1 catalyst instead saw a small increase in activity under these conditions. 

This was put down to the hydrothermal aging allowing the formation of highly 

active segregated, PtPd/Pd/PdO phases. Research into the oxidation of other 

VOCs has shown that adding small amounts of platinum to a palladium 

catalyst can increase activity. Fu et al. studied the oxidation of toluene over a 

1:1 PtPd/MCM-41 zeolite catalyst.123 This catalyst was found to be more active 

than the monometallics with the smaller nanoparticle size and changes to the 

palladium reducibility postulated as reasons for this happening. Kim et al. 

found that PdPt bimetallics were more active for the oxidation of benzene due 

to greater availability of the active sites.124 

 

There has been research into using non-noble metals in bimetallic systems 

with PGMs. Willis et al. studied palladium based bimetallics with a 4:1 molar 

ratio of Pd:X/Al2O3 (X=Fe, Co, Ni, Zn, Mn, V, Sn) for methane oxidation.125 

Methane conversion for the PdMn and PdFe was found to be very similar to 

the benchmarked monometallic palladium catalyst. Heat treatment of the 

catalysts at 850 °C was also investigated; in order to simulate ‘real-life’ 

Figure 1.8:Relationship between increasing platinum ratio and turnover frequency and 
the relationship between increasing platinum ratio and activity maintenance after 
hydrothermal aging. Reprinted with permission from E. D. Goodman, S. Dai, A.-C. Yang, 
C. J. Wrasman, A. Gallo, S. R. Bare, A. S. Hoffman, T. F. Jaramillo, G. W. Graham, X. 
Pan and M. Cargnello, ACS Catal., 2017, 7, 4372–4380. Copyright 2017 American 

Chemical Society    
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applications, but also to encourage the full formation of the metal oxide 

phases. In all but the PdSn catalyst, activity was reduced by this process; 

however, every bimetallic catalyst, apart from PdMn, saw lower levels of 

deactivation than the monometallic palladium catalyst. It was suggested that 

the addition of another metal helped inhibit sintering of the palladium and 

allowed for an increase in the intrinsic catalyst activity when compared to the 

monometallic palladium catalyst. Persson et al. also investigated palladium-

based alumina catalysts with a number of co-metals for methane oxidation.126 

PdPt and PdAu catalysts were found to form alloys, the PdNi, and PdCo 

formed spinal structures on the alumina support, while the PdRh, PdAg, PdIr, 

and PdCu catalysts formed separate palladium and metal oxide particles. All 

the bimetallics showed worse performance for methane oxidation than the 

monometallic benchmark with the PdNi and PdCo being the most active of 

those tested. In studies looking at the deep oxidation of formaldehyde, Cui et 

al. found that the addition of iron to platinum catalysts improved activity with a 

1:1 Pt:Fe ratio being optimum. Improvements were thought to be due to easier 

access to active Pt-O-Fe sites.127  
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1.4.2.4 – Other metal catalysts 

Other metals have been studied for their ability to oxidise VOCs to help reduce 

the use of expensive PGMs. Gold has been studied as a possible alternative 

though it has been found to not be as active as platinum or palladium catalysts 

for propane oxidation. Activity of gold-based catalysts has been strongly linked 

Figure 1.9: Methane complete combustion Arrhenius Plots for PdM/ Al2O3 
at 850 °C for 5 h normalized to mass Pd (a) and exposed Pd atoms (b). All 
measurements were performed under the following conditions: 0.5% CH4 
and 2% O2 in Ar at 40 000 to 75 000 L gPd−1 h−1 . The rates reported 
have a standard deviation of ±20% based on repeated measurements. 
Reprinted with permission from J. J. Willis, A. Gallo, D. Sokaras, H. Aljama, 
S. H. Nowak, E. D. Goodman, L. Wu, C. J. Tassone, T. F. Jaramillo, F. 
Abild-Pedersen and M. Cargnello, ACS Catal., 2017, 7, 7810–7821. 
Copyright 2014 American Chemical Society 
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to the nature of the support.69 Au/Ni-Ce-O has been shown to be highly active 

for propane oxidation with the performance being attributed to high surface 

area, weak Ni-O bond strength and ease of reducibility for nickel sites.128 Gold 

supported on Co3O4 was found to increase activity for propane oxidation than 

just the base cobalt oxide.129 This was believed to be due to gold enhancing 

cobalt oxide reducibility and increased oxygen mobility.  

 

1.4.2.5 – Supported catalyst activity comparison 

Table 1.1 demonstrates the activity of some supported catalysts from the 

literature for the deep oxidation of propane: 

Catalyst Preparation 

technique 

Reaction conditions T50 

(°C) 

Reference 

5 % Pd/MgO WI 0.01g catalyst. 0.25 % 

propane, 3% O2 200 

ml/min gas flow 

447 95 

5 % 

Pd/SiO2-

ZrO2 

WI 0.01g catalyst. 0.25 % 

propane, 3% O2 200 

ml/min gas flow 

372 95 

5 % Pd/SiO2 WI 0.01g catalyst. 0.25 % 

propane, 3% O2 200 

ml/min gas flow 

377 95 

5 % 

Pd/Al2O3 

WI 0.01g catalyst. 0.25 % 

propane, 3% O2 200 

ml/min gas flow 

387 95 

5 % Pd/ZrO2 WI 0.01g catalyst. 0.25 % 

propane, 3% O2 200 

ml/min gas flow 

452 95 

5 % 

Pd/SiO2-

Al2O3 

WI 0.01g catalyst. 0.25 % 

propane, 3% O2 200 

ml/min gas flow 

502 95 

2 % 

Pd/Al2O3 

WI 0.325g catalyst, 1% 

propane, 10% O2, 100 

ml/min gas flow 

370 130 
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3 % PdAl2O3 IW 0.1g catalyst, 1.75% 

propane, 2% O2, 

500ml/min gas flow 

322 131 

3 % Pd/5 % 

La/Al2O3 

IW 0.1g catalyst, 1.75% 

propane, 2% O2, 

500ml/min gas flow 

325 131 

1 % Pd/ANS pH 

controlled 

adsorption 

0.02g catalyst 

0.1%propane 20% O2 

GHSV: 150000h-1 

260 132 

0.9 % 

Pd/ZSM-5 

Ion 

exchange 

0.285% propane 6.8% air 

5000ml/min gas flow 

GHSV: 69600h-1 

300 133 

0.33 % 

Pd/CeO2 

Oxygen free 

WI 

0.05 g catalyst 0.2% 

propane, 2% O2, 50ml/min 

gas flow  GHSV: 30000 h-1 

340 134 

2 % 

Pd/Al2O3 

IW 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

340 135 

2 % 

Pd/Al2O3 

SCS 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

336 135 

2 % 

Pd/CeO2 

IW 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

361 135 

2 % 

Pd/CeO2 

SCS 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

329 135 

2 % Pt/Al2O3 IW 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

263 135 

2 % Pt/Al2O3 SCS 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

276 135 
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2 % Pt/CeO2 IW 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

263 135 

2 % Pt/CeO2 SCS 0.06 g catalyst, 0.5% 

propane, 5% O2, 40ml/min 

gas flow 

248 135 

5 % Pt/Al2O3 WI 0.02g catalyst, 0.25 % 

propane, 3% O2, 200 

ml/min gas flow 

 

326 110 

5 % Pt/ZrO2 WI 0.02g catalyst, 0.25 % 

propane, 3% O2, 200 

ml/min gas flow 

 

192 110 

5 % Pt/SiO2 WI 0.02g catalyst, 0.25 % 

propane, 3% O2, 200 

ml/min gas flow 

 

247 110 

5 % Pt/SiO2-

Al2O3 

WI 0.02g catalyst, 0.25 % 

propane, 3% O2, 200 

ml/min gas flow 

 

247 110 

5 % Pt/MgO WI 0.02g catalyst, 0.25 % 

propane, 3% O2, 200 

ml/min gas flow 

 

422 110 

Pt/USY IW 0.1 g catalyst, 8x10-4% 

propane, 2% O2, 

1000ml/min GHSV: 60000 

h-1 

257 136 

5 % Pt/BN WI 0.05g catalyst, 0.2 % 

propane, 2% O2, 67 

ml/min GHSV: 80000 h-1 

220 137 
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5 % Ru-1 % 

Re/Al2O3 

Co-

impregnation 

0.1g catalyst, 5000ppm 

propane/air, 100ml/min 

gas flow 

160 138 

5 % Ru-1.6 

% Mo/Al2O3 

Co-

impregnation 

0.1g catalyst, 5000ppm 

propane/air, 100ml/min 

gas flow 

170 139 

Au/CoOx Co-

precipitation 

0.05g catalyst, 0.5 % 

propane/air, 50 ml/min 

gas flow, GHSV: 15000 h-1 

165 140 

Au/MnOx Co-

precipitation 

0.05g catalyst, 0.5 % 

propane/air, 50 ml/min 

gas flow, GHSV: 15000 h-1 

240 140 

Au/CuOx Co-

precipitation 

0.05g catalyst, 0.5 % 

propane/air, 50 ml/min 

gas flow, GHSV: 15000 h-1 

280 140 

Au/Fe2O3 Co-

precipitation 

0.05g catalyst, 0.5 % 

propane/air, 50 ml/min 

gas flow, GHSV: 15000 h-1 

310 140 

 

1.4.2.6 – Reaction mechanism 

The Langmuir-Hinshelwood mechanism assumes that all reactants involved in 

the reaction initially adsorb to the catalyst surface, where they can come 

together and react, forming the product.4 The product will subsequently desorb 

from the surface. Another mechanism is Eley-Rideal. This involves only one 

reactant adsorbing to the surface while the other stays in the gas phase. They 

are then able to react, forming the product which desorbs from the surface. 

The final mechanism, Mars van Krevelen involves reactions between the 

catalyst surface and the reactants. The reactant will adsorb to the surface 

where it will react with an active part of the catalyst support forming the 

product. This is often labile oxygen in metal oxide catalysts. The product can 

then desorb from the surface leaving an active species vacancy. This vacancy 

can be replenished using oxygen in the gas feed. 
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The mechanism can also describe the reaction pathway the reactants take. 

This has been studied for palladium-based catalysts for propane oxidation. 

Kareem et al. studied Pd and Pd/Au catalysts supported on TiO2 and Al2O3 

using in situ DRIFTs to probe the intermediates formed during the reaction.141 

The following mechanistic pathway was proposed: 

 

1. Dissociative adsorption of the propane where C-H cleavage occurs over 

adsorbed activated oxygen species before the adsorption of C3H(8-n). This step 

is believed to be the rate determining step. 

𝐶3𝐻8 +  𝑂𝑎𝑑𝑠  →  𝐶3𝐻(8−𝑛)𝑎𝑑𝑠 +  𝐻2𝑂𝑎𝑑𝑠 

 

2. A reaction between the activated C3H(8-n) with activated oxygen cleaving the 

first C-C bond and a C-H bond  

𝐶3𝐻(8−𝑛)𝑎𝑑𝑠 +  𝑂𝑎𝑑𝑠  → 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 

 

3. Reaction between the first intermediate species and activated oxygen 

cleaving the C-C bond producing another intermediate 

𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 + 𝑂𝑎𝑑𝑠  → 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 

 

4. Decomposition of intermediates to CO2 and H2O and desorption from 

surface. 

𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 → 𝐶𝑂2 +  𝐻2𝑂 

 

The intermediates formed in step 2 are typically esters, acetate and acetone, 

while for step 3 it is usually bicarbonate or formate species. The particular 

species and amount formed has been shown to be dependent of the type of 

catalyst used. 

 

1.5 –Catalyst synthesis technique 

The way a catalyst is prepared can lead to large differences in performance 

due to the influence it can have over catalyst characteristics including 

nanoparticle size and distribution, metal oxidation state, and stability.45 

Impregnation methods are widely used both in academic research and 
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industrially due to the simplicity of the technique, scalability in amount of 

catalyst produced and reproducibility of results. Despite these positives, 

impregnation techniques suffer from poor control over the size distribution of 

the metal nanoparticles, producing a wide range of sizes. They also often use 

metal chlorides as a catalyst precursor. Chlorine is a well-studied catalyst 

poison often introduced during catalyst preparation so methods to reduce its 

presence would increase catalyst stability.49 Colloidal techniques like sol-

immobilisation have been created where nanoparticles have a much more 

controlled, smaller range of particle sizes, as the size can be controlled by 

stabilising agents. These techniques have proven particularly popular for 

producing highly active gold catalysts.142 However, in some cases, catalyst 

performance can be hindered as the stabilising agents can block access to the 

active site.143 

 

1.5.1 – Chemical vapour impregnation as a catalyst 

synthesis technique 

Chemical vapour impregnation (CVI) is a technique created to help overcome 

some of the drawbacks of traditional catalyst synthesis. It involves the dry 

mixing of metal acetylacetonate precursors with the support, followed by the 

sublimation of the metal  precursor by heating under vacuum. This method 

was developed by M. M. Forde in 2011 and is based off organometallic 

chemical vapour deposition (OM-CVD).144,145 OM-CVD heats up volatile metal 

acetylacetonates until they become a vapour where they are deposited onto a 

support in a separate vessel under the flow of an inert gas. CVI modified this 

as it is all performed in one vessel with the metal precursor and support mixed 

together. CVIs use of metal acetylacetonate precursors instead of metal 

chlorides is beneficial as it removes a possible source of a catalyst poison. 

These ligands are also highly volatile at low temperature making them easy to 

remove. This reduces the likelihood of them blocking access to the active site 

that can be seen with capping ligands used in sol-immobilisation. CVI is also 

a solventless technique making it more adherent to the 12 Principles of Green 

Chemistry through the reduction of waste.  

 



31 
 

Forde studied CVI as a technique for producing highly active catalysts for a 

number of metals and reactions. They studied Fe and Cu catalysts for the 

partial oxidation of ethane.146 Iron catalysts were found to be particularly active 

for this reaction, with catalysts synthesised by CVI outperforming a catalyst 

prepared hydrothermally. This was thought to be because CVI produced very 

small and highly dispersed iron oxide particles. They also studied Fe/ZSM-5 

synthesised by CVI for the oxidation of light alkanes.147 This catalyst was 

shown to be highly active due to the presence of octahedral iron-oxo clusters 

that formed upon reduction. Forde also studied synthesis of PGM catalysts via 

CVI. Bimetallic PdPt alloy catalysts were also successfully synthesised, 

demonstrating that this technique can be used to create this type of catalyst.148 

All catalysts produced showed highly dispersed, small metal nanoparticles 

with a narrow distribution of particle size. The idea of combining preparation 

techniques was also investigated with a PdAu/TiO2 bimetallic catalyst 

synthesised where sol-immobilisation was initially used to deposit the gold 

nanoparticles, followed by CVI to impregnate them with palladium. 

Figure 1.10: Representative low-magnification STEM-
HAADF survey micrographs and the corresponding metal 
particle size distributions for (a) Pd/TiO2, (b) Pt/TiO2, and 
(c) Pd-Pt/TiO2 samples prepared by the CVI route. 
Reprinted with permission from M. M. Forde, L. Kesavan, M. 
I. bin Saiman, Q. He, N. Dimitratos, J. A. Lopez-Sanchez, R. 
L. Jenkins, S. H. Taylor, C. J. Kiely and G. J. Hutchings, ACS 
Nano, 2014, 8, 957–969. Copyright 2014 American 
Chemical Society 
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Cooper et al. investigated CVI, wet impregnation, and incipient wetness as 

synthesis techniques for Ag/CeriaZirconiaAlumina catalysts used to 

simultaneously remove NOx and soot in diesel emission abatement.149 All 

preparation techniques were able to simultaneously remove both constituents 

with CVI being the most active for this process. The temperature at which CVI 

was performed at was also investigated. For this reaction only the catalyst 

made when heated at 80 °C was found to be active for both reactions.  

 

CVI has also been shown to be a preparation technique able to produce active 

photocatalysts.150 Su et al. investigated Pd and Pt cocatalysts to a TiO2 

photocatalyst for hydrogen production and water purification. Monometallic, 

PdPt alloys and core-shell catalysts (platinum or palladium alloying with gold) 

were investigated. The core-shell catalysts were found to be particularly active 

for hydrogen production and were preferred over sol-immobilisation methods 

of creating these catalysts due to being free of capping ligands that can inhibit 

access to the active site. 

 

1.6 – Project aims 

The aim of this thesis is to investigate chemical vapour impregnation as a 

synthesis technique for producing highly active catalysts for propane 

oxidation. Previous studies have shown it to produce highly active catalysts, 

but its application, especially in gas phase reactions, has been limited. 

Catalysts will initially be compared to different synthesis techniques before 

bimetallic catalysts are studied with the aim of increasing performance, but 

also reducing the levels of PGMs present in the catalysts. 

 

Chapter 3 will compare CVI to the more traditional synthesis technique of wet 

impregnation. CVI’s viability for producing highly active PGM-based VOC 

oxidation catalysts is hard to predict due to literature suggesting larger 

particles are more active. Performance of Pd/Al2O3 catalysts across a number 

of weight loadings will be probed, with any trends identified and explained 

through the use of characterisation. Catalyst stability over several reaction 

cycles and time-on-line will also be investigated. 
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Chapter 4 will study CVI as a method of producing active PdPt bimetallic 

catalysts. Previous research has demonstrated that synthesising bimetallic 

catalysts in this manner can lead to changes in activity and product selectivity. 

The literature has suggested that activity for PdPt catalysts can be dependent 

on synthesis technique. A range of Pd:Pt ratios will be examined for their 

propane oxidation activity with characterisation techniques being used to help 

understand any changes in behaviour. 

 

Chapter 5 will look at methods to reducing the amount of expensive metal used 

by synthesising palladium and transition metal bimetallic catalysts via CVI. 

Catalysts will be referenced against an appropriate PGM catalyst with the aim 

of producing a comparable catalyst with cheaper materials. The impact of heat 

treatment on these catalysts will also be studied.  
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2 - Experimental  

This chapter presents the methods used for the experimental work performed 

for this thesis. The materials used are stated along with the manufacturer and 

necessary purities. Procedures for catalyst preparation and testing are 

explained. Methods for catalyst characterisation are described, along with 

relevant background theory to the techniques. 

 

2.1 - Materials Used 

Table 2.1 lists the materials used for the experiments presented in this thesis: 

Material Supplier Purity 

Pd(acetylacetonate)2 Alfa Aesar 99 % 

Pt(acetylacetonate)2 Sigma Aldrich 99 % 

Fe(acetylacetonate)3 Sigma Aldrich 99.9 % 

Co(acetylacetonate)3 Sigma Aldrich 97 % 

Ni(acetylacetonate)2 Sigma Aldrich 95 % 

Pd(NO3)2 Sigma Aldrich 99.5 % 

γ-Al2O3 Sigma Aldrich > 99.5 % 

1000 ppm propane/10 % 

O2/ N2 

BOC 99.99 % 

N2 BOC > 99.99 % 

  

2.2 - Catalyst Preparation 

The method used to synthesise a catalyst can lead to large differences in its 

properties and subsequently how it performs for the desired reaction. The 

technique used can have a significant impact on the metal nanoparticle size 

and distribution, catalyst morphology and the introduction of possible catalyst 

poisons. Impregnation techniques such as wet impregnation and incipient 
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wetness are commonly used due to their simplicity and practicality on scale up 

for use in an industrial setting. However, they can suffer from poor control over 

metal nanoparticle size and lower metal dispersion than other techniques.1 

Furthermore, the use of metal chlorides as a catalyst pre-cursor can lead to 

the deposition of chlorine on the catalyst surface;2,3. Chlorine is a well-known 

catalyst poison, especially for PGM-based catalysts which dominate oxidation 

catalysis and can cause reduced activity and deactivation. Other preparation 

methods like sol-immobilisation have been developed to counter these 

drawbacks, for example using colloids to control nanoparticle size; however, 

these procedures are not as easy to perform on a large scale and can result 

in reduced activity as a result of ligands blocking active sites.4 Techniques like 

CVI are solventless, subsequently making them more sustainable when 

considering the 12 Principles of Green Chemistry as there is significantly less 

waste produced during catalyst synthesis.5  

 

2.2.1 – Wet Impregnation 

A number of supported metal catalysts were synthesised using wet 

impregnation following the procedure described by Macino et al.6 Pd(NO3)2 

was dissolved in water to give a concentration of 8.2 mg Pd ml-1. An 

appropriate amount of the Pd(NO3)2 to give the required Pd %weight loading 

was added to 16 ml of dionised water and heated to 60 °C while stirring at 800 

rpm. An appropriate amount of γ-Al2O3 was slowly added and the temperature 

was increased to 95 °C and left to dry for 16 hours until all the water had 

evaporated. The powder was then calcined at 500 °C with a 10 °C/min ramp 

rate for 4 hours under static air conditions. 

 

The catalysts made by this technique were: 

• 1 wt% Pd/Al2O3 

• 2.5 wt% Pd/Al2O3 

• 5 wt% Pd/Al2O3 

 

 



47 
 

2.2.2 – Chemical Vapour Impregnation 

 

2.2.2.1 – Monometallic catalysts 

Supported metal catalysts were made by CVI following the method outlined by 

Forde et al.7,8 An appropriate mass of M(acac)x and γ-Al2O3 to give the desired 

weight loading were put in a vial and mixed thoroughly to produce a 

homogeneous mixture. This was transferred to a Schlenk flask with a stirrer 

bar, sealed and evacuated to 10-3 mbar. The mixture was heated at 140 °C 

under vacuum for 1 hour while stirring at 800 rpm. The flask was brought back 

up to atmospheric pressure and the sample calcined at 500 °C with a ramp 

rate of 10 °C/min for 4 hours under static air conditions. A schematic of this 

procedure is shown in Figure 2.1. 

 

Catalysts made by this technique were: 

• 1 wt% Pd/Al2O3 

• 2.5 wt% Pd/Al2O3 

• 5 wt% Pd/Al2O3 

 

2.2.2.2 – Bimetallic catalysts  

All catalysts prepared had a total metal loading of 1 wt% of the catalysts mass. 

An appropriate amount of both M(acac)x and γ-Al2O3 were added to a vial to 

give the desired metal ratios and mixed thoroughly to produce a homogeneous 

mixture. This was transferred to a Schlenk flask with a stirrer bar, sealed and 

evacuated to 10-3 mbar. The sample was heated to 140 °C under vacuum for 

Pre-cursor and 

support 

thoroughly mixed 

until 

homogeneous 

Mixture heated at 

140 °C for 1h at 

10
-3

 mbar. 

Stirred at 800 

rpm 

Figure 2.1: Schematic of chemical vapour impregnation catalyst synthesis. 



48 
 

1 hour whilst stirring at 800 rpm. The flask was brought back to atmospheric 

pressure. 

 

The subsequent samples were heat treated in either of two different ways. 

Some were calcined at 500 °C with a heating ramp rate of 10 °C/min for 4 

hours under static air conditions. Those treated in this manner have a (C) 

following the catalyst name. The other samples were reduced at 500 °C with 

a 10 °C/min ramp rate for 4 hours under a flow of 5 % H2/Ar, before being 

calcined at 500 °C with a heating ramp of 10 °C/min for 4 hours under static 

air conditions. Catalysts heat treated this way are denoted with (RC). 

Catalyst made by this method are: 

• 1 wt% 3:1 PdPt/Al2O3 (C) 

• 1 wt% 1:1 PdPt/Al2O3 (C) 

• 1 wt% 1:3 PdPt/Al2O3 (C) 

• 1 wt% Pt/Al2O3 (C) 

• 1 wt% 3:1 PdFe/Al2O3 (C) 

• 1 wt% 3:1 PdCo/Al2O3 (C) 

• 1 wt% 3:1 PdNi/Al2O3 (C) 

• 1 wt% 3:1 PdPt/Al2O3 (RC) 

• 1 wt% 3:1 PdFe/Al2O3 (RC) 

• 1 wt% 3:1 PdCo/Al2O3 (RC) 

• 1 wt% 3:1 PdNi/Al2O3 (RC) 

 

2.3 – Characterisation Techniques 

Many characterisation techniques have been used over the course of this 

thesis to help understand catalyst properties and to explain why they behave 

in the way they do. The theory of each technique along with the experimental 

method is outlined below. 

 

2.3.1 – Powder X-Ray Diffraction (XRD) 

XRD is a technique used to analyse the bulk phase of a sample, and to 

examine a material’s crystal structure. While it can be performed on a single 
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crystal, here it has been used on powdered samples. This technique probes 

how x-rays diffract when interacting with a sample and can be used to build up 

diffraction patterns. These patterns can be used to identify crystalline phases 

present along with estimating crystallite size through the Scherrer equation.9,10 

 

X-Ray diffraction works by bombarding X-ray radiation of the sample. This 

radiation will be elastically scattered by the lattice and if the radiation is in-

phase, constructive interference of the waves will occur. More constructive 

interference produces a signal of greater intensity. This process is done over 

a range of angles, usually 5 – 80 °. A detector is used to collect the diffracted 

radiation and relates the beam intensity to angle 2θ. The scattering patterns 

and intensities are often characteristic of the material being studied and can 

be compared to files from a database to successfully identify the sample.11  

 

To be a suitable material for XRD analysis, a sample must have long range 

order. This is because a material without long range order will not see in-phase 

diffraction meaning no constructive interference will occur. This means there 

will be no signal intensity making identification of sample structure impossible. 

The Bragg equation (Equation 2.1) allows diffraction to be related to the d-

spacing of a material’s lattice. 

 

Equation 2.1:    𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 

 

With: 

n = Integer order of reflection 

λ = X-Ray wavelength 

d = Lattice spacing 

θ = Angle of incidence 

 

The Scherrer equation is a useful tool in catalysis as it can be used to calculate 

crystallite size, meaning an estimate of nanoparticle size can be obtained from 

XRD data. The Scherrer equation uses a peak’s full-width-half-maximum 

(FWHM) and the diffraction angle to do this as seen in Equation 2.2: 
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Equation 2.2:    𝜏 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

 

With: 

τ = Mean crystallite size 

K = Crystallite shape factor 

λ = X-Ray wavelength 

β = Peak full-width-half-maximum (in radians) 

θ = Bragg angle (in radians) 

 

This equation can help identify small nanoparticles due to peak broadening 

that occurs for crystallites under 100 nm in size. Large crystallites give sharp, 

narrow peaks on the diffraction pattern. Below this size, destructive 

interference caused by out-of-phase radiation is incomplete giving broader 

peaks and allowing the Scherrer equation to be applied. 

 

2.3.1.1 – Experimental 

Powder X-Ray Diffraction (XRD) analysis was carried out on a PANalytical 

X’Pert Pro diffractometer using a CuKα radiation source with a Ge (111) single 

crystal monochromator which operated at 40 kV and 40 mA. Diffraction 

patterns were recorded with a step size of 0.0167 ° between 5 – 80 ° 2θ using 

a backfilled sample holder over 40 minutes. Diffraction patterns were analysed 

by matching to the International Centre for Diffraction Data (ICCD) Powder 

Diffraction File to identify phases. 

 

2.3.2 – X-Ray Photoelectron Spectroscopy (XPS) 

XPS is a widely used characterisation technique for the analysis of catalyst 

surface species. It can give information on the elements present on the 

surface, nature of the species and metal oxidation state. It is based on the 

photoelectric effect. The sample is irradiated using X-Rays, typically from a Mg 

Kα or Al Kα, and if they are of sufficient energy a photoelectron from the core 

or valence band will be emitted from the sample. The energy of this 

photoelectron is recorded by a detector.12 The more electrons emitted with this 
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energy will lead to a more intense reading and subsequently a larger peak on 

the XPS spectra. Equation 2.3 can be used to compare the energy of the 

irradiating X-Ray to the energy of the released photoelectron to determine the 

binding energy of the emitted electron. Photoelectrons from the core band 

have binding energies specific to the element from which they are emitted, and 

this information can be used to identify the species present. 

 

Equation 2.3    𝐸𝑘 = ℎ𝑣 −  𝐸𝑏 −  𝜑 

 

Where: 

Ek = kinetic energy of the photoelectron 

H = Planck’s constant 

ν = frequency of radiation 

Eb = photoelectron binding energy 

φ = work function of spectrometer 

 

Binding energy can depend on several different criteria including the element, 

orbital and chemical state from which the photoelectron is emitted. This allows 

characteristics like metal oxidation to be probed. Generally, samples with a 

higher oxidation state will have a higher binding energy due to the electrons 

present experiencing more comparative charge than a more reduced form.  

 

XPS is a surface-sensitive technique with data only obtained from a depth of 

1 – 5 nm. This makes the technique particularly useful for catalysis as the 

surface is where reactions take place. The reason XPS is a surface technique 

is due to the mean free path of the photoelectron. The energy of the emitted 

electron will only be enough to travel a short distance through the solid. 

Electrons without enough energy will lose energy before leaving the solid and 

hence will not be detected. The sample is kept under ultra-high vacuum to 

ensure as many electrons as possible can reach the detector. 
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2.3.2.1 – Experimental 

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo 

Fisher Scientific K-alpha+ spectrometer with samples analysed using a micro-

focused monochromatic Al X-ray source (72 W) over an area of 400 microns. 

Pass energies of 150 eV and step size of 1 eV were used for survey scans, 

and 40 eV and 0.1 eV step size for high-resolution scans. Sample charge 

neutralisation was achieved using low energy electrons and argon ions. 

Analysis was performed using CasaXPS software using a Shirley type 

background. 

 

2.3.3 – CO Chemisorption 

CO chemisorption allows catalysts’ features such as number of active sites, 

metal dispersion, metal surface area and crystallite size to be determined for 

the probed sample. 

 

This technique involves pulsing a known volume of CO over a reduced sample. 

The CO chemisorbs to the metal surface, eventually forming a monolayer. The 

amount of CO not adsorbed by the metal is recorded by a thermal conductivity 

detector. CO is pulsed onto the sample until a constant reading is recorded by 

the TCD, showing that no more CO is adsorbing to the metal surface and 

suggesting that the metal has become saturated. The total volume of adsorbed 

CO can then be used to calculate dispersion, metal surface area and average 

particle size. These calculations are based on assumptions of the 

stoichiometry of the CO binding to the metal; for example, typically it is 

assumed that only one CO molecule binds to a platinum site; however, multiple 

CO molecules can bind to other metals.13,14 

 

Dispersion can be defined as the amount of metal atoms present at the surface 

when compared to the total loading of metal present. It can be calculated using 

Equation 2.4: 

 

Equation 2.4:   𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝑉𝑚𝑀104

𝑆𝑓𝑥
∗ 100  
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Where:  

Vm = Gas adsorbed at monolayer (mol g-1) 

M = Molecular weight of the active metal 

Sf = Stoichiometric factor 

x = Total metal loading 

 

Metal surface area is the surface area of all the active sites present and is 

calculated by Equation 2.5: 

 

Equation 2.5:   𝑀𝑒𝑡𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑚2𝑔−1) =  
𝑁𝐴𝑉𝑚

𝑆𝑓𝑆𝑑
 

 

Where: 

NA = Avogadro’s number 

Vm = Gas adsorbed at monolayer (mol g-1) 

Sf = Stoichiometric factor 

Sd = Metal surface density 

 

Average particle size is calculated using Equation 2.6: 

 

Equation 2.6:   𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑎𝑡𝑖𝑐𝑙𝑒 𝑆𝑖𝑧𝑒 =  
100𝑁𝑓

𝑀𝑆𝐴𝜌
 

Where: 

N = Mass of active metal 

f = Shape correlation factor 

MSA = Metal surface area 

ρ = Active metal density 

  

2.3.3.1 – Experimental 

CO chemisorption experiments were carried out using a Micromeritics 

Autochem II 2920 analyser equipped with a TCD. The sample (~100 mg) was 

fixed into a quartz U-tube reactor between quartz wool plugs. The sample was 

reduced at 400 °C with a heating ramp of 10 °Cmin-1 under a 50 mlmin-1 flow 

of 10 % H2/Ar. Upon reaching 400 °C, the gas feed was switched to Ar and the 
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sample cooled to the analysis temperature of 35 °C. The feed gas was 

subsequently changed to He (50 ml min-1) with aliquots of 1 % CO/He pulsed 

into the carrier gas at 3 minute intervals using a calibrated injection loop (5.55 

ml). Pulses of 1 % CO/He were continually added until the recorded peak area 

remained constant (three peaks with a difference in area of under 1 %). 

  

2.3.4 – Electron Microscopy 

Electron microscopy uses the interactions of an electron beam with the sample 

to produce images. This enables to the provision of information on the 

morphology of a catalyst surface, while also allowing determination of the size 

and shape of metal nanoparticles.  

 

Electron microscopy focuses a beam of electrons onto the sample with 

changes to this beam being detected, which can be used to probe different 

characteristics. Some electrons are elastically scattered back from the sample, 

known as backscattered electrons. Secondary electrons originate from the 

sample and are produced by inelastic interactions between the electron beam 

and the sample atoms. Electrons are also able to pass through the sample 

and are known as transmitted electrons.    

 

Electron microscopy can operate by several different methods. Scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) will 

be described here as they were the microscopic techniques used during this 

thesis.  

 

SEM has a detector above the sample and builds images from secondary and 

backscattered electrons. In SEM, when the electron beam is focussed on the 

sample, the electrons spread through the sample for a distance known as the 

interaction volume. Secondary electrons are inelastically scattered and so 

have a lower energy than the electron beam. These electrons are therefore 

not able to travel a long distance, so tend to come from a region near to the 

surface of the sample. Detection of these electrons is dependent on the 

orientation of facets on the surface. Areas that are facing more in the direction 
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of the detector will see more secondary electrons reaching the detector than 

areas not facing the detector and will subsequently appear brighter on the 

resulting image. This means that secondary electrons are optimal for imaging 

surface structure and topography. Backscattered electrons are elastically 

scattered so are able to come from deeper in the sample. Backscattered 

electrons are highly sensitive to an atom’s atomic mass which is what causes 

contrast. Larger atoms will lead to more electrons scattering, so more 

electrons will be detected from atoms with a higher atomic mass. These areas 

will appear brighter on the image, making backscattered electrons useful for 

identifying nanoparticles in catalysis.15 

 

TEM uses a detector placed under the sample and builds an image from 

electrons that have passed through the sample. Transmitted and diffracted 

electrons are used to produce bright-field and dark-field images. Bright-field 

images arise from transmitted electrons with sample thickness and density 

providing contrast. A thicker sample will see more electrons interact with the 

sample and will subsequently not be detected, giving a darker, less intense 

part of the image. Thinner areas will appear brighter. Areas of sample with 

Figure 2.2: Diagram describing some of the 
interactions that occur between an electron beam 
and sample. 
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high atomic mass also see more of the electron beam absorbed, and so 

appear darker. This is very useful for catalysis as it can make for easy 

identification of metal nanoparticles against the support. Dark-field images use 

electrons that have been scattered by the sample, excluding transmitted 

electrons. This means that areas of the sample which do not scatter the beam 

will not be detected and will appear black on the image.16  

 

SEM and TEM both allow images of a catalyst to be acquired and complement 

each other. They allow different aspects of the sample to be probed. As SEM 

uses backscattered or secondary electrons, a 3D image of the surface can be 

obtained; however, you get no information on the inner structure of the 

catalyst. TEM allows a 2D projection of the sample to be imaged due to the 

use of transmitted electrons, so information on the entire catalyst structure is 

obtainable. 

   

2.3.4.1 – Energy Dispersive X-Ray Spectroscopy (EDX) 

Energy Dispersive X-Ray (EDX) spectroscopy is a technique that works in 

combination with microscopy to gain a greater understanding of bulk 

composition. The electron beam interacting with the sample irradiates the 

Figure 2.3: Diagram of the interaction volume of an electron 
when bombarded into a sample. 
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sample leading to the emission of X-rays. These X-rays are characteristic of 

the emitting element, and when detected, EDX can provide elemental analysis 

of the catalyst. This technique is able to give information on how much of each 

element is present on the catalyst and can create maps showing the location 

of these elements when combined with the images created by electron 

microscopy.17  

 

2.3.4.2 – Experimental 

SEM and EDX was performed on a TESCAN MAIA3 field emission scanning 

electron microscope (FEG-SEM) fitted with an Oxford Instruments XMAXN 80 

energy dispersive X-ray detector (EDX) operating at 15 kV. Images were 

collected using secondary electron and backscattered electron detectors. 

Samples were prepared by dispersing powder onto carbon Leit discs attached 

to aluminium stubs. Samples for SEM imaging were analysed after sputter 

coating in 10 nm 80:20 Au:Pd layer. EDX images were analysed uncoated. 

 

TEM imaging was performed by Dr. Tom Davies at Cardiff University. Imaging 

was performed on a JEOL JEM-2100 operating at 200 kV. Samples were 

prepared by sonicated dispersion in ethanol and deposited on 300 mesh 

copper grids coated with holey carbon film. 

  

2.3.5 – Brunauer Emmett Teller (BET) surface area 

detemination  

A catalyst’s surface area is an attribute often studied for its effect on catalyst 

performance. It is often calculated using Brunauer Emmett Teller (BET) theory. 

At low temperature, a gas, typically nitrogen, can reversibly physisorb to a 

sample surface, building up layers of adsorbate. This can be done over a 

variety of pressures recording the volume of gas adsorbed. This can build up 

an isotherm giving information on the sample’s pore size and structure.18 

 

There are six different types of isotherm that can be produced by this analysis, 

each of which are characteristic of samples with specific properties. To apply 

BET theory to a sample, a Type II or Type IV isotherm must be produced. A 
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Type II isotherm would see an initial monolayer gradually form followed by a 

multilayer as pressure increases, typically corresponding to a nonporous or 

macroporous solid. A Type IV isotherm would see a monolayer form followed 

by filling of micropores, and relates to a mesoporous solid. 

 

BET theory uses Equation 2.7 to work out surface area: 

 

Equation 2.7:    
𝑃

𝑉(𝑃0−𝑃)
=  

1

𝑉𝑚𝐶
+  

𝐶−1

𝑉𝑚𝐶
 

𝑃

𝑃0
 

 

With: 

P = Equilibrium pressure 

P0 = Saturation pressure 

V = Adsorbed volume 

Vm = Monolayer volume 

C = BET constant relating to enthalpy of adsorption for a monolayer and 

multilayer. 

 

By using an area of the isotherm (typically between P/P0 = 0.05 – 0.35), a plot 

of 
𝑃

𝑉(𝑃0−𝑃)
 versus 

𝑃

𝑃0
 will give an intercept of 

1

𝑉𝑚𝐶 
 and gradient of 

𝐶−1

𝑉𝑚𝐶
. By 

calculating Vm, surface area can be calculated using Equation 2.8: 

 

Equation 2.8:    𝑆 =  
𝑉𝑚

22414
𝑁𝐴𝜎 

With: 

S = Surface area 

NA = Avogadro’s constant 

σ = Cross-section area of N2 

 

2.3.5.1 – Experimental 

Before surface area analysis could be performed, a mass of sample 

corresponding to at least 10 m2 was degassed for 17 hours at 120 °C to 

remove any surface adsorbents. 20-point N2 physisorption was performed at 

77 K using a Quantachrome Quadrasorb evo.  
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2.3.6 – Temperature Programmed Reduction 

TPR examines how reducible a sample is, while also giving information on 

which reducible species are present. This can be useful to work out reduction 

temperatures for catalysts pre-treatment, influence of metal support 

interactions, and to identify the oxidation states that may be present.19 

 

The sample is heated with a constant linear ramp while a flow of 10 % H2/Ar 

is passed over it. A reduction of sample species will see a decrease in the 

concentration of H2. As hydrogen has a high thermal conductivity, a decrease 

in its concentration will lead to a measurable decrease in the thermal 

conductivity of the total gas flow. Changes are recorded by a thermal 

conductivity detector and can be used to produce peaks as a function of 

temperature. It is important to note that negative peaks are possible with this 

technique, when a sample releases hydrogen. This is known to happen with 

palladium samples, as Pd-H species are often present.  

 

The area under a peak can be used to determine the amount of hydrogen that 

has been used in the reduction. CuO has one clear reduction peak, so by 

varying the mass of CuO, H2 consumption for each mass can be determined, 

allowing a calibration plot to be constructed. This can then be compared to the 

sample and used to gain information on the amount of metal being reduced. 

 

2.3.6.1 – Experimental 

A sample mass of 50 mg was used. Analysis was performed using a 

ChemBET TPR/TPD fitted with a TCD. The sample was pre-treated in He for 

an hour at 150 °C, with the reducibility then tested in 10 % H2/Ar from 25-500 

°C with a ramp rate of 10 °Cmin-1. 

 

2.3.7 – Thermogravimetric Analysis (TGA) 

TGA is a technique that probes changes in the mass of a sample over time as 

the temperature is increased. This can be done in a variety of atmospheres so 

can give information on different reaction environments. As the temperature 

increases, water or other volatile molecules can desorb from the surface 
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leading to decreases in mass. The sample may also oxidise as temperature 

increases leading to a gain in mass. The amount of weight lost and the 

temperature at which this occurs can correspond to specific functional groups 

and give information on decomposition pathways.20 

 

2.3.7.1 – Experimental 

A Perkin Elmer TGA 4000 was used to perform TGA analysis on the samples. 

30 mg of sample was loaded into the machine with the sample heated from 

room temperature to 900 °C at a ramp rate of 5 °Cmin-1 under a 50 mlmin-1 

flow of air. Changes in mass were recorded and converted into percentage 

change of the starting sample mass. 

 

2.3.8 – Infrared (IR) Spectroscopy 

Infrared spectroscopy uses electromagnetic radiation to give information on 

the bonds present in a sample material. Radiation from the infrared region is 

directed at the sample, with the amount absorbed by the sample calculated by 

measuring how much radiation reaches a detector. The radiation absorbed by 

these bonds causes them to vibrate. These vibrations require different 

amounts of energy to occur and are characteristic of a specific bond. This 

allows the identification of bonds present in the sample based on the 

wavenumber at which the radiation was absorbed.21  

 

For a bond to be IR active, there must be a change in the dipole of the 

molecule. This is because a change in the dipole moment brought about by 

molecules vibrating allows the creation of a field that can interact with the 

electric field associated with the IR radiation. This allows the IR radiation to be 

absorbed by the bond. Molecules like O2 and N2 are not IR active as no change 

in dipole moment is brought about by vibrations around the bond.  

 

Molecules can vibrate in different ways leading to the possibility of different 

vibrational modes. These are different ways in which the molecule can vibrate, 

causing a change in the dipole moment. The typical vibrational motions are: 

symmetric and asymmetric stretching, wagging, twisting, scissoring and 
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rocking. These  absorb different amounts of energy so can be identified on the 

IR spectra produced. The number of vibrational modes can be calculated by 

assessing the degrees of freedom a molecule has. An atom has three degrees 

of freedom due to movement being possible over three axes; for a molecule 

this becomes 3N, where N is the number of atoms present. As the atoms are 

bonded together movement can be translational, rotational, and vibrational. 

For a non-linear molecule, the vibrational modes can be calculated by 3N – 6. 

As linear molecules see rotation through their own axis, it can be calculated 

by 3N – 5 as this rotation sees no change in the molecule.  

 

Fourier transform infrared (FT-IR) is a subsection of IR spectroscopy. For 

traditional IR a monochromatic source is used which scans across the IR 

region, allowing only one wavenumber to be recorded at a time. FT-IR employs 

a polychromatic IR source that can probe multiple wavenumbers concurrently. 

This has the benefit of Felgett’s advantage where there is an increase in the 

signal-to-noise ratio, allowing for much clearer readings.         

 

2.3.8.1 – Experimental 

A Gasmet FT-IR spectrometer was employed to measure catalyst 

performance for deep propane oxidation, details of which are covered in 2.4.1.  

 

Infrared analysis of samples was performed using a Bruker Vertex 70 

equipped with an ATR cell. 16 blank scans were recorded to provide a 

background before each sample was analysed. A small amount of sample was 

placed on the cell and pressed into the crystal. The sample was then exposed 

an IR beam for 32 scans. 

   

2.3.9 – Microwave Plasma Atomic Emission 

Spectroscopy (MP-AES) 

MP-AES gives information on the elements present in a sample and can also 

probe the amount of each element. For catalysis, this technique is particularly 

useful, obtaining accurate metal weight loadings. AES works through 

analysing the wavelength of radiation emitted from excited electrons from the 
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sample. This wavelength is specific to the element, allowing element 

determination. The recorded intensity of the wavelengths allows the 

concentration of that element to be determined.23 

 

MP-AES uses a microwave nitrogen plasma heat source to excite sample 

electrons to a higher energy state. These excited electrons release radiation 

which is detected by a charge coupled device detector with the different 

wavelengths separated by an optical spectrometer. The intensity is quantified 

by photomultiplier tubes. This is compared to data provided by known 

concentrations to give an accurate measurement. These known 

concentrations are provided by calibration standards made up before sample 

analysis. 

   

2.3.9.1 – Experimental 

Samples (50 mg) were dissolved in aqua regia (4 ml diluted to 50 ml with 

deionised water). AES was performed on an Agilent 4100 MP-AES using 

Agilent MP expert software to calculate concentration. A calibration plot was 

obtained by diluting standard metal solutions with deionised water.  

  

2.4 – Catalyst Testing   

 

2.4.1 – Propane Oxidation 

Catalyst performance was tested for the complete oxidation of propane at 

atmospheric pressure using a fixed-bed flow reactor, a schematic for which is 

seen in Figure 2.4.  

 

In Chapter 3, the catalyst (0.3 ml) was loaded into a stainless-steel tube (1 cm 

i.d.) between quartz wool. The catalyst was pre-treated at 200 °C for 1 hour 

under a 250 mlmin-1 flow of nitrogen. A premade reaction gas mix 1000 ppm 

propane/10 % O2/N2 was used at a flow rate of 250 mlmin-1 giving a GHSV of 

50,000 h-1. The reaction was monitored using an in-line Gasmet Fourier 

Transform Infrared (FTIR) spectrometer with a 0.4 L cell. The gas 
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concentrations measured over the course of a reaction were propane and 

carbon dioxide. Gas concentrations were calculated using Calcmet software 

with reference files from Gasmet. Initial propane concentrations were recorded 

by passing the gas mix through a bypass loop until a steady state had been 

obtained. Reactions were performed between 200-600 °C with concentration 

readings taken at 25 °C intervals once a steady concentration had been 

reached, ensuring the catalyst was operating at steady state. 

 

Reactions in Chapters 4 and 5 were conducted using the same method but 

using a quartz reactor tube (7 mm i.d.). 0.066 ml of catalyst and 50 mlmin-1 

flow rate of nitrogen and gas mix was used to give a GHSV of 50,000 h-1. 

 

For ‘same Pd amount’ testing, the method above was used except the volume 

of catalyst inserted into the reactor tube was adjusted so that there would be 

the same amount of palladium sites present in the reaction tube. This 

subsequently meant that the GHSV of each catalyst was different as there 

were different weight loadings studied. 

 

Catalyst stability was probed using cycle and time-on-line (TOL) tests. Cycle 

testing used the same method described above with the catalyst bed cooled 

down to room temperature before the procedure was performed again using 

the same catalyst sample. This was done a further two times after the initial 

test. TOL tests were performed at 325 °C with the gas mixture passed over 

the catalyst bed for 24 hours.  

 

Catalyst performance was examined for the deep oxidation of propane to 

carbon dioxide and water. This was done by comparing propane conversion 

and the carbon balance at a specific temperature. The reactions were followed 

using in-line FT-IR with the intensities of IR bands specific to propane used to 

calculate the concentration of propane at a given temperature. This could then 

be compared to the amount of propane at the reaction inlet enabling total 

propane conversion to be determined. This can be seen in Equation 2.9: 
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Equation 2.9   𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝑥−𝑦 

𝑥
∗ 100 

 

Where x = Inlet concentration of propane (ppm) 

  y = Propane concentration after catalyst bed (ppm) 

 

Carbon balance was calculated by comparing the amount of carbon present 

in the gas stream (whether propane, CO2, CO, propene etc.) at the inlet to the 

amount of carbon at each recorded measurement. This can be seen in 

Equation 2.10: 

 

Equation 2.10   𝐶𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%) =  
𝑥

𝑦
∗ 100 

 

Where x = Amount of carbon after catalyst bed 

 y = Amount of carbon at inlet  

 

Three runs were performed for each catalyst with average conversion 

recorded to ensure reliability and reproducibility of performance data obtained.  
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Figure 2.4: Schematic of the reactor set-up for the propane oxidation reactions. 
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3 – Highly Active Pd/Al2O3 

catalysts for propane oxidation 

synthesised by chemical vapour 

impregnation 

 

3.1 Introduction and aims 

Research into the catalytic deep oxidation for VOCs has been typically centred 

around two key areas of research: supported metal catalysts, and metal oxide 

catalysts. Recent research has seen a shift in focus towards metal oxide 

catalysts, which have high activity at low temperatures, and a much lower cost 

than the PGM-dominated supported catalysts. CeO2,1–3 Fe2O3,4–6 Co3O4,7–9 

and ZrO2
10 are all materials notable for their high performance for total 

oxidation of a wide variety of VOCs. They often outperform the supported 

metal catalysts against which they are benchmarked; however, issues 

surrounding thermal degradation and catalyst stability have seen limited 

uptake of these catalysts on an industrial level. 

 

Supported metal catalysts often use palladium or platinum as the active 

component, making them particularly expensive to produce. They have seen 

widespread use as oxidation catalysts, most notably as part of the three-way 

catalyst used for the destruction of harmful by-products produced by 

automobiles. Use as automotive catalysts has driven research into the area 

due to increasingly stringent limits on the emissions of VOCs set in legislation 

such as the Gothenburg Protocol and the Euro series.11 Supported metal 

catalysts are popular in this setting due to their high performance and durability 

in harsh conditions; being able to survive high temperatures without significant 

deactivation, allowing for longer use.12–14 This is a greatly desired 

characteristic for catalysts as they will not need to be changed as frequently.  
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Propane is a short chain VOC that has seen extensive research into its deep 

catalytic oxidation to carbon dioxide and water. It is highly stable and 

considered one of the hardest VOCs to fully oxidise.15 This makes it a good 

model for VOC oxidation, as if a catalyst is able to oxidise propane effectively, 

it is likely to perform well for other VOCs. Liquified petroleum gas (LPG), which 

often consists of either purely propane, or a mixture of propane and butane, 

has been used increasingly as an alternative to traditional fuels for 

automobiles.16 This has led to an increase in propane emissions, exacerbating 

the need for new catalytic methods of removal. Supported palladium-based 

catalysts have been studied in depth given their high activity and stability. 

While the choice of support has been found to have great influence over 

catalyst performance,17 supported alumina catalysts are popular industrially 

due to alumina’s high thermal stability.18 It is generally accepted that PdO is 

the active species for VOC oxidation, undergoing a reduction-oxidation cycle 

over the course of the reaction,19,20 although there is debate as to the role of 

metallic palladium in the reaction. There is some research suggesting that Pd0 

plays no role in the reaction, with PdO the only active component;21 in contrast, 

there is also research suggesting that a mixture of PdO and metallic palladium 

is needed, with the PdO:Pd ratio having a significant impact on catalyst 

activity.22–24 Khudorozhkov et al. found that increasing the ratio of PdO to Pd 

positively correlated to catalyst activity for propane oxidation;25 despite this, 

work by Yazawa et al. found that activity only increased with PdO:Pd ratio up 

until a point, after which it started to decline.26 This led to the conclusion that 

there was a ‘perfect ratio’ obtainable, at which optimum activity for propane 

oxidation is possible. Metal particle size has also been found to be an 

important factor in catalyst performance. For VOC oxidation, it has been 

suggested that larger metal nanoparticles are more active than smaller 

particles.13,25,27 This is due to the Pd-O bond strength being weaker for larger 

particles, leading to easier oxidation of a VOC. 

 

The synthesis method of a catalyst can influence many factors including 

average nanoparticle size, shape and distribution. Impregnation methods are 

popular due to their simplicity, reproducibility, and scalability; however, these 

techniques suffer from drawbacks including poor nanoparticle size control and 
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the introduction of catalyst poisons during synthesis. Chemical vapour 

impregnation (CVI) is a synthesis method that has been developed to help 

overcome these limitations. Research into this technique has found it to 

produce highly active catalysts for a number of reactions, often outperforming 

catalysts made by other methods.28,29 This has been thought to be a result of 

smaller nanoparticles with a narrow size distribution, cleaner surface, and 

greater number of active sites. CVI also has the benefit of being a solventless 

technique allowing it to better comply with the 12 Principles of Green 

Chemistry through waste reduction.30 

     

CVI is a synthesis technique that has not seen much research into its 

widespread viability. Studies have typically focussed on liquid phase reactions, 

though there has been some work into gas phase applications.28,29,31–35 The 

work in this chapter will look to prepare highly active Pd/Al2O3 catalysts by CVI 

for the deep oxidation of propane, and assess their performance compared to 

analogous catalysts synthesised by wet impregnation. The influence of 

preparation technique and metal weight loading will be investigated, analysing 

chemical structure and composition to help identify trends and rationalise 

differences in activity.   

 

3.2 – Effect of preparation technique on 

propane oxidation activity 

Pd/Al2O3 catalysts were synthesised in the manner described in Section 2.2 

by chemical vapour impregnation (CVI), and wet impregnation (WI). The 

desired palladium weight loadings were 1 wt%, 2.5 wt%, and 5 wt% by mass 

of the entire catalyst. These six catalysts were tested and analysed in this 

chapter and are denoted by the weight percentage followed by the preparation 

technique (eg: 1 wt% CVI). MP-AES was performed on these catalysts to 

check the actual weight loadings which showed a strong correlation between 

the theoretical and actual weight loadings.  
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3.2.1 – Catalyst performance for deep oxidation of 

propane 

Blank reactions were initially run to ensure that any activity seen in the testing 

is because of the catalyst tested, not natural auto-oxidation at a specific 

temperature. Reactions were tested using an empty tube, and just the alumina 

support. There was very little activity for the empty tube over the tested 

temperature range with 3 % conversion seen at 500 °C. This was expected as 

the autoignition temperature of propane is around 470 °C.36 The alumina test 

saw 22 % propane conversion at 500 °C, indicating that any activity over this 

background level is caused by the palladium species. 

 

The performance of the 1 wt%, 2.5 wt%, and 5 wt% Pd/Al2O3 catalysts that 

were synthesised by CVI was determined, with the steady state propane 

conversion as a function of temperature shown in Figure 3.1. All catalysts 

synthesised by CVI are shown to be highly active for propane oxidation with 

full conversion being seen by 450 °C. The 2.5 wt% CVI and 5 wt% CVI 

catalysts both obtained higher activity than the 1 wt% catalyst with full 

conversion achieved by 400 °C. We can see that for catalysts synthesised by 

CVI activity increases with weight loading: the 5 wt% CVI catalyst is the most 

active, followed by the 2.5 wt% CVI, and finally the 1 wt% Pd/Al2O3 catalyst. 

While the 5 wt% catalyst is the most active for all temperatures where 100 % 

propane conversion is not recorded, it has similar performance to the 2.5 wt% 

Pd/Al2O3 catalyst. The biggest difference in activity was seen at 300 °C with 

only an 8 % difference in propane conversion. This suggests that activity 

increasing with metal weight loading is not a linear correlation, and that an 

optimal weight loading is possible for these sets of catalysts. As CO2 is an IR 

active molecule, concentrations were able to be monitored over the course of 

the reaction. This helped demonstrate the catalysts’ high selectivity for CO2, 

which was over 95 % for the duration of the reaction. This shows that deep 

oxidation of propane is occurring rather than partial oxidation to other more 

harmful gases like CO. The FT-IR was also programmed to identify other 

possible products of this reaction such as CO and propene; however, these 

were not identified. 
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All catalysts prepared by wet impregnation were active for propane oxidation 

with the performance seen in Figure 3.2. Here, it can be seen that the 2.5 wt% 

WI catalyst was the most active for propane oxidation, significantly 

outperforming the others tested. This is especially noticeable at lower 

temperatures: at 325 °C the 2.5 wt% WI catalyst has a propane conversion of 

72 %, 30 percentage points higher than the other catalysts. Between 200 °C 

and 325 °C the activity of the 1wt% WI and 5 wt% WI catalysts is broadly 

similar, but above this 5 wt% WI is more active. Both 2.5 wt% WI and 5 wt% 

WI reach full conversion at 400 °C comparative to their analogous CVI 

catalysts, with 1 wt% WI fully converting the propane at 475 °C. As with the 

CVI catalysts, the WI catalysts were highly selective for propane total 

oxidation, with at least 95 % conversion to CO2 seen throughout the course of 

the reaction in all cases.  
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Figure 3.1: Graph showing propane conversion as a function of temperature between 200-500 °C over 
Pd/Al2O3 catalysts synthesised by CVI. ■ – 1 % Pd/Al2O3, ● – 2.5 % Pd/Al2O3, ▲ – 5 % Pd/Al2O3. 

Conditions: total flow rate 250 mlmin-1, 0.3 ml of catalyst, GHSV 50,000 h-1. 
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There are several clear differences in catalyst performance based on the 

synthesis technique. In all cases the CVI catalysts were more active than their 

equivalent WI catalysts, clearly demonstrated in Figure 3.3. For every 

temperature point recorded, below achievement of 100 % propane conversion, 

the 1 wt% CVI and 5 wt% CVI catalyst showed greater activity for propane 

oxidation than the 1 wt% and 5 wt% WI catalysts respectively. This is 

particularly evident for the 5 wt% catalysts with the CVI catalyst being 

significantly more active. At 300 °C there was 58 % propane conversion for 

the 5 wt% CVI catalyst, compared to just 19 % for the WI catalyst with the 

same loading. At low temperatures the 2.5 wt% CVI catalyst is more active 

than the comparative WI catalyst; however, from 325 °C onwards, their 

performance is virtually identical.   
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Figure 3.2: Graph showing propane conversion as a function of temperature between 200-500 °C over 
Pd/Al2O3 catalysts synthesised by WI. □ – 1 % Pd/Al2O3, ○ – 2.5 % Pd/Al2O3,  – 5 % Pd/Al2O3. 
Conditions: total flow rate 250 mlmin-1, 0.3 ml of catalyst, GHSV 50,000 h-1. 
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Table 3.1 again demonstrates that the CVI catalysts are more active than the 

WI catalysts. T20 and T50 are the temperatures at which 20 % and 50 % of the 

propane has been converted. The CVI catalysts are shown to be more active 

at low temperatures, all having lower T20 and T50 values than the 

corresponding WI catalyst. High activity at low temperature is a highly 

desirable characteristic for a catalyst to have, often leading to lower running 

costs due to lower energy needs over the course of a reaction. Automotive 

catalysis, where palladium based oxidative catalysts are often used, would be 

a particular beneficiary of increased low temperature performance. This is 

because one of the biggest causes of automobile emissions is a phenomenon 

known as ‘cold-start’,37 whereby a majority of exhaust emissions are released 

soon after turning the engine on or at low speed as the engine and three-way 

catalyst are cold. Synthesising catalysts that perform well at low temperature 
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Figure 3.3: Graphs comparing propane conversion as a function of temperature for different catalyst 
synthesis techniques      a.: ■ – 1 % CVI, □ – 1 % WI. b.: ● – 2.5 % CVI, ○ – 2.5 % WI. c.: ▲ – 5 % CVI, 
 - 5 % WI. Conditions: total flow rate 250 mlmin-1, 0.3 ml of catalyst, GHSV 50,000 h-1.  

a. b. 

c. 
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could help reduce the impact of cold-start, with the work, here, suggesting that 

the CVI could be an useful for this application.   

   

Table 3.1: T20, T50, and propane decomposition rate measures of catalytic performance obtained from 

the light-off curves. 

Catalyst T20 for propane 

oxidation (°C) 

T50 for propane 

oxidation (°C) 

Propane decomposition rate 

at 300 °C (molC6H8h-1kgcat
-1) 

1 % CVI 279 320 0.76 

1 % WI 297 335 0.47 

2.5 % CVI 257 300 1.03 

2.5 % WI 275 305 0.86 

5 % CVI 247 290 1.17 

5 % WI 301 335 0.39 

 

The trends relating to palladium weight loading and activity are also different 

based on the catalyst preparation method. The CVI catalysts activity increases 

with weight loading with the trend seen being: 

 

5 wt% > 2.5 wt% > 1 wt% 

 

The WI catalysts differ, instead with a trend of: 

 

2.5 wt% > 5 wt% > 1 wt% 

 

3.2.2 – Characterisation 

To help understand the reasons for the difference in activities between the 

preparation techniques, the catalysts have been characterised. Trends and 

differences in the features were studied to identify relationships between 

catalyst activity and catalyst structure.  

 

3.2.2.1 – X-Ray Diffraction 

Figure 3.4 shows the X-ray diffraction patterns of the catalysts studied in this 

chapter. For the 1 wt% catalysts made by both preparation techniques, only 
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alumina reflections can be seen, with no character pertaining to the palladium. 

The reflections seen on these patterns have been assigned to γ-Al2O3 (311) 

2θ = 37.1°, (400) 2θ = 46.0° and (440) 2θ = 67.0°.38 The lack of diffraction 

features from the palladium may suggest that the palladium nanoparticles for 

these catalysts are too small to be detected by XRD analysis. 1 wt% palladium 

could also be small enough a weight loading that there was insufficient 

scattering to detect. 

 

The remaining catalysts all have an additional peak at 34° that corresponds to 

PdO (101)/(002).39 This peak is more intense for the 5 wt% catalysts and could 

suggest that there is more PdO present for these catalysts, and that this 

increases with weight loading. This can help explain the trends seen for the 

CVI catalysts where activity increases with weight loading. PdO has been 

shown to be the active species for propane oxidation reactions so increased 

amounts should lead to improved catalyst performance.  

 

There is little difference between the scattering patterns when comparing the 

preparation techniques. Both the 1 wt% and 5 wt% catalysts have very similar 

20 30 40 50 60 70 80
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Figure 3.4: XRD spectra for the catalysts studied in this chapter. a. 1 wt% CVI b. 1 wt% WI c. 2.5 wt% 
CVI    d. 2.5 wt% WI e. 5 wt% CVI f. 5 wt% WI g. Al2O3 support  

a. 

b. 

c. 

d. 

e. 

f. 

g. 
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patterns between the CVI and WI catalysts. The 2.5 wt% WI catalyst has a 

more intense PdO peak at 34° than the 2.5 % CVI catalyst, which could mean 

that there is more PdO present for the 2.5 % WI catalyst.  It could also suggest 

that the PdO domains are larger for the 2.5 % WI catalyst than they are for the 

2.5 % CVI, leading to more scattering and subsequently a more intense peak. 

Overall, there is little difference in the bulk catalyst structure between the 

preparation techniques, suggesting that differences in the large-scale 

structure isn’t a key factor in the difference in activity. 

 

3.2.2.2 – Scanning electron microscopy 

SEM was used to gain a visual image of the large-scale structure of the 

catalysts and can be seen in the Figure 3.5. The images produced were all 

very similar in nature suggesting that the large-scale structure is the same for 

all catalysts. The structure imaged is consistent with literature images of pure 

γ-Al2O3, so is consistent with the XRD in suggesting that the bulk of the 

structure is alumina with little contribution from the palladium.40 Palladium 

nanoparticles are not visible by this technique suggesting that very small 

nanoparticles may have been synthesised and are below the resolution of the 

microscope.   

 

Figure 3.5: SEM images of the studied catalysts. a. 1 % CVI, b. 2.5 % CVI, c. 5 % CVI, d. 1 % WI, e. 2.5 % 
WI, f. 5 % WI performed a 3000 – 11000 x magnification, 

a. b. c. 

d. e. f. 
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3.2.2.3 – BET Surface Area 

The measured surface area of the catalysts is seen in Table 3.2. There is little 

difference in the surface area of the supported catalyst and bare alumina. This 

suggests that impregnating the metal does not change the structure of the 

support, which remains stable during the synthesis process. 

 

Table 3.2: Determined BET surface areas of the tested catalysts and the alumina support 

Catalyst Surface area (m2g-1) 

Al2O3 126 

1 wt% CVI 128 

1 wt% WI 125 

2.5 wt% CVI 126 

2.5 wt% WI 125 

5 wt% CVI 124 

5 wt% WI 125 

 

3.2.2.4 – XPS 

XPS has been used here to assess the chemical state of the palladium species 

for the studied catalysts, with the data obtained seen in Table 3.3. Palladium 

XPS spectra for alumina supported catalysts will often consist of peaks at 

334.9 eV and 336.8 eV, which relate to Pd0 and PdO respectively. Secondary 

peaks will be seen roughly 5.3 eV higher in energy due to spin-orbit coupling.  

 

Table 3.3: Table detailing the data obtained from XPS analysis for the studied catalysts 

Catalyst Pd 3d5/2 binding energy 

(eV) 

Surface palladium 

concentration (%) 

1 wt% CVI 337.3 0.19 

1 wt% WI 336.9 0.09 

2.5 wt% CVI 336.8 0.4 

2.5 wt% WI 336.9 0.07 

5 wt% CVI 336.8 0.7 

5 wt% WI 336.7 0.08 
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The spectra produced for these catalysts are shown in Figure 3.6. The peak 

positions of 336.7 eV or above, along with the shape of the peaks, suggest 

that the palladium is purely in a Pd2+ form and that no metallic palladium is 

present. This may be in part caused by PdCl2; however, as the catalyst 

precursors were specifically chosen to reduce the amount of chlorine present, 

this is unlikely. It is much more likely that the palladium exists in a PdO 

chemical state. The catalyst synthesis technique has not altered the chemical 

composition of palladium, so changes in activity are not due to this. This was 

expected as only a heat treatment of calcination in static air had been 

performed on these catalysts. Previous literature looking at Pd/Al2O3 catalysts 

had also only seen palladium oxide present when only calcination had taken 

place. This, however, raises the question of whether these catalysts are in 

their optimum state, or if a reduction heat treatment to introduce Pd0 to the 

material may yield better results. The work done in this chapter could correlate 

to studies done by Khudorozhkov, which showed that the more PdO present 

when compared to metallic palladium, the more active the catalyst is for 

propane oxidation.25 Goodman also found that an oxidising pre-treatment to 

ensure the palladium nanoparticles existed as PdO saw higher activity for VOC 

oxidation than reduced catalysts. Conversely, Yazawa et al. concluded that 

while propane oxidation activity did increase with PdO ratio, this was only seen 

up until a point, and that having too much PdO can lead to reduced activity.26 

They concluded that there was an ideal Pd:PdO ratio. It could be the case that 

reducing the catalyst before use could improve catalyst performance. 

 

The palladium peak for the 1 wt% CVI catalyst has shifted to a higher binding 

energy when compared to the other catalysts. The other catalysts correspond 

closely to the position of bulk PdO while the 1 wt% CVI 3d5/2 peak is 0.5 eV 

higher in binding energy at 337.3 eV. Work by Jurgensen et al. has suggested 

that a 0.6 eV increase in the palladium binding energy corresponds to the 

presence of much smaller nanoparticles.41 This could indicate that the 1 wt% 

CVI has much smaller particles present that the others. 
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The XPS analysis was able to identify large differences in the surface 

concentration of palladium present as seen in Table 3.3. There is a 

significantly higher amount of palladium at the surface for the CVI catalysts 

than the WI catalysts. At 0.19 at%, the 1 wt% CVI catalyst has a higher 

concentration at the catalyst surface than all the WI catalysts. MP-AES has 

shown that the actual weight loadings for all catalysts are very similar to the 

theoretical weight loading, so the WI catalysts having less palladium than the 

CVI catalysts does not explain this. Instead, it would suggest that there are 

structural differences for the surface palladium, likely being that the CVI 

catalysts have much smaller and disperse nanoparticles than the WI catalysts. 

The similar value for surface palladium concentration for all the WI catalysts 

implies that nanoparticle size and dispersion is very similar for all these 

catalysts.  

 

Noticeable concentrations of chlorine and carbon were also present on the 

surface for each catalyst. Chlorine often existed at around 0.2 at% while 
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Figure 3.6: XPS data of the Pd 3d region for the Pd/AlO3 catalysts a. 1 wt% CVI b. 2.5 wt% CVI c. 5 wt% 
CVI d. 1 wt% WI e. 2.5 wt% WI f. 5 wt% WI 
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carbon was present at around 9 at% in all cases. However, it is not thought 

that the synthesis techniques introduced these species to the system. This is 

because the concentrations recorded for both carbon and chlorine are very 

similar to surface concentrations obtained from the bare alumina support. 

 

With palladium being the active species in this reaction for propane oxidation, 

the presence of more palladium at the surface should correspond to greater 

activity. Figure 3.7 shows a strong relationship between surface palladium 

concentration and propane conversion for the CVI catalysts. This could 

suggest that the CVI catalysts are very uniform in nature as activity scales with 

concentration as weight loading is increased. As palladium concentration 

increases, so does conversion. This relationship is not seen for WI catalysts 

as the surface concentrations are all very similar, even as weight loading 

significantly increases. This would suggest a very different metal structure to 

the CVI catalysts. 

 

3.2.2.5 – Transmission Electron Microscopy (TEM) 

With the XPS data suggesting that the type of preparation technique leads to 

large differences in nanoparticle size, microscopy imaging was performed to 

identify the metal particles and determine the average sizes. Figure 3.8 shows 
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Figure 3.7: Graphs demonstrating the relationship between surface palladium concentration and 
propane conversion at 300 °C for the CVI catalysts. 
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the TEM images obtained for the investigated catalysts. Here, it is clear that 

there are substantial differences between the structure of the palladium for the 

two synthesis techniques. The CVI catalysts (Figure 3.8 a – c) all produced 

distinct nanoparticles with very similar size properties. This can be seen in 

Table 3.4. 

  

Table 3.4: Table detailing the average nanoparticle size for the CVI catalysts determined by TEM 
microscopy. 

Catalyst Average nanoparticle diameter (nm) 

1 wt% CVI 4.0 nm 

2.5 wt% CVI 4.5 nm 

5 wt% CVI 4.5 nm 

 

All nanoparticles have an average size of between 4 – 4.5 nm with a size range 

of 2 – 8 nm in all instances. This suggests that, on alumina, CVI can 

consistently produces palladium nanoparticles with similar size properties, 

with this characteristic being independent of weight loading. These 

nanoparticles are larger than particles seen in the studies by Forde et al. for 

palladium catalysts made via CVI, with an average diameter of around 2 nm;28 

these catalysts were supported on TiO2, however, suggesting that particle size 

for CVI catalysts is influenced by the support used. It can also be noted that 

CVI-made, palladium-based catalysts in the literature are almost exclusively 

reduced, unlike the catalysts investigated here. This means that the catalysts 

synthesised by Forde are metallic in nature. XPS has shown that the CVI 

catalysts studied in this chapter are entirely comprised of palladium oxide, 

suggesting that they consist of discrete nanoparticles of PdO instead of Pd. 

This means the nanoparticles produced in this work and those in the literature 

are not directly comparable. 

 

The particles imaged here do not correlate with the XPS data recorded for 

these CVI catalysts. The 2.5 wt% CVI and 5 wt% CVI catalysts had a Pd 3d5/2 

peak corresponding to bulk PdO, while an increase in binding energy for the 1 

wt% CVI suggested that the nanoparticles present were smaller in size. The 

microscopy performed has instead identified nanoparticles very similar in size 
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regardless of the weight loading. It has been suggested that a shift of around 

+0.5 eV, as seen with the 1 wt% CVI catalyst, could correspond to single atom 

palladium sites.41 These nanoparticles would be below the resolution limits of 

the microscope used, so would not be identifiable in the images. It is possible 

that the 1 wt% CVI catalyst also contains single atom palladium oxide sites 

alongside the larger nanoparticles imaged, explaining the shift in binding 

energy, but this cannot be confirmed with a microscope of this resolution.   

 

It could also be possible that a PdO layer has formed around a metallic 

palladium core. This could help explain the improved activity as there is a lot 

of literature precedence for this nanoparticle structure being highly active for 

VOC oxidation. Studies into the formation of this layer have suggested that a 

large peak corresponding to metallic palladium would be present on the XPS 

spectra, with smaller peaks appearing representing the PdO.42 The size of the 

peaks could then be used to estimate oxide layer thickness. A peak 

corresponding to metallic palladium is not present in the XPS for any of the 

catalysts studied here, suggesting that the nanoparticles solely comprise of 

palladium oxide. 

 

a. 

d. 

b. c. 

e. f. 

Figure 3.8: TEM images of the catalysts analysed in this chapter a. 1 wt% CVI b. 2.5 wt% CVI c. 5 wt% 
CVI d. 1 wt% WI e. 2.5 wt% WI f. 5 wt% WI 
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The images for the WI catalysts (Figure 3.8 d – f) are very different to the CVI 

catalysts. Instead of discrete nanoparticles, large dark areas have formed over 

the support with individual nanoparticles hard to identify. This has meant that 

average nanoparticle size for these catalysts has not been calculated so 

cannot be compared to the CVI catalysts. EDX was performed on the dark 

areas showing them to be particularly palladium rich. This, along with the XPS 

data, suggests that larger areas of PdO have formed over the catalyst. There 

were some noticeable differences between the different WI catalysts: The 1 

wt% WI catalyst had much smaller PdO areas, while the 2.5 wt% WI and 5 

wt% WI catalyst had much larger, more widespread areas of PdO.  

 

The formation of these PdO areas was unexpected. While wet impregnation 

is well known for giving a wide range of particle sizes, there is literature 

precedence for Pd/Al2O3 catalysts synthesised by impregnation giving small 

nanoparticles. The choice of pre-cursor could have influenced the nanoparticle 

size. The catalysts synthesised by Richards et al. and Khudorozhkov et al. 

used PdCl2 during synthesis, as opposed to the Pd(NO3)2 used here.25,43 

Studies by Byun et al. have suggested that palladium particles were typically 

much larger when using Pd(NO3)2 as the precursor due to unfavourable 

interactions between the alumina support and Pd(H2O)4
2+, a species found in 

Pd(NO3)2 solution.44  

 

It could have been that this interaction led to large amounts of the palladium 

depositing on the alumina in a similar area, with sintering occurring during the 

heat treatment, giving the large areas of palladium. It is also possible for a 

PdO film to form over the surface of the support; however, this is unlikely as 

this film typically forms over a metallic palladium seed, with large amounts of 

Pd0 seen on XPS spectra.45 

 

The TEM images can help explain the differences in activity between the 

preparation techniques. The images produced suggest that CVI catalysts 

produce small nanoparticles which are seemingly highly disperse, while WI 

catalysts have very large palladium areas. This would suggest that there are 

significantly more palladium sites available on CVI catalysts than WI. With 
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reactions taking place at these palladium sites, it would make sense that 

having more available sites would lead to greater conversion. 

 

3.2.2.6 – CO chemisorption 

CO chemisorption is a powerful technique that can give information on a 

number of catalyst features. With microscopy suggesting that CVI catalysts 

have highly disperse active sites in significantly greater numbers, CO 

chemisorption was performed to probe this quantitatively. Table 3.5 shows the 

data collected from this technique. 

 

Table 3.5: Table detailing the information obtained from CO chemisorption analysis of the catalysts. 

Catalyst CO 

adsorbed 

(mmol g-1) 

Palladium 

surface sites 

(g-1) 

Dispersion 

(%) 

Average 

nanoparticle 

size (nm) 

Metal 

surface 

area 

(m2 g-1) 

1 % 

CVI 

2.58x10-2 2.94x1019 52 2.2 2.44 

2.5 % 

CVI 

3.28x10-2 3.96x1019 28 4.0 3.10 

5 % 

CVI 

7.78x10-2 9.34x1019 33 3.4 7.38 

1 % WI 5.56x10-3 6.79x1018 12 9.4 0.53 

2.5 % 

WI 

1.45x10-2 1.70x1019 12 9.1 1.38 

5 % WI 1.71x10-2 1.98x1019 7 15.4 1.62 

 

As weight loading increases, so does the amount of CO adsorbed. The amount 

of CO adsorbed is proportional to the number of surface palladium sites, 

suggesting that this increases as weight loading increases. The CVI catalysts 

adsorb significantly more CO than the WI catalysts. The 1 wt% CVI catalyst 

adsorbs more CO than every WI catalyst. This would suggest that there are 

significantly more palladium sites present on the CVI catalysts than the WI. 

The concentration of CO adsorbed was used with the equations described in 
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2.3.3 to calculate the number of active sites along with metal dispersion. This 

clearly shows that as a synthesis technique, CVI produces significantly more 

active sites than WI, in agreement with the images obtained from TEM. As the 

palladium is the active species for deep propane oxidation, the presence of 

more palladium surface sites should give more areas for a reaction to take 

place. This can help explain the activity seen whereby each CVI catalyst has 

more propane conversion than the analogous WI catalyst. It indicates that the 

greater number of palladium sites present for the CVI catalysts is influential in 

the greater performance over the WI catalysts. It also suggests that the 

increased activity seen as weight loading increases for the CVI catalysts is 

impacted by this. Figure 3.9 demonstrates a positive correlation between the 

number of active sites and conversion. This relationship is not seen for the WI 

catalysts. The 2.5 wt% WI catalyst, however, is more active than the 1 wt% 

CVI catalyst, even though it has fewer palladium sites. This suggests that other 

factors are influencing activity for the WI catalysts. 

 

The CO chemisorption demonstrates that CVI produces catalysts with very 

high metal dispersion, especially when compared to the WI catalysts. This 

suggests a much greater availability of the surface palladium for the reaction. 

This is a further reason why activity may be improved for the CVI catalysts 

Figure 3.9: Graph detailing the relationship between the number of palladium sites recorded by CO 
chemisorption and propane conversion at 300 °C. (  ) – CVI catalysts, (  ) – WI catalysts 
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compared to the corresponding WI catalyst. There is some debate in the 

literature as to whether high dispersion is a desirable quality for VOC oxidation 

catalysts. Work by Benard et al. suggested that lower dispersion for palladium 

catalysts was preferable; this was owing to generally increased average 

nanoparticle size for lower dispersion catalysts, which is a characteristic that 

has been suggested as important for activity.46  

 

The CO chemisorption can provide an estimate of the average nanoparticle 

size for the catalysts. This has presented some differences with the average 

nanoparticle size determined from the microscopy images. While the average 

size for the 2.5 wt% CVI and 5 wt% CVI are in good agreement between 

techniques, the calculated value of 2.2 nm for the CO chemisorption is a lot 

lower than the 4 nm from microscopy. While there are errors associated with 

both techniques, it does give further evidence to the suggestion that there are 

also very small nanoparticles present on the 1 wt% CVI catalyst which cannot 

be detected through microscopy suggested by the XPS. While they were too 

small to be imaged, they could be identified by CO chemisorption. This agrees 

with the shift in binding energy seen in the XPS spectra for this catalyst.  

 

CO chemisorption also allows for an estimation of average nanoparticle size 

for the WI catalysts to be established. This technique suggests that on average 

the WI catalysts have much larger nanoparticles than the CVI. This agrees 

with the microscopy where large areas of PdO were identified. It has been 

suggested that larger particles are beneficial for palladium-based VOC 

oxidation due to a weaker Pd-O bond aiding oxidation. It could then be said 

that the WI catalysts should be more active than they are; however, WI doesn’t 

produce uniform nanoparticles, with a wide range of nanoparticle sizes 

produced, all of which will have different activities. 

 

By having a measure of how many active sites are present for the catalyst, the 

turnover frequency (TOF) can be calculated shown in Table 3.6.  
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Table 3.6: Table detailing the calculated turnover frequencies at 300 °C for the catalysts 

Catalyst TOF at 300 °C (s-1) 

1 wt% CVI 0.25 

2.5 wt% CVI 0.26 

5 wt% CVI 0.13 

1 wt% WI 0.70 

2.5 wt% WI 0.49 

5 wt% WI 0.19 

 

This is another way of comparing catalyst performance by looking at the 

amount of reactant that is converted per active site over a set time. This 

measure gives a completely different description of activity than propane 

conversion data. By this measure, the WI catalysts are more active than the 

CVI catalysts. The 1 wt% WI catalyst is now the most active catalyst with a 

TOF of 0.7 s-1, followed by 2.5 wt% WI at 0.49 s-1. The CVI catalysts all show 

lower performance with values between 0.13 – 0.26 s-1. The 5 wt% WI catalyst, 

however, does not follow this pattern and is not more active than the CVI 

catalysts. We know from the microscopy analysis and the CO chemisorption 

experiments that the metal structure is very different for the WI catalysts giving 

larger palladium areas as opposed to small uniform nanoparticles. There is 

literature consensus that larger palladium nanoparticles are optimal for VOC 

oxidation. This TOF data suggests that the particles produced by the 1 wt% 

WI and 2.5 wt% WI are more active for propane oxidation than the active sites 

made via CVI. With the CO chemisorption data showing the WI catalysts 

containing much larger particles, this agrees with the literature previously 

discussed saying that larger nanoparticles are more active for this reaction. 

This suggests that the WI catalysts have increased performance per active 

site, but the much greater number of palladium sites in total for the CVI catalyst 

leads to greater conversion overall.  
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3.3 – CVI as a technique for producing 

scalable catalysts 

The TOF results for the CVI catalysts are particularly interesting due to their 

similar values, along with how they compare to the WI catalysts. It suggests 

that each palladium site has very similar intrinsic activity, and that propane 

conversion scales linearly with weight loading, while other properties do not 

have a significant impact on performance. This is secondary to the very similar 

structure seen across CVI catalysts. The nanoparticles produced for the 2.5 

wt% CVI and 5 wt% CVI have very similar properties. Microscopy and CO 

chemisorption analysis both suggest the nanoparticles have similar average 

size and dispersion. XPS also has them in the same chemical state. This here 

would suggest that activity is the same for each active site between the 

catalysts, with the 5 wt% CVI catalyst being more active due to a greater 

number of palladium sites. The characterisation for the 1 wt% CVI catalyst 

suggests that there are also very small nanoparticles present, possibly single 

atom sites, along with the 4 nm particles seen on the other CVI catalysts. 

Consensus in the literature states that these smaller sites should be less active 

than the larger sites, however, as the TOF values for the 1 wt% CVI catalyst 

are very similar to the other CVI catalysts. The reason for this could be that all 

the nanoparticles produced via CVI have the same activity, or alternatively that 

the larger particles dominate activity with the smaller nanoparticles 

contributing little to the overall catalyst performance.  

 

To investigate this further, the volume of each catalyst was varied to ensure 

that the same number of active sites were present in the reaction tube. The 

catalysts were tested for propane oxidation with the results seen in Figures 

3.10 and 3.11. The CVI catalysts tested in this way all showed very similar 

activity across all temperature points recorded, with propane conversion at 

each point being within the calculated margin of error. Catalyst performance 

is the same, even though GHSV is significantly different, and the gas was 

interacting with the catalyst for very different lengths of time. Conversely, the 

wet impregnation catalysts had significant changes in performance as the 
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amount of catalyst is changed. Activity decreases with weight loading as the 

amount of catalyst decreases. The 1 wt% WI, which had the largest amount of 

catalyst in the reaction, was a lot more active than the 2.5 wt% WI and 5 wt% 

WI. At low temperatures these catalysts show similar propane conversion but 

above 325 °C the 2.5 wt% WI is more active.  
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These studies provide further evidence that CVI produces consistent catalysts 

with very similar properties across weight loadings. XPS has shown that the 

chemical state of these catalysts is very similar, with the palladium all existing 
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Figure 3.10: Graph showing propane conversion as a function of temperature between 200-500 °C over 
Pd/Al2O3 catalysts synthesised by CVI. ■ – 1 wt% Pd/Al2O3, ● – 2.5 wt% Pd/Al2O3, ▲ – 5 wt% Pd/Al2O3. 

Conditions: total flow rate 250 ml min-1, varied volume of catalyst and GHSV. 
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Figure 3.11: Light-off curve showing propane conversion between 200-500 °C over Pd/Al2O3 

catalysts synthesised by WI. □ – 1 wt% Pd/Al2O3, ○ – 2.5 wt% Pd/Al2O3,  – 5 wt% Pd/Al2O3. 
Conditions: total flow rate 250 ml min-1, varied catalyst volume and GHSV. 
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as PdO. Microscopy has also shown that these catalysts are very structurally 

alike, with similar average nanoparticle size. CO chemisorption also suggests 

similar high dispersion of the metal nanoparticles. These similar properties 

lead to the conclusion that activity for CVI catalysts is scalable with the number 

of palladium sites being the dominant factor in catalyst activity.  

 

3.4 – Catalyst Stability 

For a catalyst to be successful, it needs to be stable across the course of many 

reaction cycles and withstand possible harsh conditions. A catalyst may be 

exceptionally active for a given reaction, but if it deactivates after a couple of 

reaction cycles or a short period of time, it would be of little use on a larger 

industrial scale. Poisons may also be introduced during catalyst synthesis or 

during the reaction, to which catalysts will need to be resistant.43,47,48 This is 

an advantage of making PGM-based catalysts via CVI as opposed to wet 

impregnation. Often impregnation methods use a chloride precursor which is 

known to be a very potent poison for palladium catalysts;48 CVI does not 

contain any chlorine so no poisons are introduced during the synthesis method 

that may lead to reduced performance. CVI is a relatively new preparation 

technique and there has been little research into the stability of catalysts 

synthesised in this method. This section will investigate a number of different 

stability measures to probe this characteristic. 

 

The stability of these catalysts was tested in two ways: cycle testing and time-

on-line (TOL) testing. Cycle testing is where the same catalyst specimen is 

tested several times. For each catalyst examined in this chapter, three reaction 

cycles were performed with the results seen in Figure 3.12. Here, it is clear 

that for both preparation techniques, deactivation has not occurred, as in all 

cases there is no decrease in the amount of propane converted at any 

temperature. This was to be expected as Pd/Al2O3 is known for being a very 

stable catalyst. In fact, there have been some instances in the literature of the 

performance of Pd/Al2O3 catalysts made via wet impregnation increasing as 

more reaction cycles are done.43 However, this was put down to the 

conversion of surface Pd-Cl species to Pd-O. As there was no chlorine 
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introduced to these catalysts at any point in the synthesis or reaction, this 

could not occur. XRD was performed on the catalysts before and after the 

three cycles with no discernible differences seen between the diffraction 

patterns. This suggests that no structural changes to the catalyst occurred 

during the cycle testing and can explain why no change in performance was 

noted. 

 

TOL looks at the performance of a catalyst at a particular temperature over an 

extended period of time. For the other tests conversion was recorded once a 

steady state had been reached, before the temperature was changed. Here 

the temperature was held in place for 24 hours. Figure 3.13 shows the TOLs 

for all catalysts at 325 °C. There is no change in the amount of propane 

conversion, or in the carbon balance over the 24-hour period, demonstrating 

that deactivation does not occur. XRD was performed showing no change in 

the structure of the catalyst. 
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Figure 3.12: Graphs detailing propane conversion as a function of temperature over three reaction cycles 
■ – cycle 1  - cycle 2  - cycle 3. a: 1 wt% CVI, b. 2.5 wt% CVI, c. 5 wt% CVI, d. 1 wt% WI, e. 2.5 wt% 
WI, f. 5 wt% WI 

a. 

f. d. 

c. b. 

e. 
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It is important to note that the TOL was done at 325 °C. Supported alumina 

catalysts are known for being very thermally stable, so it would be reasonable 

not to expect any changes in catalyst performance at this temperature. As 

Pd/Al2O3 is often used in automotive catalysis, it is necessary to look at more 

extreme thermal aging as temperatures can reach up to 1000 °C in a catalytic 

converter. To test this, the 1 wt% CVI and 1 wt% WI catalysts were calcined 

at 800 °C for 5 hours. The activity curves for propane oxidation can be seen 

in Figure 3.14. Here, we can see that in both cases the activity has decreased 

when compared to their un-aged comparative catalysts seen if Table 3.7. The 

CVI catalyst sees some deactivation with the T20 and T50 increasing from 280 

°C and 320 °C to 293 °C and 328 °C respectively. By comparison, the WI 

catalyst sees a greater amount of deactivation with its T20 and T50 shifting from 

297 °C and 335 °C to 318 °C and 362 °C comparatively. These results suggest 

that the CVI catalysts are more thermally stable in extreme conditions than WI 

catalysts. 
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Figure 3.13: Graphs detailing steady state propane conversion over time at 325 °C. a: 1 wt% CVI, b. 
2.5 wt% CVI, c. 5 wt% CVI, d. 1 wt% WI, e. 2.5 wt% WI, f. 5 wt% WI 
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Table 3.7: Table detailing the change in T20 and T50 values for the 1 wt% CVI and 1 wt% WI catalyst 

after heat treatment had been performed on them 

Catalyst Change in T20 after heat 

treatment (°C) 

Change in T50 after heat 

treatment (°C) 

1 wt% CVI +13 +8 

1 wt% WI +21 +27  

 

To try and understand why this was a change in catalyst activity, BET analysis 

was run with the results seen in Table 3.8. This shows a small decrease in the 

surface area of the catalysts suggesting some phase transfer of the alumina 

support. In similar work, Matam et al. showed that heat treatments will see 

reduction of the total catalyst surface area along with pore volume and is one 

reason for decreased catalyst performance.49 This was due to some phase 

conversion of the γ-Al2O3 to α-Al2O3 which was shown to be a less active 

support for the reaction studied. 
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Figure 3.14: Graph detailing propane conversion as a function of time for the 1 wt% CVI and 1 wt% WI 
catalysts before and after heat treatment. ■ – 1 wt% CVI,  - 1 wt% CVI catalyst after heat treatment, □ 
– 1 wt% WI,  - 1 wt% WI catalyst after heat treatment. 
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Table 3.8: Effect of heat treatment on the surface area of the tested catalysts. 

Catalyst Surface area (m2g-1) Surface area after heat 

treatment (m2g-1) 

1 wt% CVI 128 115 

1 wt% WI 125 114 

  

While BET calculations can explain why there is a decrease in catalyst activity, 

it does not help explain why the WI catalyst deactivated more than the CVI. 

XRD analysis was run on both aged samples, seen in Figure 3.15. This shows 

no change in the diffraction pattern after heat treatment suggesting minimal 

change in the catalyst structure.  
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Figure 3.15: XRD scattering patterns for 1 wt% CVI and 1wt% WI catalysts before and after 100 °C heat 
treatment. a. 1 wt% CVI, b. 1 wt% CVI catalyst after heat treatment, c. 1 wt% WI, d. 1 wt% WI catalyst 
after heat treatment 

a. 

b. 

c. 

d. 
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3.5 – Discussing the need for calcination of 

CVI catalysts 

A catalyst is calcined before use in a reaction for several reasons, one of which 

is the removal of unwanted surface species. As discussed previously, wet 

impregnation synthesis techniques often use metal chloride precursors which 

can act as a catalyst poison, especially for PGM-based catalysts. Calcination 

is a way to remove chlorine from the surface and reduced the likelihood of 

deactivation caused by the chlorine. CVI uses metal acetylacetonates as the 

metal precursor which does not introduce a catalyst poison to the system. 

Furthermore, Pd(acac)2 sublimes between 100 – 160 °C so the preparation 

method described in 2.2 should see the removal of the acetylacetonate ligand. 

The possibility that calcination is not needed in the synthesis of active CVI 

catalysts was subsequently probed. 

 

Figure 3.16 shows a 3-cycle run of a 1 wt% Pd/Al2O3 catalyst (which will be 

referred to as 1 wt% UC) made by CVI that had not undergone a calcination, 

along with a single run for a calcined 1 wt% CVI catalyst as a benchmark. Here 

it can be seen that for the first run of the 1 wt% UC catalyst was less active 

than the 1 wt% CVI for all temperature points; however, cycles 2 and 3 sees 

catalyst performance increase so it is comparable with the 1 wt% CVI catalyst. 

This suggests that while initially an uncalcined catalyst is not as active it can 

reach the same level of performance given enough time on-line. CVI uses 

metal acetylacetonates as metal precursors, where the acetylacetonates act 

as ligands around the metal centre. The temperature that CVI is conducted at 

should be high enough to remove the ligands, so they do not block access to 

the palladium sites. Sol-immobilisation is a catalyst synthesis technique that 

also uses ligands in the catalyst synthesis. These ligands can remain on the 

metal during a reaction.50 It has been suggested that the presence of these 

groups protecting the active site is a key reason for lower activity seen for 

catalysts synthesised by this method as opposed to ‘unprotected’ catalysts.51 

This could be a factor at play here, the first cycle removes the acetylacetonate 

ligands, freeing up access to the active site which causes the improved 
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performance in the later cycles. These ligands could also stop the formation 

of PdO. As explained previously, it is well established that PdO is the active 

species for this reaction and having lower amounts present would lead to lower 

activity. The removal of the ligand could enable an oxide layer to form so 

explains the better performance for additional cycles 

Thermal gravimetric analysis (TGA) were performed on the uncalcined 

catalyst. If the ligands were still present, there would also be noticeable mass 

loss present on the TGA signifying the evolution of carbon dioxide. Figures 

3.17 shows the TGA for the uncalcined catalyst. There was little change in the 

mass of the sample from the TGA result. This would suggest that the ligands 

were removed during the synthesis process and that they are not responsible 

for the reduced performance seen on the initial catalyst run. 
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Figure 3.16: Graph showing propane conversion as a function of temperature over a 
three-run cycle for a 1 wt% CVI catalyst that has not been calcined with a calcined 1 
wt% CVI benchmark ■ - 1 wt% CVI, ◄ - Uncalcined catalyst run 1, ► - Uncalcined 

catalyst run 2,  - Uncalcined catalyst run 3.  
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The TGA data implies that there is another reason for the activity seen. The 

calcination was performed in an oxidising environment. As PdO is the active 

species for VOC oxidation, it could be that calcination is needed to oxidise the 

palladium sites into PdO. This would lead to more of the palladium being 

present in the most active phase. The reaction conditions performed for 

propane oxidation in this thesis are highly oxidising (10x excess of oxygen). 

The return improvement in activity from the second cycle could suggest that 

conditions are enough to ‘calcine’ the palladium sites, enabling them to 

perform as if the catalysts were freshly prepared. This suggests that for CVI 

catalysts, calcination of a sample is not necessarily needed, with decisions 

based on the desired catalyst application. While the initial activity is lower than 

seen for the calcined catalyst, it does become comparable within a single 

reaction cycle. It could be that the cost of calcining the catalyst is greater than 

the value of the product loss by the inferior initial performance, which could 

make an uncalcined catalyst an attractive option.  

 

Figure 3.17: TGA profile for the uncalcined 1 % CVI catalyst. TGA was performed from room 
temperature to 900 °C with a temperature ramp of 5 °C/min  
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3.6 - Conclusions       

Chemical vapour impregnation is a relatively new and unstudied catalyst 

preparation technique, with limited research into application for gas-phase 

reactions. This method was used to prepare three Pd/Al2O3 catalysts with 1 

wt%, 2.5 wt% and 5 wt% palladium weight loadings, and their activity 

compared to analogous Pd/Al2O3 catalysts synthesised by wet impregnation. 

In all cases the catalysts made by CVI were more active than the comparative 

WI catalysts in terms of the amount of propane converted to CO2 and H2O. 

Characterisation by XRD, SEM, and N2 physisorption showed very little 

difference in the large-scale structure between the catalysts made by each 

technique. XPS also showed that both synthesis methods prepared catalysts 

where the palladium was purely in the highly active PdO species showing that 

chemical differences were not the cause of the differing activity. TEM showed 

large differences in the structure of the palladium with CVI creating small 

discrete nanoparticles, while the WI catalysts formed very large palladium rich 

areas over the support with no discernible nanoparticles identified. CO 

chemisorption confirmed that CVI catalysts had significantly more palladium 

sites than the WI catalysts. This gave many more sites at which the propane 

could react. TOF calculations suggested that per site the WI catalysts are 

actually more active, agreeing with literature findings that suggest that larger 

nanoparticles are more active for VOC oxidation. While the active sites are 

more active for the WI catalysts, there are significantly more active sites for 

the CVI catalysts allowing more areas for the propane to react. This is the 

reason why the overall activity is greater for the CVI catalysts. 

 

The TOF calculations led to studies as to the scalability of the CVI catalysts 

with reaction testing focussing on the number of palladium sites in the system, 

giving almost identical results. TEM, XPS, and CO chemisorption suggests 

that CVI produces very similar catalysts in terms of nanoparticle size and 

chemical composition, leading to a conclusion that the number of active sites 

is a major factor in catalyst performance. A relationship was demonstrated 

between propane conversion and number of sites showing that activity scaled 

linearly as weight loading increased. 
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Stability testing on both CVI and WI catalysts show that they are all stable 

under reaction conditions. No change in activity was seen when performing 

cycle or TOL testing; however, under more extreme conditions that may be 

experienced in typical industrial settings in which these catalysts may be 

employed, the WI catalyst saw more deactivation, demonstrating that CVI 

catalysts are more stable under these conditions. Both catalysts saw a drop in 

performance, but the WI catalysts had lower activity at all temperatures 

probed. BET analysis showed that both catalysts saw a small decrease in the 

total surface area. This is likely due to phase transformation of some of the γ-

Al2O3 into α-Al2O3; however, this could not be confirmed. XRD analysis also 

showed the formation of metallic palladium in the WI catalyst suggesting large 

metallic particles had formed. As PdO is known to decompose to Pd0 at high 

temperature, it is likely that the greater deactivation seen for the WI catalysts 

was caused by the lower number of available active species at the surface.  

 

The need for calcination was also studied for catalysts synthesised by CVI, 

finding that while performance of an uncalcined catalyst is initially lower than 

when calcined, activity is retained after a single catalytic run. Characterisation 

of the uncalcined catalyst using TGA showed no significant change in mass, 

suggested that all precursor ligands had been removed during the synthesis 

procedure. This means that ligands blocking the active site was not the reason 

for the initial lower activity. It is likely then that calcination is needed to form 

the active PdO phases required for VOC oxidation. The activity improved after 

the first run owing to the highly oxidising conditions within the reaction tube 

allowing PdO to form. 
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4 – Investigating chemical vapour 

impregnation as a method of 

synthesising highly active PdPt 

bimetallic catalysts 

 

4.1 – Introduction and aims 

Bimetallic and alloyed supported metal catalysts are an area of increasing 

focus for research into VOC oxidation. Bimetallic catalysts often exhibit 

enhanced properties over their monometallic counterparts due to synergistic 

beneficial effects;1 where the ‘good’ properties of each metal summate to give 

a catalyst greater than the sum of its individual parts. Increased catalyst 

activity and stability are some of the key properties that have been enhanced 

by creating bimetallic catalysts.1 This has led to their application in a number 

of reactions, including VOC oxidation,2–6 hydrogen production,7–9 

methanol,10,11 ammonia12,13 and hydrogen peroxide synthesis,14–16 and the 

water gas shift reaction.17–19 These catalysts are able to exist in a number of 

structural compositions including core-shell, segregated clusters, and 

homogeneous metal distribution. 

 

Palladium and platinum bimetallics have seen significant research as potential 

highly active VOC oxidation catalysts. PdPt bimetallics have been shown to 

be active for VOC oxidations and have improved stability when alloyed. 

Studies into the activity of PdPt bimetallics for the oxidation of methane have 

found mixed results: some researchers have found that a bimetallic catalyst 

increases catalyst performance, due to improved stability and resistance to 

steam;4,20,21 others have seen a decrease in activity owing to the addition of 

platinum hindering the formation of the highly active PdO species.22–24 It has 

been suggested that the catalyst synthesis method, along with heat treatment, 

is very important in determining whether a catalyst will be improved through 
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formation of a bimetallic catalyst, as it can strongly influence the type of metal 

species on the surface along with their structure and distribution. Goodman et 

al. found that the introduction of small amounts of platinum to a Pd/Al2O3 

catalyst prevented the formation of bulk PdO phases, thus decreasing activity;2 

however, after hydrothermal aging, segregation of the PdO phase allowed 

certain catalysts to form more active stable sites. Studies into the deep 

oxidation of other VOCs have suggested that PdPt bimetallics may improve 

on the activity seen for the monometallics. Studies by Fu et al found that a 

PtPd/MCM-41 bimetallic catalyst was more active for the oxidation of toluene 

than the monometallic catalysts, as a result of smaller metal nanoparticles and 

the increased reducibility of the Pd, which enable more metallic platinum to 

exist.25 Work by Kim et al. has shown that the Pd:Pt ratio is particularly 

important for catalyst activity.26 Studies into the oxidation of benzene found 

that, while bimetallics can be more active than the comparative monometallic 

catalysts, too much platinum can lead to blockage of the active sites, and 

consequently decrease performance.      

 

CVI has been demonstrated as a technique able to produce highly active 

bimetallic catalysts. Forde et al showed that CVI could produce an extremely 

active PdPt/TiO2 catalyst for oxidation reactions.27 High performance was 

ascribed to a ‘clean’ catalyst surface free of significant carbon deposits and 

the small average nanoparticle size produced. Forde also studied iron/copper 

catalysts for the partial oxidation of ethane, finding them to be highly active 

and selective. Barhuji et al. looked at CVI to produce bimetallic PdZn alloys for 

the hydrogenation of CO2 to methanol.28 They found that CVI was able to form 

PdZn alloys where the Zn incorporated into the palladium lattice. This allowed 

for higher CO2 conversion and greater selectivity to methanol when compared 

to just the Pd catalyst. Work done by Parker also found that FePt/Al2O3 and 

FePd/Al2O3 bimetallics formed by CVI were more active for ammonia 

decomposition than the monometallic catalysts.29 

 

This chapter aims to build on the work in Chapter 3, where CVI was shown to 

be a synthesis technique able to produce highly active Pd/Al2O3 catalysts for 

the deep oxidation of propane. Synthesising bimetallic PdPt catalysts has 
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been shown to impact the performance for VOC oxidation. CVI will be 

investigated to assess the performance of bimetallics synthesised in this way. 

Here, a range of ratios of 1 % total metal weight  PdPt/Al2O3 will be synthesised 

and tested for propane oxidation. PdPt ratio will be explored to see whether 

performance improves, with characterisation performed to develop structure-

activity relationships and gain a greater understanding of the synthesis 

method. 

 

4.2 – Effect of Pd:Pt ratio on the activity of 

catalysts for the deep oxidation of propane 

Before discussing the results, it is worth briefly mentioning that for Chapter 4 

and Chapter 5 a quartz reactor tube was used instead of the stainless-steel 

tube used in Chapter 3. These tubes have different dimensions meaning 

different volumes of catalyst are used during a reaction. This results in different 

catalyst activity so direct comparison between chapters is difficult. Figure 4.1 

shows the difference in performance for a 1 wt% Pd/Al2O3 catalyst synthesised 

by CVI in the quartz and stainless-steel tubes. 
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Figure 4.1: Graph showing propane conversion as a function of temperature between 200-500 °C over 
Pd/Al2O3 catalysts using different reactors and reactor tubes. □ – stainless steel reactor tube, ■ - quartz 

tube 
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4.2.1 - Catalyst performance testing 

In total, five catalysts were evaluated for their total propane oxidation 

performance: mono-metallic 1 wt% Pd/Al2O3 and 1 wt% Pt/Al2O3 benchmark 

catalysts, and three PdPt bimetallics of differing ratios. The bimetallics have a 

total metal weight of 1 wt%, with Pd:Pt ratios of 3:1, 1:1 and 1:3. Throughout 

this chapter the catalysts will be referred to as either 1 wt% Pd or 1 wt% Pt for 

the monometallic catalysts, or by their Pd:Pt ratio for the bimetallics. MP-AES 

was performed on all the catalysts showing good agreement between the 

theoretical weight loading and the measured loadings, demonstrating that CVI 

can be used to accurately synthesise bimetallic catalysts of a specific 

concentration and ratio.  

 

Figure 4.2 shows the steady state activity for propane oxidation as a function 

of temperature for the tested catalysts, all of which were active. The 3:1 PdPt 

was found to have the highest propane oxidation performance, producing full 

conversion by 375 °C. It shows significantly more propane conversion than the 

benchmark 1 wt% Pd catalyst with very noticeable improvements in 

performance at 300 °C and above. At 325 °C, 3:1 PdPt converts 78 % of the 

propane, compared to 47 % for 1 wt% Pd; this represents the largest difference 

in propane conversion seen between the two catalysts. The 1:1 PdPt was the 

next most active, reaching full propane conversion at 425 °C. While activity is 

similar to the 1 % Pd at low (below 300 °C) and high (above 400 °C) 

temperatures, between these temperatures 1:1 PdPt shows better catalyst 

performance than the benchmark. The 1 wt% Pd catalyst was the next most 

active, followed by the 1:3 PdPt. Finally, the 1 wt% Pt catalyst was the worst 

material tested for deep propane oxidation; this was expected as palladium-

based catalysts often see higher levels of conversion for VOC oxidation than 

analogous platinum catalysts. From 300 °C and higher, it converts the lowest 

percentage of propane for any of the investigated catalysts and is unable to 

reach full conversion in the temperature range tested. Table 4.1 helps to 

demonstrate the catalyst activity seen by identifying the temperatures at which 

20 %, 50 % and 90 % propane conversion was seen. It again clearly shows 
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that the 3:1 PdPt catalyst is the most active with the lowest temperature 

needed for each percentage of propane conversion. 

Table 4.1: Table showing the temperatures at which 20%, 50%, and 90% propane conversion occurred 
for each catalyst 

Catalyst T20 (°C) T50 (°C) T90 (°C) 

1wt% Pd 286 329 403 

3:1 PdPt 274 305 341 

1:1 PdPt 280 317 374 

1:3 PdPt 300 345 431 

1wt% Pt 309 374 - 

 

Carbon balance for all catalysts was measured by comparing the amount of 

carbon at the inlet to the amount at each temperature reading. In all cases, the 

carbon balance was above 95 % suggesting that no unexpected side reactions 

occurred. The FT-IR was also set to specifically monitor for levels of CO and 

propene along with CO2, as they could be major alternative products. All 

catalysts showed very little conversion to these other products with high 
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Figure 4.2: Graph  showing propane conversion as a function of temperature between 200-500 °C over 
PdPt bimetallic catalysts and monometallic catalysts. ■ – 1 wt% Pd/Al2O3, ● – 3:1 PdPt/Al2O3, ▲ – 1:1 
PdPt/ Al2O3,  - 1:3 PdPt/Al2O3,  - 1 wt% Pt/Al2O3 Conditions: total flow fate 50 ml/min, GHSV 50,000 
h-1

  



111 
 

selectivity to CO2. This confirms that deep oxidation of the propane was 

occurring. 

 

Overall, the activity trend for these catalysts is: 

 

3:1 PdPt > 1:1 PdPt > 1 wt% Pd > 1:3 PdPt > 1 wt% Pd 

 

The trend seen here was different to that seen in the literature. While there is 

research to show that adding platinum to a palladium catalyst will lead to 

improved performance for VOC oxidation, activity has mostly been shown to 

decrease when compared to a monometallic palladium catalyst under dry 

conditions. Improvements are instead seen when ‘real-life’ reaction streams 

are used that include gasses such as steam which have been shown to have 

a large impact on catalyst activity. 

 

Goodman et al. looked at the impact of adding increasing amounts of platinum 

to a 0.5 wt% Pd/Al2O3 catalyst for the conversion of methane, finding that the 

bimetallics all had similar activities to a monometallic Pt/Al2O3 catalyst, which 

was much less active than Pd/Al2O3.2 It was shown that this was due to the 

formation of Pd-Pt bonds which limited the formation of highly active bulk PdO 

species. On the other hand, Fu et al. and Kim et al. saw improvements in 

toluene and benzene oxidation respectively when a bimetallic catalyst was 

used.25,26 Fu found that the addition of platinum led to changes in the 

reducibility of the palladium species, allowing easier redox cycling of the 

palladium active site. Kim suggested that the addition of platinum made the 

palladium active site more available by increasing the amount of easily 

reducible, highly disperse metallic palladium. This benefit was only seen up to 

a point, because if too much platinum was added, activity would decrease due 

to blocking of the active palladium site. This is comparable to what is seen in 

the results presented in this chapter as performance for propane oxidation 

increases for the 3:1, but as the amount of platinum increases, activity 

decreases. This could be a result of the platinum blocking the active site.   
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Preparation technique seems to play an important role in the activity of the 

bimetallic catalysts. Goodman premade PdPt nanocrystals colloidally before 

deposition onto the support, ensuring that an alloy formed between the two 

metals. This could have been detrimental to the activity of the bimetallic 

catalysts as they were not able to form PdO phases that are very important to 

VOC oxidation. In fact, it is thought that the reason for the improved stability 

of the bimetallic catalysts after hydrothermal aging is because of phase 

transformation from an alloy to individual metal oxides. This suggests that for 

bimetallic catalysts under dry reaction conditions, it is optimal for the platinum 

to influence the properties of the active palladium species instead of alloy 

formation. This could be happening with the CVI catalysts tested here with 

characterisation performed to gain a greater understanding of catalyst, and in 

particular the palladium, structure. 

 

4.2.3.1 – Catalyst referencing to individual monometallic 

standards 

The experimental data described above show that forming a PdPt bimetallic 

with a 3:1 Pd to Pt ratio is the most active for propane oxidation of the ratios 

studied. It is important to reference these catalysts to ensure the activity shown 

is due to it being a bimetallic catalyst and due to the synthesis impregnating 

both metals at the same time. To do this, samples of 0.75 wt% Pd/Al2O3 and 

0.25 wt% Pt/Al2O3 were synthesised. A catalyst bed comprising of a 3:1 by 

mass mixture of the individual 1 wt% Pd/Al2O3 and 1 wt% Pt/Al2O3 was also 

prepared to simulate the 3:1 PdPt catalyst but where the metals had not been 

impregnated on to the support at the same time. These catalysts were all 

tested for their propane oxidation activity with the results shown in Figure 4.3. 
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Figure 4.3 demonstrates that in all cases, the 3:1 PdPt catalyst outperforms 

the benchmarks. The 3:1 PdPt shows higher propane conversion at every 

temperature point than both the 0.75 wt% Pd/Al2O3 and 0.25 wt% Pt/Al2O3 

catalyst. This shows that the increased activity seen in this catalyst requires 

the presence of both metals on the surface. The results for the ratioed mixture 

of 1 wt% Pd/Al2O3 and 1 wt% Pt/Al2O3 show that it is a highly active catalyst 

for propane oxidation as it also performs better than the 1 % Pd/Al2O3. This 

again demonstrates that having both metals present in the system leads to 

improved performance. It is, however, not as active as the 3:1 PdPt catalyst; 

this suggests that the process of impregnating both metals onto the support 

and calcining together leads to changes in the properties that enhance the 

activity with more intimate contact occurring between them during these 

processes. 

 

4.2.4 – Catalyst characterisation 

The structure and surface composition of the catalysts were probed to try and 

gain a greater understanding of the activity shown. Relationships between 

catalyst characteristics and performance will be explored through 

characterisation. 
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Figure 4.3: Graph showing propane conversion as a function of temperature between 200-500 °C 
comparing the 3:1 PdPt/ Al2O3 to benchmark catalysts.  - 3:1 PdPt/Al2O3,  - Catalyst mixture,  - 
0.75 % Pd/Al2O3,  - 0.25 % Pd/Al2O3 Conditions: total flow fate 50 ml/min, GHSV 50,000 h-1 
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4.2.4.1 – X-Ray Diffraction 

Figure 4.4 shows the X-ray diffraction patterns for the studied catalysts. For all 

samples, probed reflections caused by γ-Al2O3 dominate the diffraction 

pattern. These scattering patterns have been assigned to: γ-Al2O3 (311) 2θ = 

37.1°, (222) 2θ = 39.5°, (400) 2θ = 46.0° and (440) 2θ = 67.0°.30 The 1 wt% 

Pd/Al2O3 catalyst is the same sample tested in the previous chapter, which 

gave a pattern showing only alumina character. Characterisation done on that 

catalyst suggested that the lack of scattering from palladium could be due to 

very small and highly disperse nanoparticles which were unable to be detected 

by XRD; however, it was concluded that it was more likely a result of the 1 wt% 

palladium loading not producing enough scattering to be detected, and  

diffraction pattern being influenced by loading effects as opposed to 

nanoparticle size. This is because the 1 % Pd/Al2O3 catalyst synthesised by 

wet impregnation also exhibited no PdO scattering at 34° despite imaging very 

large areas of PdO. 

 

The remaining catalysts have a sharp peak at 39.8°, which covers the peak 

caused by the (222) lattice plane of the alumina. This reflection has been 

assigned to a Pt (111) plane.31 The peak increases in size as platinum weight 

loading increases. The fact that this peak can be identified even at very low 
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Figure 4.4: XRD scattering patterns for the catalysts studied in this chapter. a. 1% Pd/Al2O3, b. 3:1 

PdPt/Al2O3, c. 1:1 PdPt/Al2O3, d. 1:3 PdPt/Al2O3, e. 1% Pt/Al2O3 
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loadings of platinum suggests that the platinum exists as large particles. None 

of the catalysts show the peak at 34° corresponding to PdO (101)/(002) that 

was seen in some of the catalysts in the previous chapter.32 It is likely that this 

owes to the low weight loading allowing minimal PdO diffraction, but could also 

relate to very small palladium nanoparticles. The addition of platinum to 

palladium catalysts has been shown to influence the composition of the 

palladium on the surface, with differences in the species heavily influenced by 

preparation technique. Previous research in the literature has shown that, in 

many cases, this will lead to the presence of reduced amounts of PdO.2,22–24 

However, it cannot be said that these catalysts contain less, or no, PdO. The 

1 wt% Pd CVI catalyst showed no scattering from palladium oxide, but XPS 

showed that the palladium was present and only existed in its oxide form. The 

XRD only shows that the increased activity seen by some of the bimetallic 

catalysts is not attributable to more large areas of PdO. 

 

4.2.3.2 – BET Surface Area 

The measured surface area for the catalysts can be seen in Table 4.2. As with 

the catalysts probed in Chapter 3, there is no significant difference in the 

recorded surface area between any of the catalysts and the bare alumina 

support. This shows that the addition of platinum does not impact the surface 

area, and that the structure of the support remains stable after the catalyst 

synthesis process. 

Table 4.2: Determined BET surface areas of the studied catalysts 

Catalyst Surface area (m2g-1) 

Al2O3 126 

1 wt% Pd 128 

3:1 PdPt 131 

1:1 PdPt 126 

1:3 PdPt 124 

1 wt% Pt 128 
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4.2.3.3 – XPS 

XPS was used to identify the chemical state of the platinum and palladium 

species present on the surface of the catalysts. The monometallic palladium 

catalysts synthesised by CVI investigated in Chapter 3 were shown to 

completely consist of PdO, with no metallic palladium present. There is 

literature precedence that adding platinum to a palladium catalyst can lead to 

large changes in the structure and oxidation state of the palladium 

present.2,4,33 Increased levels of metallic palladium is often found with the 

addition of platinum; synthesis method strongly influences the ratios and 

homogeneity of Pd, PdO, Pt and Pt-Pd populations, which have been found to 

occur.20,22,34 It has been suggested that adding platinum changes the 

reducibility of the palladium, which in turn leads to the formation of different 

species.25 The information obtained from the XPS can be seen in Table 4.3. 

 

Table 4.3: Table of data obtained from XPS analysis of the catalysts studied in this chapter. 

Catalyst Pt 4f7/2 

binding 

energy (eV) 

Pd 3d5/2 

binding 

energy (eV) 

Pd:PdO ratio Surface 

palladium 

concentration 

(%) 

1 wt% Pd - 337.3 - 0.25 

3:1 PdPt 70.9 337.8 1:1.27 0.12 

1:1 PdPt 71.0 337.7 1:1.44 0.08 

1:3 PdPt 71.0 336.9 1:1.7 0.06 

1wt% Pt 71.2 - - - 
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The Pt 4f spectra for all the platinum containing catalysts (Figure 4.5) are 

unremarkable. While overlapping largely with the Al 2p peak, platinum was 

found to exist solely in its metallic form with two peaks observed in all cases 

at around 71 eV and 74 eV, corresponding to Pt0 from the 4f7/2 and 4f5/2 orbitals 

respectively. The area of these peaks increased with platinum weight loading. 

Peaks relating to PtO or PtO2 at around 72.4 eV and 74.9 eV respectively were 

not identified. Work by Yoshida showed that catalysts containing more metallic 

platinum were more active than those containing a mixture, or solely Pt2+ for 

VOC oxidation, demonstrating that the platinum studied here is in its optimum 

oxidation state.35 

6570758085

Binding energy (eV)
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6570758085

Binding energy (eV)

Figure 4.5: XPS data of the Pt 4f region for the 1 % Pt catalyst and bimetallic catalysts studied in 
this chapter. a. 3:1 PdPt/Al2O3, b. 1:1 PdPt/Al2O3, c. 1:3 PdPt/Al2O3, d. 1wt% Pt/Al2O3 
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Figure 4.6 shows the Pd 3d spectra for the catalysts investigated. Very large 

differences can be seen here between all the palladium containing catalysts. 

The 1 wt% Pd only has peaks corresponding to palladium oxide, with the 3d5/2 

peak appearing at 337.3 eV. The 3:1 and 1:1 bimetallic catalysts have the PdO 

peak at around 338 eV, but they additionally have multiple peaks 

corresponding to metallic palladium, indicating that the bimetallic catalysts 

have a mix of palladium species present. The areas of these peaks Pd0 and 

PdO peaks vary between catalysts, which shows that the ratio of these species 

is different between catalysts. This shift to a higher binding energy for the 

palladium peak suggests the presence of smaller nanoparticles. It is thought 

that an increase of over 0.6 eV from the expected peak position at 336.7 eV 

can relate to single atom sites. The 1:3 PdPt catalyst has a palladium peak 

with a binding energy of 336.9 eV. This corresponds more closely to bulk 

palladium oxide suggesting the palladium particles on this catalyst may be 

bigger in diameter than the rest of the samples.  

a 

d c 

b 

Figure 4.6: XPS data of the Pd 3d region for the 1 wt% Pd catalyst and bimetallic catalysts studied in 

this chapter. a. 1% Pd/Al2O3, b. 3:1 PdPt/Al2O3, c. 1:1 PdPt/Al2O3, d. 1:3 PdPt/Al2O3 
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The ratio of Pd:PdO changes with the proportion of platinum present in the 

bimetallic catalysts, which can be seen in Table 4.2. As the amount of platinum 

increases, the ratio of PdO to Pd0 increases. The 3:1 PdPt catalyst is the 

bimetallic synthesised with the lowest amount of platinum, but with a surface 

Pd:PdO ratio of 1:1.27, it has a much higher proportion of the palladium in a 

metallic form than the other bimetallic catalysts. It is generally considered for 

propane, and VOC oxidation in general, that having more PdO will lead to 

higher activity. Khudorozhkov et al. showed that propane oxidation activity 

increased with the proportion of PdO to Pd.36 By this measure of the catalysts 

tested the 1 wt% Pd would be expected to be the most active, followed by the 

1:3 PdPt, 1:1 PdPt and then 3:1 PdPt. This, however, is not the case, as the 

3:1 PdPt catalyst has the highest performance, despite having the highest 

proportion of metallic Pd. Figure 4.7 compares the relationship between 

Pd:PdO ratio and propane conversion for the bimetallic catalysts. It 

demonstrates a strong negative correlation relationship between these 

variables, suggesting that a higher proportion of metallic palladium is 

beneficial for catalysts made by CVI. 
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Figure 4.7: Scatter graph detailing the relationship between conversion and the Pd:PdO ratio of the 
catalysts tested at 300 °C 
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It can be argued that, when comparing the bimetallic catalysts, total PdO is 

actually the most important indicator for activity. XPS was used to calculate 

the surface concentration of PdO with Figure 4.8 showing a strong correlation 

between conversion and surface concentration. This trend cannot be extended 

to the monometallic Pd/Al2O3 catalyst: it completely consists of PdO, with the 

surface concentration being 0.25 %. This is significantly higher than in any of 

the bimetallic catalysts. If PdO concentration was the sole factor responsible 

for propane oxidation, the 1 wt% Pd catalyst would be significantly more active 

than the bimetallics. This is what Goodman saw when testing a range of 

PdPt/Al2O3 catalysts for methane oxidation.2 Adding even a small amount of 

platinum hindered the formation of PdO phases, leading to significantly lower 

activity. In this chapter, both the 3:1 PdPt and 1:1 PdPt catalysts are more 

active than the 1 wt% Pd, despite containing much less surface PdO in total. 

There is evidence in the literature to suggest that having a mixture of both 

oxide and metallic palladium is needed for high activity. Yazawa et al. found 

that for palladium catalysts impregnated on a variety of supports, higher 

activity was seen in catalysts which contained a mixture of palladium species 

rather than just one.37 There is also strong evidence that a mixture of species 

improves activity in total methane oxidation catalysts. Carstens et al. found 

that the mechanism for methane oxidation occurs through a dissociative 

adsorption step where the methane adsorbs and the C-H cleaves.38 Metallic 

palladium is a preferred site for this step rather than a PdO site. This means 

that the presence of both species is required to allow optimum performance 

for this reaction. The Pd0 sites encourage methane adsorption and C-H bond 

dissociation, and the PdO sites are responsible for oxidation. Propane also 

goes through a dissociative adsorption step, suggesting that catalyst 

performance will be increased by the presence of metallic palladium.39 This is 

also believed to be the rate determining step for the reaction, so having more 

sites at which this process can occur should result in large increases to the 

rate of reaction.40  
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The presence of metallic palladium being an important factor in increasing 

performance can help explain why the 3:1 PdPt catalyst was more active than 

the benchmark ratioed mixture discussed in 4.3.3.1. This ratioed mixture used 

a sample taken from the 1 wt% Pd catalyst, on which XPS did not identify Pd0. 

As there is no metallic palladium, the preferential site for C-H bond cleavage 

is not present in this mixture so performance is reduced. This shows that the 

synthesis of bimetallics needs to impregnate both the palladium and platinum 

at the same time to ensure the mixture of species form. 

 

A further thing to consider is whether propane oxidation proceeds through a 

different mechanism depending on the oxidation state. Studies into methane 

oxidation using palladium-based catalysts by Chin et al. found that metallic Pd 

and PdO go through very different mechanistic pathways when activating the 

C-H bond.45 Pd0 went through oxidative addition activating the C-H bond 

through the formation of a three-centred (H3C – Pd – H) transition state. 

Conversely, PdO catalysts proceed via σ-bond metathesis forming a four-

centred (H3C – Pdox – H – Oox) state. Differences in mechanistic pathway could 

be occurring for the catalysts tested in this chapter with the metallic palladium 

being preferable for propane oxidation. This would mean that the catalysts with 

higher amounts of metallic palladium would be more active.  
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Figure 4.8: Graph detailing the relationship between the surface concentration of palladium for the 
bimetallic catalysts and propane conversion at 300 °C  
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The XPS has shown that the addition of platinum to the catalysts has led to 

significant changes in the palladium oxidation state composition. The 

bimetallic catalysts now contain a mixture of metallic and oxide palladium 

species, which have been shown to aid adsorption and increase activity. 

 

4.2.3.4 – TPR 

TPR was performed on the catalysts studied in this chapter to gain a greater 

insight into the reducibility of metal species. Fu et al. had found that the 

addition of platinum led to changes in palladium’s reducibility and was 

responsible for increased activity for toluene oxidation.25 Increases in the 

reduction potential leads to resistance to oxidation during the reaction, 

allowing greater stability for the metallic palladium sites; however, a decrease 

in reduction potential may lead to easier redox behaviour, allowing the 

palladium to cycle between metal and oxide more easily. The reaction mixture 

used for these reactions was highly oxidising with a large excess of molecular 

oxygen present. Resistance to oxidation for these catalysts would likely be 

beneficial and help preserve the metallic sites. Unfortunately, TPR was not 

able to obtain any useful information on any of these samples so information 

on the reducibility could not be obtained. As the H2/Ar gas was passed over 

the sample, the gas flow rate started to decrease. This led to changes in the 

signal not caused by changes in sample oxidation state. This was thought to 

be caused by the large volume of sample needed during analysis due to the 

low density of the catalyst support. Using less volume and catalyst pelleting 

was performed to try and stop the flow rate reduction from happening to obtain 

reducibility profile; however, these changes did not help. 

 

4.2.3.5 – Electron microscopy 

Work done in Chapter 3 showed that the 1 wt% Pd catalyst had very small, 

highly disperse nanoparticles. Microscopy was used to probe whether this was 

also the case with the bimetallic catalysts. Figure 4.9 shows the back-scattered 

electron SEM images obtained for catalysts probed in this chapter. The images 

obtained for the bimetallic and 1 wt% Pt catalysts show widespread discrete 

bright areas at low magnification, suggesting the presence of large metal 



123 
 

nanoparticles. For the bimetallic catalysts, in the area imaged, the frequency 

of these large particles appears to increase as the platinum weight loading 

increases. These larger particles were also present for the 1 wt% Pt catalysts, 

although they were not as prevalent as those in the bimetallics, suggesting the 

occasional large cluster but mostly disperse small particles suggesting greater 

levels of small highly disperse platinum nanoparticles. This result was 

unexpected as catalysts made by CVI have previously been shown to give 

very small disperse nanoparticles, similar to those seen with the monometallic 

catalysts in Chapter 3. Work done by Forde et al. showed that a PdPt bimetallic 

made by CVI gave very small metal particles with an average size of 1.9 nm.27 

No particles of significant size were seen, unlike the catalysts imaged here. 

 

 

 

Figure 4.9: Backscattered electron images recorded on a FEG-SEM identifying large metal nanoparticles 
on alumina catalysts.  a. 3:1 PdPt/Al2O3, b. 1:1 PdPt/Al2O3, c. 1:3 PdPt/Al2O3, d. 1 wt% Pt/Al2O3 

a b 
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TEM imaging was performed to gain a greater understanding of the large 

particles as seen in Figure 4.10. For all the bimetallic catalysts, the average 

size of these clusters was 50 nm. EDX spot analysis was performed alongside 

the TEM imaging, focusing on the large nanoparticles. In most cases, these 

large particles consisted solely of platinum; however, there were some 

instances of platinum rich particles containing small amounts of palladium. 

These clusters containing a mixture of metals appeared much less frequently. 

This corresponds well with the XRD diffraction patterns obtained for these 

catalysts. The patterns had a large peak at 39.8 ° suggesting large platinum 

particles. The microscopy and EDX confirm that the large particles are 

platinum.  

 

Figure 4.11 shows a STEM image of the 3:1 PdPt catalyst in conjunction with 

an EDX map of the imaged area. The STEM image identifies several large 

particles on the support, with the EDX confirming that they are mainly 

composed of platinum. The mapping also showed that the platinum was 

confined to the large particles, with minimal signal detected from the remainder 

of the support. This demonstrates that the platinum has exclusively clustered 

into large particles and does not exist as disperse nanoparticles typically given 

by CVI. Palladium was shown to exist throughout the support, but with higher 

concentrations in the large particles. This suggests that the palladium in these 

catalysts exists to some degree in particles with the platinum, but primarily as 

small discrete nanoparticles. While appearing on the EDX, the palladium 

nanoparticles are not observable on the accompanying STEM image. With the 

EDX showing that palladium present in large amounts, it suggests the 

presence of palladium nanoparticles too small to be identified by the 

microscopes used. This is a large difference from the CVI catalysts imaged in 

Chapter 3 where palladium nanoparticles were visible all measuring around 4 

nm. This shows that the addition of platinum to catalyst significantly changes 

the palladium structure.  
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Table 4.4: Table outlining the elemental composition of the particle shown from the TEM image in Figure 
4.9. 

 

Element Line 

Type 

k factor Absorption 

Correction 

wt% wt% 

Sigma 

O K series 2.05018 1.00 8.52 0.07 

Al K series 1.05501 1.00 19.87 0.08 

Pd K series 8.24217 1.00 0.88 0.12 

Pt L series 2.12055 1.00 70.73 0.14 

Figure 4.10: TEM image at 40,000x mag of a large particle found on the 3:1 PdPt catalyst with the results 
of the EDX spot analysis done on this site. EDX shows that these particles are platinum rich 

Figure 4.11: STEM image of the 3:1 PdPt catalyst with elemental mapping performed by EDX analysis. 

EDX shows high dispersion of palladium particles, but large aggregates of platinum rich particles. 
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During synthesis of these catalysts, it was predicted that a homogeneously 

distributed bimetallic would form; the microscopy images show that this is not 

the case. Instead, there is a level of species segregation occurring where the 

platinum only exists as large clusters. There is little evidence to suggest small 

platinum nanoparticles have formed as well. The palladium does for the most 

part behave similarly to the monometallic catalysts, having a high level of small 

disperse nanoparticles. 

 

4.2.3.6 – CO chemisorption 

CO chemisorption proved an important technique in Chapter 3.The superior 

performance for catalysts synthesised by CVI was attributed to the greater 

number of active sites created by this preparation technique when compared 

to a catalyst made by wet impregnation. It is important to note here that the 

calculations done here for the 1 wt% Pd catalyst used a CO stoichiometry of 

1, while the remaining catalysts used a CO stoichiometry of 2. 

 

Table 4.5 shows the data obtained from CO chemisorption. The 3:1 PdPt 

catalyst adsorbed the most CO, followed by the 1:3 PdPt, 1 wt% Pd, 1:1 PdPt 

and finally the 1 wt% Pt. The 3:1 PdPt catalyst has a similar number of active 

sites to the 1 wt% Pd. This may help explain the high activity for propane 

oxidation. There are many sites at which the propane can react, allowing more 

opportunity for a reaction to happen. The 1:1 PdPt catalyst has the least 

number of active sites, however, is the second most active catalyst. This 

suggests that while number of active sites present is an important factor to 

consider, other factors play an important role in catalyst performance. 
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Table 4.5: Outline of the information acquired from CO chemisorption analysis of the catalysts 
investigated. 

Catalyst CO 

adsorbed 

(mmol g-1) 

Number of 

active sites   

(g-1) 

Dispersion 

(%) 

Average 

nanoparticle 

size (nm) 

Metal 

surface 

area 

(m2g-1) 

1 % Pd 2.58x10-2 2.94x1019 52 2.2 2.44 

3:1 PdPt 4.56x10-2 2.71x1019 54 2.1 2.17 

1:1 PdPt 2.34x10-2 1.40x1019 32 3.5 1.12 

1:3 PdPt 2.76x10-2 1.66x1019 45 2.5 1.32 

1% Pt 1.57x10-2 9.45x1018 31 3.7 0.76 

 

The CO chemisorption shows that, for all catalysts, a high level of dispersion 

is reached, with a high of 54 % for the 3:1 PdPt catalyst. As in Chapter 3, this 

again confirms that CVI is a synthesis technique capable of producing disperse 

catalysts and should be considered if this is a desirable characteristic for a 

reaction. There is no trend to the level of dispersion measured, suggesting that 

forming bimetallics does not actively help or hinder this property.  

 

Information on the average particle size was also gleaned from the CO 

chemisorption data. In all cases small particles are suggested with an average 

size ranging between 2.2 nm and 3.7 nm. This corresponds well with previous 

research into CVI where small discrete nanoparticles were observed.27,29,41,42 

In contrast, the microscopy showed very large platinum particles of around 50 

nm in diameter. These clusters would have been included in the calculated 

average particle diameter. While the technique can include some margin of 

error leading to differences in the average nanoparticle size calculated from 

CO chemisorption and from microscopy, it would be unlikely to cause a 

deviation as significant as seen here. This indicates that there are many very 

small nanoparticles to counterbalance the large particles. The microscopy 

imaging was not able to identify palladium particles even when its presence 

was suggested by the EDX mapping of the same area. The CO chemisorption 

data in conjunction with the microscopy gives credence to the idea that the 

palladium particles on the bimetallic catalysts are very small and in high 
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enough population to overcome the skew in average caused by the large 

platinum particles.  

 

By calculating the number of active sites, the turn-over frequency for the 

catalysts can be established. This can be seen in Table 4.6. 

 

Table 4.6: Turnover frequency activity data for the catalysts investigated 

Catalyst TOF (s-1) 

1 wt% Pd 0.25 

3:1 PdPt 0.42 

1:1 PdPt 0.61 

1:3 PdPt 0.32 

1 wt% Pt 0.49 

 

The TOF values give a different picture on the catalyst performance. The 

catalyst activity now follows this trend: 

 

1:1 PdPt > 1 wt% Pt > 3:1 PdPt > 1:3 PdPt > 1 wt% Pd 

 

The 3:1 PdPt catalyst has gone from being the most active catalyst in terms 

of amount of propane converted, to the third most active catalyst by this 

measure. It seems, as identified in Chapter 3, that the catalysts with the 

highest performance for propane oxidation are less active per site but have 

many more active sites for the propane to react at, giving the overall better 

performance. This again shows that for catalysts made by CVI, the number 

of active sites produced is a very important characteristic in determining the 

catalyst activity. 

 

4.3 – Catalyst Stability 

One of the key benefits of adding platinum to a palladium catalyst is the 

improved stability. It has been shown to help increase a catalyst’s resistance 

to several common poisons, especially steam.1-3 Work in this thesis has not 

included a catalyst poison into the reactant stream, so the stability which 
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platinum introduces is not probed. Despite this, it is still important to determine 

catalyst performance over time, and over a number of reaction cycles. This is 

because a catalyst that experiences significant deactivation over several 

reactions may not bring forward the benefits of its activity to an industrial 

setting. Cycle testing and TOL was performed on the 3:1 (C) catalyst as this 

was the most active catalyst. 

Figure 4.12 shows three reaction cycles for this catalyst. It is clear here that 

deactivation has not occurred. This is evident as there is very little change in 

the amount of propane converted for each temperature probed as the number 

of cycles increases. Figure 4.13 shows a time on-line for this catalyst at 325 

°C. Again, this shows no deactivation over a prolonged reaction. The amount 

of propane converted stays at around 78 % over the course of the 24 hour 

period that it was tested. The carbon balance remains above 95 %, showing 

that only deep oxidation occurs, and no alternative reaction pathways proceed. 

This corresponds well to the results shown in Chapter 3.4 where CVI was 

shown to produce highly stable monometallic catalysts over time and reaction 

cycles. 

 

Figure 4.12: 3-run cycle testing between 200-500 °C of the 3:1 PdPt catalyst to investigate 
catalyst stability  - cycle 1,  - cycle 2, ○ – cycle 3 Conditions: total flow fate 50 ml/min, 

GHSV 50,000 h-1 
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4.4 – Effect of catalyst heat-treatment 

With the microscopy showing segregation of metal phases, the ability to form 

homogeneously distributed or alloyed bimetallic catalysts was investigated. In 

other work investigating CVI as a synthesis technique both Forde and Barhuji 

had shown that alloying was possible.27,28 This was achieved through a 

reduction heat-treatment performed on the catalysts before testing. The 

previous work in this thesis had only been calcined due to evidence showing 

that calcination gives more active catalysts for VOC oxidation. Reduction 

under a flow of 5 % H2/Ar followed by a calcination was performed on the 3:1 

PdPt catalyst in an attempt to change the distribution of the metal species on 

the surface.  This catalyst was chosen as it is the most active bimetallic catalyst 

tested. From now on, the calcined catalyst will be referred to as 3:1 (C) while 

the reduced and then calcined catalyst will be referred to as 3:1 (RC).  
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Figure 4.13: Time on-line measurements for stability testing of 3:1 PdPt catalyst at 325 °C for 24 hours 
Conditions: total flow fate 50 ml/min, GHSV 50,000 h-1 



131 
 

Figure 4.14 shows steady state propane conversion as a function of time for 

both the 3:1 (C) and 3:1 (RC) catalysts. The 3:1 (RC) catalyst is more active 

than the 3:1 (C) catalyst. From 275 °C onwards, the 3:1 (RC) achieved higher 

levels of propane oxidation reaching full conversion at 350 °C. The biggest 

difference in conversion was seen at 300 °C where the 3:1 (RC) converted 58 

% of the propane compared with 43 % for 3:1 (C). These reaction data show 

that addition of a reduction step to the catalyst heat-treatment has brought an 

increase in catalyst performance.  

 

XRD analysis was performed on the 3:1 (RC) catalyst with the diffraction 

pattern shown in Figure 4.15. As with the other diffraction patterns, most of the 

peaks seen correspond to the alumina support. These reflections have been 

assigned to γ-Al2O3 (311) 2θ = 37.1 °, (400) 2θ = 46.0 ° and (440) 2θ = 67.0 °. 

The peak appearing at around 40 ° 2θ is different in character to that seen on 

the 3:1 (C) catalyst (Figure 4.4). It still corresponds to Pt (111), but the intensity 

of this peak was less than that seen for the other bimetallic catalysts. This 
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Figure 4.14: Light-off curve showing propane conversion between 200-500 °C for 3:1 Pd/Al2O3 catalysts 
where catalyst heat treatment has differed.  - Calcined only catalyst,  - Reduced then calcined catalyst 
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suggests the presence of a smaller amount of large platinum particles than 

seen for the other catalysts. 

 

XPS was performed on the 3:1 PdPt (RC) sample with the data obtained seen 

in Table 4.7 and the Pd 3d spectra in Figure 4.16.  

 

Table 4.7: Table showing data determined by XPS of the heat treated 3:1 PdPt catalyst 

Catalyst Pd 3d5/2 binding energy 

(eV) 

Pd0:PdO ratio 

PdPt (RC) 337.2 1:3.28 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: XRD scattering pattern of 3:1 PdPt (RC) catalyst 
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This shows a large change in the chemical composition of the palladium. 

Whereas before there was a mixture of palladium oxidation states present, 

now it exists almost exclusively as palladium oxide. This would suggest that 

the structure of the catalyst has now changed sufficiently that it no longer 

follows the relationship seen earlier, whereby conversion decreased as the 

proportion of PdO increased. Instead, a new more active oxide phase has 

formed, which overcomes the benefit seen by preferential C-H cleavage at 

metallic sites. Studies by Nie et al. support the idea that a new palladium 

structure has formed.43 They synthesised PdPt/Al2O3 catalysts by incipient 

wetness probing methane oxidation, performing a reduction followed by an 

oxidation heat treatment regime as seen here. They concluded that the initial 

reduction step enabled alloy formation between the palladium and platinum 

while the oxidation step formed a PdO shell around a PtPd alloy core. This 

PdO shell was exceptionally active with nucleophilic O2- and electrophilic Pd2+ 

sites and provides an alternative mechanism for the reaction to proceed 

through. It does this through the formation of a new 4 ring transition state 

between the catalyst and methane. This transition state lowers the activation 

325330335340345350355360

Binding energy (eV)

Figure 4.16: XPS spectra of the Pd 3d region for the 3:1 PdPt (RC) catalyst 
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energy for C-H cleavage allowing for a quicker rate determining step than seen 

with bulk PdO. This structure could be forming with the PdPt (RC) catalyst, 

lowering the activation energy for C-H bond cleavage below that of the metallic 

sites seen on the PdPt (C) catalyst. There is some evidence to suggest that 

this is the case, with a reduction in the surface concentration of platinum for 

the PdPt (RC) catalyst compared to the PdPt (C) as measured by XPS. It could 

be that the PdO shell formed is thick enough that the platinum is no longer 

identified by the XPS. However, further characterisation is needed to assess 

definitively whether this structure is being formed. 

 

Figure 4.17 shows a TEM image recorded for the 3:1 (RC) catalyst. Here, 

larger nanoparticles were identified with a size range of 20-50 nm. EDX spot 

analysis suggested these particles had a very large platinum concentration as 

seen with the calcined only catalyst; however, these particles were seen in a 

much lower frequency for the (RC) corresponding with the less intense Pt 

(111) peak seen in the XRD pattern. This suggests that while some 

segregation of the metal phases has occurred, it has not happened to the 

same extent as the calcined only catalyst, with some mixing metal phases 

possible. It could also suggest that there are also very small platinum particles 

present which had not segregated and agglomerated. Again palladium 

nanoparticles could not be imaged suggesting very small nanoparticles. 

Higher resolution microscopy is needed to help identify these small 

nanoparticles and determine their nature. This could also be used to help 

identify the structure of the nanoparticles. Imaging combined with EDX could 

be performed after reduction and after oxidation, looking for structural changes 

after each step. This could be used to identify whether the structures seen by 

Nie are also formed here.43 
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The testing done on the 3:1 (RC) catalyst suggests that introducing a reduction 

step to the catalyst treatment helps increase catalyst performance. 

Characterisation performed suggests that this heat treatment leads to greater 

mixing of the metals, with new, highly active palladium structures forming, 

which can significantly reduce the activation energy of this reaction. 

 

4.5 – Conclusions 

CVI has been shown to successfully synthesise highly active bimetallic 

catalysts for the deep oxidation of propane. Catalysts with a total metal weight 

percentage of 1 % and varying ratio of palladium and platinum supported on 

alumina were synthesised and verified by MP-AES. Testing for propane 

oxidation showed that a 3:1 PdPt and 1:1 PdPt ratio were more active than the 

1 wt% Pd/Al2O3 against which they were referenced. Further benchmarking 

confirmed that both metals had to be present and synthesised together in order 

for this improved activity to be seen. XRD analysis suggested the presence of 

Figure 4.17: TEM image of the 3:1 PdPt (RC) catalyst. Image recorded at 

40,000x magnification. 

50 nm 
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large platinum particles, which was confirmed by electron microscopy. TEM 

showed that the metals had segregated, forming large platinum nanoparticles 

averaging 50 nm in diameter. The microscopy, along with EDX, suggested that 

the palladium mostly existed as highly dispersed, small nanoparticles. XPS 

identified that the addition of platinum to a palladium catalyst led to large 

changes in the chemical composition of the palladium species. As a 

monometallic catalyst, the palladium existed solely as PdO; however, the 

addition of platinum led to the presence of metallic palladium along with PdO 

species. This metallic palladium helps improve activity as it is a preferential 

site at which dissociative adsorption of the propane can occur. This offers a 

site for easier C-H cleavage to occur potentially providing an alternative 

mechanism for propane oxidation to take place. This new mechanism could 

explain the improved performance seen in the 3:1 PdPt and 1:1 PdPt catalysts 

compared to the monometallic 1 wt% Pd catalyst. PdO is still the active 

oxidation species for this reaction and concentrations of this can help explain 

why activity for the bimetallics decreases as the loading of platinum increases. 

There is a positive linear relationship between total concentration of PdO at 

the surface and propane conversion. The 3:1 PdPt catalyst has the most PdO 

of the bimetallics and is the most active, followed by the 1:1, then the 1:3 PdPt 

catalyst. This can explain why the 1:3 PdPt catalyst is less active than the 1 

wt% Pd as there is significantly less PdO present, giving less sites for the 

oxidation step to occur. CO chemisorption was also performed on these 

catalysts showing that the bimetallic catalysts had a large number of active 

sites. Conclusions drawn from Chapter 3 suggest that the creation of more 

active sites than other synthesis techniques is the reason for better catalytic 

performance.  However, studies into the TOF of the catalysts has suggested 

that other factors like the palladium oxidation state are also very important to 

catalyst activity for PdPt bimetallic catalysts. 

 

Catalysts were shown to be highly stable under reaction conditions. No 

changes in propane oxidation were recorded after cycle or time on line testing. 

This was expected as Chapter 3 had demonstrated CVI catalysts to be stable 

in the experimental window investigated, only with the relatively mild 



137 
 

conditions studied. This suggests that in a clean feed with good control over 

temperature these catalysts would perform well industrially.  

 

Performing a reduction on the catalyst before calcination was shown to 

improve catalyst performance compared to when the catalyst was only 

calcined. XRD analysis showed a less intense peak at 39.8° suggesting that 

while larger platinum particles may be present, they are much fewer in number 

than seen for the calcined only catalyst. XPS has identified changes in the 

chemical structure with palladium now mostly present as an oxide. Literature 

studies have suggested that a new highly active PdO shell-PdPt core structure 

has formed with increased activity seen through reduction in the activation 

energy. TEM imaging corroborates the XRD analysis, showing smaller and 

fewer large platinum particles. Again, imaging of the palladium particles has 

proved challenging, suggesting that nanoparticles present exist below the 

resolution limits of the microscope used. 

 

This chapter has helped stress the influence that both the preparation method 

and heat treatment have on catalyst structure and activity. For calcined only 

catalysts, CVI saw segregation of the bimetallics enabling a mixture of 

palladium oxidation states to form. This was important in the improved activity 

seen as it provided a preferred site for C-H cleavage to occur allowing for the 

reaction to proceed via a different mechanism. This mixture often is not seen 

in other techniques and may explain why bimetallic activity did not match 

monometallic activity under dry conditions. The heat treatment performed 

massively affected the catalyst structure. This highlights the importance of 

selecting both the synthesis technique and heating regime carefully to give the 

desired catalyst properties. 

 

4.6 – Future work 

This work would benefit from high-level microscopy in order to identify the 

palladium nanoparticles on the bimetallic catalysts. While the EDX suggests 

that these particles are present but too small to be identified on the 

microscopes used, this should be confirmed through imaging. A reliable 
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method of performing TPR on these samples would also be important to 

establish, as information on the metal reducibility would help support the 

conclusions drawn from this work. 

 

Further mechanistic studies would also be useful to help explain the reason 

for the difference in activity between catalysts. With the bimetallic catalysts 

having a large proportion of metallic palladium present alongside the palladium 

oxide, it is likely that there is differences in the propane oxidation mechanism 

for these catalysts compared to the monometallic 1 wt% Pd catalyst. It would 

be interesting to see whether this is the case and if this new mechanism occurs 

concurrently with the mechanism for oxidation over PdO or whether a 

completely new pathway is followed. 

 

Further investigations into catalyst stability would also be very useful to gain a 

greater understanding of catalyst application in more ‘real-world’ 

environments. Work in the literature suggests that one of the most significant 

benefits of synthesising PdPt bimetallics is increased resistance to 

deactivation from steam. Pt and Pd catalysts are used heavily in automotive 

catalysis where steam is a significant byproduct of fuel combustion. Recent 

studies by Yang found that PdPt/Al2O3 catalysts synthesised colloidally were 

more active for both propane and propene deep oxidation while in the 

presence of steam, suggesting that trends seen from methane combustion 

also apply to propane.44 Studying the performance of these catalysts using a 

reactant stream containing steam would help assess the industrial capabilities 

of these materials. 
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5 – Investigating CVI as a 

synthesis technique for PGM 

transition metal bimetallic 

catalysts for deep propane 

oxidation. 

 

5.1 – Introduction and aims 

While being highly active and widely implemented for VOC oxidation, there 

has been a shift away from research into PGM-based catalysts for VOC 

oxidation due to high precursor cost. Cheaper, more sustainable materials are 

required to replace the need for expensive, scarce metals. The focus of the 

research has mainly been around the alternative use of metal oxides due to 

their comparable low cost, high activity, and resistance to catalyst poisons.1 

Metal oxides of Fe, Co, Ni, Mn, Cu, and Ce have all been shown to be highly 

active for the deep oxidation of VOCs.2–13 Mixtures of metal oxides have also 

been investigated, with activity often improved due to increased oxygen 

mobility.14 Supporting active metal oxides on a support has also been 

investigated, this has had mixed success, with some studies demonstrating an 

increase in activity through the oxides greater reducibility and oxygen lability; 

others showed less favourable performance due to undesired interactions 

between the metal oxide and support.2,15,16    

 

Adding small amounts of a transition metal to a PGM-based catalyst has been 

suggested as a way of reducing the amount of noble metal used, while 

maintaining high activity. Willis et al. investigated adding non-noble metals to 

a palladium catalyst for the deep oxidation of methane.17 Fe, Co, Ni, V, Zn, 

Mn, and Sn were all used as bimetallics for a 4:1 PdM/Al2O3 catalyst. When 
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calcined at 500 °C, performance for the PdFe and PdMn catalysts was 

comparable to the monometallic palladium catalyst also tested, while the rest 

were less active; however, upon heat-treatment at 850 °C, all catalysts except 

the PdMn outperformed the monometallic catalyst. It was concluded that this 

harsher calcination encouraged phase segregation of the metals from a mixed 

alloy to distinct PdO and MOx phases in close contact with each other. This 

led to increased catalyst stability, allowing for less deactivation than for the 

monometallic. Persson et al. also studied palladium-transition metal 

bimetallics for methane oxidation. It was found that the metal used in the 

bimetallic led to large differences in the composition and morphology of the 

catalyst produced, thereby influencing activity.18 Jia et al. found that the 

addition of iron to Pt/Al2O3 catalysts improved activity for formaldehyde 

oxidation through the easier access to Pt-O-Fe sites.19 Zheng et al. also found 

that adding nickel to platinum catalysts increased activity for propane oxidation 

due to the it reducing the temperature at which the platinum reduced.20 

 

This chapter will investigate the effect of introducing non-noble metals to a 

noble metal catalyst, building on the investigations reported in Chapter 4. As 

the 3:1 PdPt/Al2O3 catalyst was found to be the most active for propane 

oxidation, CVI will be used to synthesise a 3:1 PdX catalyst in which X is the 

non-noble metal. Activity for propane oxidation will be studied to identify 

whether a PdX catalyst can give comparable performance, with trends 

between the metals probed. The effect of heat treatment and catalyst stability 

will also be reported.  

 

5.2 – Transition metal-palladium bimetallic 

catalysts for propane oxidation 

Three 1 % 3:1 PdX/Al2O3 catalysts, where X = Co, Fe, and Ni, were 

synthesised by CVI before being calcined. These metals were chosen 

because their metal oxides have all been shown to be active for VOC 

oxidation.2 - 5 They also all have readily available, cheap metal acetylacetonate 

precursors that can be used for CVI.  
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5.2.1 – Catalyst performance testing 

Figure 5.1 shows the conversion of propane as a function of temperature for 

the PdX bimetallic catalysts over a 200-500 °C temperature range with all the 

catalysts tested converted propane to CO2 and H2O. The PdFe was the most 

active catalyst tested. This was the only catalyst studied that was more active 

than the PdPt reference reported in Chapter 4. 

 

Full conversion of propane was achieved by 375 °C, and for all lower 

temperatures, the PdFe catalyst converted more propane than the other 

catalysts tested. The increased performance was not as pronounced as that 

seen in previous chapters, with the greatest difference in conversion seen at 

300 °C, where 52 % propane conversion was seen, as opposed to 43 % for 

the PdPt catalyst. The benchmark calcined only PdPt was the next most active 

catalyst, followed by the PdNi catalyst. Full propane conversion for the PdNi 

catalyst was reached by 400 °C and it was less active at all temperature points 
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Figure 5.11: Graph detailing propane conversion as a function of temperature between 200-500 °C over 
PdX bimetallic catalysts. ■ – 3:1 PdFe/Al2O3, ● – 3:1 PdCo/Al2O3, ▲ – 3:1 PdNi/ Al2O3,  - 3:1 
PdPt/Al2O3 Conditions: total flow fate 50 ml/min, GHSV 50,000 h-1 
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than the benchmark. This was most evident at 325 °C, where there was a 

difference of 16 % propane conversion between the PdNi and PdPt 

benchmark. The PdCo catalyst was the worst performing catalyst tested in 

terms of propane conversion. Full conversion was only reached by 500 °C, 

much higher than the other catalysts. The largest difference between PdCo 

and the PdPt benchmark was seen at 325 °C where PdCo converted 43 % of 

the propane compared to the benchmark’s 78 %. The shape of the curve is 

different for the PdCo catalyst when compared to the other catalysts. The other 

catalysts all follow a sigmoidal curve shape. The PdCo initially follows this 

shape up until 350 °C, afterwards the increase in conversion with temperature 

becomes more linear. This may be caused by phase transformation of the 

cobalt from Co3O4 to CoO. Investigations by Tahir and Koh of Co/SnO2 

catalysts found that transformation of the cobalt state was the reason for 

deactivation.21 While this looked at supported cobalt oxide, this could help to 

explain the deactivation. The carbon balance was measured and was above 

95% for all temperatures and all catalysts. It can therefore be confidently said 

that deep oxidation is occurring for these catalysts. Monitoring of the products 

evolved showed high selectivity for CO2, with major potential by-products such 

as CO and propene not being identified. 

 

Table 5.1 outlines the T20, T50 and T90 data for these catalysts, further 

demonstrating the catalyst activity. PdFe has the lowest temperature for each 

metric making it the most active catalyst. The fact that it outperforms the 

baseline PdPt is very beneficial from an economic standpoint, as iron is 

significantly more abundant and cheaper than palladium and platinum. PGM 

catalysts have long been held as the optimum supported catalysts to use for 

VOC oxidation, but iron proving to be highly active could facilitate the 

introduction of more cost-effective catalysts.   
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Table 5.1: Table detailing the T20, T50, and T90 performance indicators for the catalysts studied 

Catalyst T20 (°C) T50 (°C) T90 (°C) 

PdPt 275 305 341 

PdFe 267 298 331 

PdNi 278 314 351 

PdCo 290 333 421 

 

The results recorded differ to work done by Willis et al. into these types of 

catalysts.17 Willis found that when calcined at 500 °C, as the catalysts in this 

chapter were, only the PdFe and PdMn catalysts gave comparable 

performance to the palladium monometallic catalyst, with the rest being less 

active. Here, every 3:1 bimetallic tested, besides the PdCo catalyst, showed 

greater activity for propane oxidation than the 1 % Pd/Al2O3 catalyst. The 

recorded T20, T50, and T90 values for the 3:1 PdPt, PtFe, and PdNi are all lower 

than the reference monometallic palladium catalyst. This shows that the 

additional metal promotes catalyst performance under dry conditions, a 

characteristic not demonstrated in Willis’ work.  

 

Preparation techniques have been shown to influence catalyst structure and 

subsequently activity for bimetallics, potentially explaining the differences in 

findings between this work and Willis et al. The amount of mixing and intimate 

contact between the different metals in bimetallic catalysts is very dependent 

on the preparation technique affecting whether an alloy forms or distinct 

phases and structures segregating the metals. This can make interpretation of 

relationship between activity and the different metals present in a bimetallic 

system difficult. Traditional impregnation techniques will often form particles 

with a number of non-uniform phases as contact between metals is not 

guaranteed. This reduced the opportunity for alloying to occur. Furthermore, if 

separate phases have formed, determination of which phase is responsible for 

the activity seen can be challenging. Willis et al. used a synthesis technique 

where bimetallic nanocrystals were formed prior to deposition. This method 

guaranteed intimate contact between both metals as nanocrystals were 

formed colloidally, so all the nanoparticles were alloyed bimetallics. Alloying 
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was confirmed spectroscopically. Persson et al. used incipient wetness to 

synthesise their catalysts leading to large differences in the metal structure 

depending on the secondary metal used. Here, only PdPt and PdAu bimetallic 

catalysts alloyed, while the PdNi and PdCo catalysts saw the nickel and cobalt 

strongly interacted with the alumina support forming spinal like structures but 

did not interact with the palladium. The remaining catalysts did not alloy. It was 

shown that these structures influence activity, with the spinal structured 

catalysts performing the best for deep methane oxidation.  

 

The literature shows that the choice of preparation technique is very important 

in the formation of the metal structure and should be chosen with the desired 

structure in mind. If an alloy is desired, it would be sensible to premake them 

before deposition to ensure formation as Willis did.17 Work by Bahruji et al. 

and L. Parker in their thesis have demonstrated that bimetallic catalyst 

synthesis by CVI is able to form an alloy between palladium and a transition 

metal (zinc and iron respectively).22,23 However, they used a reduction heat 

treatment to achieve this. Characterisation is needed to help identify how the 

metals are distributed.        

 

Iron has been proven to enhance the activity of platinum catalysts for VOC 

oxidation, so it was unsurprising to see the same trend in this work.3-5 

Formaldehyde oxidation was improved for Pt/Al2O3 catalysts when FeOx 

nanoparticles were deposited alongside the platinum.19 It was thought that a 

strong interaction between the two metals increased the activity through 

changes in the redox properties; the most active catalyst had a reduction peak 

corresponding to iron oxide that existed at a Pt-O-Fe site. This site was thought 

to be more active than species formed on the other catalysts.  

 

5.2.1.1 – Catalyst referencing to individual monometallic 

standards 

Reference catalysts were prepared to ensure that the catalyst activity is 

caused by the synergy between both metals, as opposed to just one active 

species. Figure 5.2 shows propane conversion as a function of temperature 
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for the 0.75 wt% Pd/Al2O3 catalyst (as seen in Chapter 4) along with 0.25 wt% 

Fe/Al2O3, 0.25 wt% Ni/Al2O3, and 0.25 wt% Co/Al2O3. Figure 5.2 identifies that 

in all cases, the bimetallics are more active than the references, showing that 

both metals need to be present in the catalyst to gain enhanced the activity. 

The activity shown for the PdCo catalyst is only slightly greater than for the 

0.75 wt% Pd/Al2O3, suggesting that the promotion of activity from the cobalt is 

minimal. The activity for the 0.25 wt% Ni/Al2O3 is significantly better than the 

other 0.25 wt% catalysts.  

 

The high activity of the 0.25 wt% Ni/Al2O3 suggests that supported nickel oxide 

prepared by CVI could be a highly active catalyst for propane oxidation and 

could be a focus of research in the future. 
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Figure 5.2: Graph detailing propane conversion as a function of temperature between 200-500 °C over 
PdX bimetallic catalysts. ■ – 0.75% Pd/Al2O3, ● – 0.25% Fe/Al2O3, ▲ – 0.25% Co/ Al2O3,  - 0.25% 
Ni/Al2O3 Conditions: total flow fate 50 ml/min, GHSV 50,000 h-1 
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5.2.2 – Catalyst Characterisation 

To help understand the activity seen in this chapter, characterisation was 

performed on the catalysts. The structure and surface species composition of 

the catalysts was probed to gain an understanding of the activity observed and 

establish relationships between catalyst structure and composition with 

activity. 

 

5.2.2.1 – X-Ray Diffraction 

Figure 5.3 shows the X-ray diffraction patterns for the PdX catalysts tested in 

this chapter. The peaks for the PdPt (C) have been assigned in section 4.3.4.1. 

For all the materials analysed, the diffraction caused by γ-Al2O3 dominate. The 

peaks seen in Figure 5.3 can be assigned to: γ-Al2O3 (311) 2θ = 37.1°, (222) 

2θ = 39.5°, (400) 2θ = 46.0° and (400) 2θ = 67.0°.24 No other peaks are seen 

that could correspond to either palladium or the transition metal. This suggests 

that both metals exist as very small disperse nanoparticles that cannot be 

detected by XRD. It is also possible, though, the weight loadings for these 

catalysts are low enough that an insufficient amount of scattering was detected 

for the palladium domains to be identified. The patterns seen in Figure 5.3 are 

similar to those seen in the study by Willis et al.17  
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Figure 5.3: XRD scattering patterns for the catalysts studied in this chapter. a. 3:1 PdFe/Al2O3, b. 3:1 
PdCo/Al2O3, c. 3:1 PdNi/Al2O3  
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5.2.2.2 - XPS      

Chapter 4 demonstrated that the metal to metal oxide ratio for the palladium 

species is an important factor in determining catalyst activity. While the 

palladium oxide particles were responsible for the oxidation of propane, 

metallic palladium was a preferable site for dissociative adsorption to occur, 

which is the rate determining step of the reaction. Having a mixture of 

palladium oxidation states allows for both these processes to happen. Figure 

5.4 shows the Pd 3d spectra for the catalysts investigated in this chapter, along 

with Table 5.2 showing the information gained from the XPS analysis. For each 

catalyst, the binding energy of the Pd 3d5/2 peak occurs between 337 – 338 

eV. The position of the peaks at a higher binding energy than bulk PdO 

suggests that smaller particles may be present in these systems. Here, it can 

be seen that, as with the palladium-platinum bimetallics, the introduction of a 

second metal to the palladium catalyst leads to a mixture of palladium 

oxidation states.   
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Figure 5.4: XPS data of the Pd 3d region for the PdX catalysts studied in this chapter. a. 3:1 
PdFe/Al2O3, b. 3:1 PdCo/Al2O3, c. 3:1 PdNi/Al2O3 
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Table 5.2: Table detailing the data obtained for XPS analysis of the catalysts studied. 

Catalyst Pd 3d5/2 binding energy 

(eV) 

Pd0:PdO ratio 

3:1 PdPt 337.8 1:1.27 

3:1 PdFe 337.0 1:0.62 

3:1 PdNi 337.4 1:1.47 

3:1 PdCo 337.7 1:1.37 

 

The choice of the additional metal used in the palladium bimetallic has a large 

influence on the composition of the surface palladium species present, with a 

wide range of Pd:PdO ratios recorded. The PdNi and PdCo catalysts all 

constituted a greater proportion of the surface palladium in its oxide form, with 

a ratio of 1:1.47 and 1:1.37 respectively. The PdFe catalyst was the first 

catalyst investigated that had a greater amount of metallic surface palladium 

than the oxide species, with a recorded ratio of 1:0.62. This ratio suggests that 

the addition of iron makes the catalyst particularly resistant to oxidation, as it 

had been calcined in oxidising conditions. This could negatively impact the 

long-term activity of these catalysts as it is well recognised that the active sites 

need to easily cycle between a reduced and oxide state over the course of a 

reaction. If the PdO sites are not able to reoxidise easily over extended periods 

of use, activity will decline over time due to the lack of oxidising sites.  

 

The work done in Chapter 4 had identified a strong negative correlation 

between propane conversion and the Pd:PdO ratio (Figure 4.7). As this ratio 

increased the propane conversion recorded decreased. This graph was 

replotted to include the data collected in Chapter 5 and can be seen in Figure 

5.5.      

 

Here, it can be seen that the relationship between these two variables is not 

as strong when these catalysts are added. There is still a negative correlation 

between Pd:PdO ratio and propane conversion; however, the R2 value has 

declined from 0.9918 to 0.7668. This could suggest that this trend is only 

applicable to PdPt catalysts with the other metals promoting the catalyst 
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activity in different ways. This was suggested in Willis’ work as the different 

metals were all found to influence performance in different ways;17 however, 

the point for the PdNi catalyst falls exactly on the trendline suggesting that the 

strong relationship does exist, and other factors are responsible for the 

decrease in R2 value. The point for the PdCo catalyst is particularly out of 

place. Following the trendline seen in Figure 4.7, this catalyst should have a 

propane conversion of around 37 %, when it actually had a much lower value 

of 24 %. The PdCo catalyst performance is notable as the changes in shape 

to the activity curve suggest that deactivation may be occurring. This would 

lead to lower propane conversion than for a stable catalyst. It could also be 

that the structure formed by the PdCo catalyst is different to the rest of the 

catalysts. The PdPt catalysts that the relationship was first identified with all 

experienced large levels of segregation of the two metals. It could be that 

PdCo catalyst has formed the spinal structure identified by Persson while the 

rest of the catalysts that follow the relationship all see more segregated metal 

phases. This would need to be studied using high resolution microscopy to 

identify catalyst structure. 
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Figure 5.5: Scatter graph detailing the relationship between conversion and Pd:PdO ratio at 300 °C 
updated to include PdX catalysts 
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The propane conversion for the PdFe catalyst is also lower than predicted by 

the trendline from Figure 4.7. If the trend was followed, a conversion of around 

75 % would be achieved, as opposed to the 52 % actually recorded. Work by 

Yazawa found that the catalyst performance increased as the Pd:PdO ratio 

increased, but only up to a certain point, following which propane conversion 

declined.25 He postulated that a ‘perfect ratio’ was possible where activity 

would be at its maximum. This work suggests that this volcano plot relationship 

may indeed be present for these catalysts. The PdFe catalyst may have gone 

past the perfect ratio where activity starts to decline, as there is less PdO 

available for the oxidation part of the reaction. While this work could suggest 

that this is the case, there are not currently enough points to make this 

conclusion. Future work into this area could aim to synthesise more catalysts 

with a greater range of Pd:PdO ratios, with more catalysts having a greater 

proportion of metallic palladium than PdO. If the volcano plot relationship did 

exist, metallic palladium rich catalysts would see a positive relationship 

between increasing Pd:PdO ratio and conversion. The trendlines from both 

sides of the perfect ratio could be extrapolated, allowing for identification of the 

Pd:PdO ratio at which maximum conversion should occur. 

 

The 2p XPS spectra for the additional metals can be seen in Figure 5.6. These 

are difficult to analyse due to the small concentration present at the surface, 

along with the measurements being particularly noisy. It is clear that, unlike 

the PdPt catalysts where the platinum was metallic, the metals here were all 

in oxide forms. This is because the binding energy of each 2p3/2 peak is higher 

in energy than where the metallic species would be expected. Unfortunately, 

due to the noise from the measurements, it is very challenging to identify the 

specific metal oxide present in each case. Here, it would be beneficial to 

combine XPS with UV-vis spectroscopy, which can help gain a greater 

understanding on the nature of the transition metal oxide present. 
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5.2.2.3 - Electron microscopy   

Transmission electron microscopy was performed on these samples to 

investigate the nanoparticle size of the metals. In Chapter 4, microscopy 

helped identify the presence of very large platinum rich nanoparticles that 

suggested large amounts of segregation between the metals. EDX showed 

highly disperse widespread palladium nanoparticles, while the platinum 

appeared in large clusters.  

 

Figure 5.7 a. shows the PdFe catalysts with larger particles identified. These 

particles were not as widespread or as large as the 50 nm platinum particles 

imaged for the PdPt catalysts in Chapter 4. The particles imaged in Figure 5.7 

a typically measured between 10 – 15 nm in diameter. Despite this, most 

particles could not be identified. This would suggest that most of the metal 

particles are too small to be imaged by the microscope used, similar to the 

bimetallics studied in Chapter 4. Figure 5.7 b. and c. are images of the PdNi, 
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Figure 5.6: XPS data of the 2p regions for the X metals studied a. 2p Fe region from the PdFe/Al2O3 

catalyst, b. 2p Co region from the PdCo/Al2O3 catalyst, c. 2p Ni region from the PdNi/Al2O3 catalyst   
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and PdCo catalysts respectively. No nanoparticles could be identified for either 

catalysts, again suggesting that catalysts with a low metal weight loading 

produce very small, disperse nanoparticles. Further high-level microscopy is 

needed along with EDX mapping to identify the small nanoparticles that should 

be present on these catalysts, along with analysis on the composition of the 

larger particles present for the PdFe catalysts. This could be used to identify 

whether metal segregation has occurred as seen with the PdPt catalyst, or 

whether there is a more homogeneous mixing of metals. 

 

c. 

b. a. 

Figure 5.7: TEM images obtained at 50,000x mag for the PdX catalysts investigate. a. 3:1 PdFe/Al2O3, 
b. 3:1 PdCo/Al2O3, c. 3:1 PdNi/Al2O3 
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5.2.3 – Effect of catalyst heat-treatment 

Chapter 4.5 showed that changing the catalyst heat-treatment regime to a 

reduction followed by calcination led to an increase in activity of the 3:1 

PdPt/Al2O3 catalyst compared to an analogous calcined only catalyst. From 

now on, the calcined only catalysts will be referred to as PdX (C) (X = Pt, Fe, 

Ni, and Co) and the reduced then calcined will be denoted as PdX (RC). 

 

Figure 5.8 shows the propane conversion as a function of temperature for the 

PdX (RC) catalysts. For every catalyst, the activity has increased, more clearly 

demonstrated in Figure 5.9, with greater propane conversion at every 

temperature. Performance for the PdPt, PdFe, and PdNi catalysts is now very 

similar, with the T20, T50, and T90 values all being within a couple of degrees 

from each other. Full conversion is reached by 350 °C, making these catalysts 

highly active for propane oxidation and the best performing catalysts in terms 

of propane conversion tested in this thesis. The similar activity displayed 

suggests that the introduction of the reduction step in the synthesis produces 

catalysts with very similar properties. The PdCo catalyst also has very similar 

activity to the other catalysts up until 325 °C, after which performance drops 

off slightly with 81 % propane conversion recorded, as opposed to the 92 % 

seen for the other catalysts. This is the same temperature at which the change 

in curve shape is seen on the 3:1 PdCo (C) catalyst possibly suggesting that 

some deactivation occurs, but to a much lower extent, with the reduced then 

calcined catalyst being more stable than the calcined only.  
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The increase in performance for the new heat-treatment regime is particularly 

evident for the PdCo catalysts. A very large increase in performance is seen 

after reduction and calcination especially at 300 °C and 325 °C, where the 

increase in conversion is 32 and 37 percentage points respectively. The new 

heat-treatment also appears to have helped stabilise the catalyst, as there was 

no change in the shape of the conversion curve to suggest any deactivation 

occurring. The PdNi catalyst also had a large increase in activity when reduced 

before calcination, though not to the same extent as the PdCo catalyst. The 

biggest increase in activity was seen at 300 °C, where 56 % conversion was 

obtained as opposed to 34 %. There was a small increase in performance for 

both the PdPt and PdFe catalyst, showing that the reduction step did not 

promote the catalyst activity as much as for the other catalysts. 

 

Figure 5.8: Graph detailing propane conversion as a function of temperature between 200-500 °C over 
PdX bimetallic catalysts that have been reduced then calcined.. ■ – 3:1 PdFe/Al2O3, ● – 3:1 PdCo/Al2O3, 
▲ – 3:1 PdNi/ Al2O3,  - 3:1 PdPt/Al2O3 Conditions: total flow fate 50 ml/min, GHSV 50,000 h-1 
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The products of this reaction were monitored using in-line FT-IR with the 

concentrations of CO2, CO and propene all being specifically recorded. The 

carbon balance for these reactions were in all cases over 95 %, suggesting 

that no unexpected side reactions were occurring. Concentrations of CO and 

propene remained negligible over all temperature points suggesting these 

catalysts are highly selective towards CO2. 

 

The effect of heat treatment has been shown to play a large role in influencing 

many catalyst characteristics, including particle size and metal oxidation 

state.26–28 Investigations by Macino et al. showed that calcination before 

reduction led to greater activity for 3-nitrostyrene hydrogenation compared to 

catalysts which had only received one method of heat treatment. Work by Nie 

et al. found that a regime of reduction followed by oxidation led to the creation 

of highly active PdPt/Al2O3 catalysts, similarly to the catalysts tested here.29 

The reduction step allowed the formation of an alloy, while the oxidation step 
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Figure 5.9: Graph detailing the difference in propane conversion as a function of temperature for the 

catalysts tested due to the heat treatment they received. ■ – calcined only, ● – reduced then calcined 

a. 3:1 PdFe/Al2O3, b. 3:1 PdCo/Al2O3, c. 3:1 PdNi/Al2O3 
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brought about the formation of a highly active PdO layer around a Pd-Pt core. 

This PdO layer contained highly nucleophilic O2- and electrophilic Pd2+ sites 

that were able to form a 4 centred transition state which significantly lowered 

the activation energy of C-H cleavage. C-H cleavage through dissociative 

adsorption has been found to be the rate limiting step for both methane and 

propane oxidation, therefore increasing the rate at which this step occurs 

should see large increases in conversion.30–32 This process could be occurring 

with the catalysts studied here and could help explain the improvement in 

catalyst performance.      

 

5.2.3.1 – Catalyst referencing to individual monometallic 

standards 

As with the work done in 5.2.1.1, catalysts of the individual monometallic 

weight loadings for each catalyst were synthesised and tested for propane 

oxidation activity. This is to ensure that the activity seen is due to both metals 

being simultaneously present in the catalytic system and not just from one 

constituent alone. 0.75 wt% Pd/Al2O3, 0.25 wt% Fe/Al2O3, 0.25 wt% Ni/Al2O3, 

and 0.25 wt% Co/Al2O3 catalysts were all synthesised by CVI before 

undergoing the reduction-calcination heat-treatment. The results of the 

reaction testing are shown in Figure 5.10. For all cases, the activity for the 

references was less than the bimetallic catalysts tested. This shows that both 

metals are needed for the activity seen, with the new metal promoting the 

activity of the palladium catalyst. The activity seen for the Fe/Al2O3, Ni/Al2O3 

and Co/Al2O3 is very similar to that seen in 5.2.1.1 with only very small 

improvements in performance recorded. This could suggest that the 

performance improvement caused by the reduction step allowed different 

interactions to occur between the two metals, influencing the catalyst 

properties. The 0.75 % Pd/Al2O3 catalyst also had a small increase in 

performance as opposed to the calcined only catalyst tested in 5.2.1.1. This 

indicates that the performance of the catalysts tested in Chapter 3 could be 

improved by having them undergo this heat-treatment regime instead of solely 

calcining them. 

 



161 
 

 

Characterisation was performed on these catalysts to try and understand how 

the change in heat-treatment led to the improvement in catalyst activity. 

 

5.2.3.2 – Catalyst characterisation 

The XRD scattering patterns can be seen in Figure 5.11. XRD can help identify 

whether metals have alloyed through small changes in the angle at which 

scattering happens. To do this, diffraction peaks relating to the metal need to 

be present in the scattering pattern. Figure 5.11 does not show any of these 

peaks; scattering present corresponds solely to alumina, with no diffraction 

being recorded from the palladium, iron, cobalt, or nickel in either their metallic 

or oxide forms. The scattering patterns present relate to γ-Al2O3 reflections 

and can be assigned to γ-Al2O3 (311) 2θ = 37.1°, (222) 2θ = 39.5°, (400) 2θ = 

46.0° and (440) 2θ = 67.0°.24,33 As with the other 1 wt% total metal weight 

loading catalysts prepared by CVI investigated in this thesis, the lack of 

200 250 300 350 400 450 500

0

20

40

60

80

100

C
o
n
v
e
rs

io
n
 (

%
)

Temperature (°C)

Figure 5.10: Graph detailing propane conversion as a function of temperature between 200-500 °C over 
PdX bimetallic catalysts that have undergone reduction then calcination heat treatment. ■ – 0.75% 
Pd/Al2O3, ● – 0.25% Fe /Al2O3, ▲ – 0.25% Co/ Al2O3,  - 0.25% Ni/Al2O3 Conditions: total flow fate 50 
ml/min, GHSV 50,000 h-1 
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scattering from the supported materials could suggest that they exist as very 

small and highly disperse nanoparticles. 

 

TEM imaging was performed on these catalysts to probe the catalyst surface 

for the presence of metal nanoparticles. An example of the images obtained 

for each catalyst is shown in Figure 5.12. None of the catalysts had imageable 

particles, suggesting that the nanoparticles may be smaller in size than the 

resolution of the microscope. This agrees with the findings of the XRD, where 

the lack of diffraction from the metal also suggested very small nanoparticles. 

Conversely, the nanoparticles may not be identified due to the small difference 

in z-value between the transition metals studied and the alumina support. Z-

value is a key component in creating contrast on TEM. It could be that there 

are nanoparticles present that cannot be seen because of this. More in-depth 

microscopy is needed to identify the other metals. There was no change for 

the PdNi and PdCo catalysts as no particles were imaged for the calcined only 

catalysts; however, for the PdFe, the occasional large particle imaged for PdFe 

(C) was not seen following the new heat-treatment regime. These images, 

along with those obtained for the PdPt (RC) catalyst in Chapter 4, suggest that 

reducing the catalyst before calcination could lead to less metal phase 

Figure 5.11: XRD scattering patterns for the catalysts studied in this chapter. a. 3:1 PdFe/Al2O3, b. 3:1 
PdCo/Al2O3, c. 3:1 PdNi/Al2O3 d. Al2O3 
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segregation and particle agglomeration, allowing for alloying or a better mixing 

of the metals to occur. The extent to which this mixing occurs is dependent on 

the metals used. 

 

XPS was also performed on these samples with the information gained seen 

in Table 5.3 and the spectra in Figure 5.13. XPS shows that the catalysts 

prepared in this manner have a very different chemical composition to the 

analogous calcined only catalysts. Where the previous catalysts saw a much 

more even mix of palladium oxidation states, these catalysts have substantially 

more palladium oxide than metallic palladium. 

c. 

b. a. 

Figure 5.12: TEM images obtained for the PdX catalysts investigated that had received a reduction then 
calcination heat treatment regime. a. 3:1 PdFe/Al2O3, b. 3:1 PdCo/Al2O3, c. 3:1 PdNi/Al2O3 
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50 nm 



164 
 

 

Table 5.3: Table detailing the data obtained from XPS analysis for the reduced then calcined heat treated 
catalysts 

Catalyst Pd 3d5/2 binding energy 

(eV) 

Pd0:PdO ratio 

PdPt (RC) 337.2 1:3.28 

PdFe (RC) 337.1 1:9.44 

PdNi (RC) 337.2 1:9.76 

PdCo (RC) 337 1:8.66 

 

These catalysts no longer follow the trend observed in Chapter 4 and 5.2.2.2 

whereby activity increased as a more even distribution of oxidation states was 

reached and the conclusion that a mix of species is needed to improve activity. 

If it were to follow this trend, then the amount of propane conversion would be 

significantly less than the result recorded. These catalysts are instead the most 

active tested in this thesis. This set of results supports the conclusion that, as 

320325330335340345350355360

Binding energy (eV)

320325330335340345350355360

Binding energy (eV)

320325330335340345350355360

Binding energy (eV)

Figure 5.13: XPS data of the Pd 3d region for the PdX (RC) catalysts studied in this chapter. a. 3:1 
PdFe/Al2O3, b. 3:1 PdCo/Al2O3, c. 3:1 PdNi/Al2O3  
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PdO is the active species for oxidation, having more of it is beneficial and will 

lead to better performing catalysts. This argument has support in the 

literature.34,35 It could therefore be argued that just because a relationship has 

been identified between Pd:PdO ratio and conversion, correlation does not 

mean causation. Catalyst performance could then not be predicted using the 

plot. However, it could suggest that this trend is only applicable to catalysts 

made in a certain way with a specific structure, in this case where they have 

only undergone a calcination heat-treatment, but not those reduced then 

calcined. The reduction step has altered the catalyst properties to the extent 

that they are now distinct enough to follow different trends. More research 

would need to be undertaken to assess if this is the case. 

 

There are several possible explanations for the increase in catalytic activity. 

Firstly, the XPS states that there is now significantly more palladium oxide 

present than metallic palladium. While there is still debate in the literature, it is 

generally accepted that PdO is the active species for this reaction. More PdO 

would mean there are more areas at which a reaction can take place, leading 

to greater activity.  

 

The reduction step has also led to changes in the nanoparticle size. For the 

PdPt (C), large, widespread platinum rich particles were present, suggesting 

segregation and agglomeration of the platinum from the palladium phases. 

These large nanoparticles reduced in size and frequency when the PdPt (RC) 

catalyst was imaged, suggesting better mixing of the phases. This was also 

seen with the PdFe catalyst where larger particles seen in the PdFe (C) were 

no longer present after reduction. This could suggest a few things: one 

possible suggestion is that a well-mixed, homogeneous distribution of the 

metals has been achieved; it could also suggest that the metals have 

successfully alloyed together forming small PdX nanoparticles. EDX elemental 

analysis was not performed on these catalysts, and would be needed to help 

gain a greater understanding of the metal distribution. 

 

The (RC) catalysts being more active than the comparative (C) catalyst could 

also support the conclusion of the creation of a similar core-shell catalyst 
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structure as seen by Nie et al.29 A highly active PdO shell may have formed 

around a core comprising of a PdX alloy. The XPS suggests this may be 

happening as all the catalysts now contain palladium heavily composing of 

palladium oxide as opposed to a mixture of oxidation states seen in the 

calcined only catalysts. Surface concentrations of the transition metals have 

generally decreased after the revised heat-treatment suggesting that a core-

shell structure may have formed. The TEM can support this as there does not 

appear to be phase segregation and agglomeration of the X metal that has 

been seen in other bimetallics where PdO is the dominant species. There is 

currently not enough characterisation to support this conclusion. Enhanced 

microscopy coupled with EDX would give a lot of additional information on the 

nanoparticle structure and composition, and when combined with further XPS 

studies on just a reduced catalyst, analysis on whether the initial alloying step 

occurred can be done. Nie also used DRIFTs investigations to probe the 

nanoparticle morphology and structure, which would also be useful.29   

 

The reduction step could also have influenced the redox potential of the 

catalysts and subsequently increased performance. The active palladium sites 

undergo a reduction-oxidation cycle over the course of a reaction, so ease at 

which that occurs would be an important factor in activity. While the XPS 

showed the RC catalysts almost exclusively in the oxide state, they may be 

easily reduced, allowing for easier oxidation of the propane. TPR/TPO studies 

would be useful in order to establish whether this is the case. Willis performed 

TPR/TPO cycles finding that the addition of the transition metal increased the 

temperature at which the PdO to Pd reduction happened.17 TPR/TPO also 

showed the PdX catalyst decreased the temperature at which reoxidation step 

occurred compared to a monometallic palladium catalyst.  

 

5.3 – Conclusions 

CVI has shown to successfully synthesise bimetallic palladium-transition metal 

catalysts with the aim of reducing the amounts of expensive PGMs used in the 

synthesis process. Following the identification of a 3:1 Pd:Pt ratio as the most 

active in Chapter 4, three 3:1 PdX/Al2O3 (X = Fe, Co, Ni) catalysts were 
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synthesised and tested for the deep oxidation of propane. The catalysts were 

compared against the 3:1 PdPt/Al2O3 reference. The PdFe catalyst was found 

to be more active than the PdPt, while the PdNi and PdCo catalysts were not 

as active. This shows that CVI can synthesise highly active catalysts for VOC 

oxidation while using less PGMs.  

 

XRD analysis and microscopy suggested that for the most part, small, highly 

disperse metal nanoparticles were formed. There was no scattering from either 

metal present in the XRD diffraction patterns, and TEM imaging was not able 

to identify metal nanoparticles, suggesting that this method produces particles 

smaller than the resolution of the microscope used. The PdFe catalyst did 

have the occasional larger particle, but this was not at anywhere near the 

frequency seen in the PdPt catalysts. This would suggest the occasional larger 

particle through sintering as opposed to widespread phase segregation.  

 

XPS analysis showed that activity is linked to the Pd:PdO ratio, though not as 

strongly as seen in Chapter 4. This could suggest that while Pd:PdO ratio plays 

an important role in determining activity, other characteristics influence 

performance more for these PdX catalysts. As the Pd:PdO ratio increases, the 

amount of propane converted decreases. The PdFe catalyst had the smallest 

ratio of all the catalysts studied (1:0.62) but had the highest amount of propane 

conversion. Its activity was lower than predicted from the trendline, leading to 

the conclusion that a volcano plot relationship between conversion and 

Pd:PdO ratio may actually exist, as opposed to a negative linear correlation. 

This is supported by work in the literature, where activity for propane oxidation 

increased as the proportion of PdO increased, but only up to a point, after 

which it started to decrease. 

 

The impact of the heating regime was investigated, where the 3:1 PdX 

catalysts were reduced before calcination and then tested for activity for 

propane oxidation. In all cases this heat treatment led to an increase in catalyst 

activity. This was particularly noticeable for the PdCo catalyst, where large 

increases in propane conversion occur. The PdFe, PdNi, and reference PdPt 

catalyst all have near identical performance, suggesting they have very similar 
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properties independent of the type of metal used to form the bimetallic with 

palladium. Work in the literature for PdPt catalysts showed that this heating 

method allowed the formation of a highly active PdO shell around an alloy 

shell. With the XPS for these catalysts showing very high proportions of PdO 

being present in the system, this highly active catalyst structure could have 

formed. Further investigations are needed to confirm this though.  

 

5.4 – Future work 

This chapter would benefit from additional characterisation to help understand 

why the catalysts behave the way they do. Access to routine characterisation 

equipment was challenging due to lab shutdowns and safety protocols 

introduced due to Covid-19. High level, aberration corrected microscopy is 

needed to help identify the metal nanoparticles present. Currently, this work is 

going under the assumption that, because nanoparticles cannot be imaged, 

they are too small to be identified with the current resolution of the microscope. 

CVI is a technique well-known for producing small nanoparticles, so this is 

likely to be the case; however, until the nanoparticles can be identified, it 

cannot be said for sure. EDX of these samples would also be very helpful to 

determine the distribution of the metals, establishing whether segregation has 

occurred as with the PdPt/Al2O3 catalyst studied in Chapter 4, or if a more 

homogeneous distribution has occurred. 

 

CO chemisorption data for these catalysts would also be very useful in 

determining causes of the differences in activity seen. This thesis has shown 

that CVI catalysts contain a very large number of active sites, with this being 

a key factor in catalyst activity. CO chemisorption would allow this to be 

measured, facilitating comparisons between catalysts.  

 

Further XPS studies should also be employed for the reduced then calcined 

catalyst. Analysing a sample before heat-treatment, after reduction, and again 

after calcination would give information on the nature of the metal species on 

the catalyst surface. It could be used to help support the possibility of alloy 

formation occurring after the reduction step, and PdO migration to a shell 
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structure after oxidation, as proposed by Nie.29 This could be coupled with 

DRIFTs studies that can also give information on the oxidation state of the 

palladium.    

 

Establishing a workable method to perform TPO/TPR would also be useful as 

the redox properties of a catalyst are important during a reaction. Ease at 

which a catalyst can cycle between a reduced and oxidised state can influence 

activity, as this is an important part of the mechanism of action. 

 

Further catalyst testing for the calcined only catalysts would be useful to 

determine conclusively whether there is a relationship between Pd:PdO ratio 

and propane conversion. The work done in this chapter weakened the 

correlation seen in Chapter 4, but also raised the possibility of a volcano plot 

relationship being present, as opposed to a negative correlation. A study 

containing more catalysts with a greater range of Pd:PdO ratios would be 

useful to assess this relationship. If a volcano plot relationship is discovered it 

could allow for the prediction of an ‘ideal ratio’ of Pd:PdO that had been 

mentioned in the literature, where activity is at its greatest.  

 

Studies into catalyst stability would also be useful here to assess the long-term 

viability of these catalysts. The PdCo/Al2O3 catalyst showed signs of 

deactivation, suggesting that these catalysts may not be as stable as 

monometallic samples. Use of “real world’ conditions such as a gas feed 

containing steam would also be highly beneficial in assessing the potential for 

these catalysts to be used on a wider scale.  
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6 – Conclusions 

Reducing emissions of volatile organic compounds (VOCs) is an area of 

research that has attracted a lot of interest because of legislation aimed  at 

reducing their airborne concentrations. Not only do VOCs have large global 

warming potentials, making them a major contributor to climate change,1 but 

they are also particularly damaging to human health. VOCs are a major 

constituent of air pollution, which has been found to be the largest cause of 

preventable death globally, with links found between air pollution levels and 

increased mortality to Covid-19 just one example.2–4 A major source of VOCs 

are automobiles, with a catalytic solution favoured to reduced levels of 

emissions. With legislation becoming increasingly stringent with regards to 

emission concentration ceilings, improvements in the catalysts used are 

needed to meet these limits. The method a catalyst is synthesised can lead to 

large differences in the properties and subsequently the activity. Traditional 

techniques like impregnation are popular because of their simplicity but can 

suffer from poor control over nanoparticle size distribution, with a wide range 

in nanoparticle size often recorded. Precursors used also often contain 

chlorine which can be a catalytic poison, especially for PGM-based catalysis. 

Other techniques, like sol-immobilisation have a much tighter control over 

nanoparticle size but can have lower activity than impregnation techniques 

due to the ligands used in the synthesis blocking the active site. Control over 

nanoparticle size is an important factor to consider when synthesising 

catalysts. Smaller nanoparticles are favourable in many reactions and control 

over the distribution of sizes can lead to less variation between batches of 

catalyst made. Chemical vapour impregnation (CVI) is a novel preparation 

technique capable of consistently producing catalysts with small nanoparticles 

over a limited range. The precursors used are also easily removable. These 

factors mean it is a technique that could overcome the drawbacks of other 

synthesis techniques. It has seen limited application in the literature, especially 

for gas-phase reactions. Here, CVI was demonstrated as synthesising highly 

active monometallic and bimetallic alumina catalysts for the deep oxidation of 

propane. 
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CVI was compared to wet impregnation (WI) as a synthesis technique. 

Pd/Al2O3 catalysts with a weight loading of 1 %, 2.5 %, and 5 % were prepared 

by each method and activity for propane oxidation compared. In all instances 

the CVI catalysts saw increased propane conversion than the analogous WI 

catalyst. This identifies CVI as a better technique for synthesising catalysts for 

reactions under the conditions tested for in this chapter. For both sets of 

catalysts, XRD showed growth in the amount of PdO present as weight loading 

increased but suggested little difference in the bulk catalyst structure. This was 

supported by BET and SEM analysis. XPS confirmed that the surface and 

near-surface palladium existed solely in its oxide state for both preparation 

methods, showing that chemical differences were not the reason for the 

differences in activity. Transmission electron microscopy was performed 

showing large differences in the structure of the palladium particles. CVI 

produced small discrete nanoparticles with a size range of 2-6 nm for all weight 

loadings. Average particle size was also very similar for all CVI catalysts at 

around 4 nm, suggesting this technique produces uniform nanoparticles 

independent of weight loading. Conversely, the palladium on the WI catalysts 

formed palladium rich areas, some very large in size, with individual 

nanoparticles not identified. CO chemisorption was performed supporting the 

microscopy by identifying the palladium on the CVI catalysts as significantly 

more disperse with a much higher number of active sites measured. Turnover 

frequency (TOF) was calculated for each catalyst suggesting that by this 

measure the WI catalysts were more active than the CVI. It was concluded 

that while the WI catalysts were more active per active site, the much greater 

number of active sites present for the CVI catalysts is what allowed for more 

propane conversion to occur.  

 

A greater number of active sites is a very important design parameter for a 

catalyst to have. As the active site is the area at which a reaction takes place, 

a greater number of them should lead to improved activity. The uniformity of 

the nanoparticles for CVI catalysts suggests that this will remain constant 

regardless of the weight loading, with a large number of active sites being a 

key characteristic of CVI catalysts. With CVI catalysts having a greater number 

of active sites than the wet impregnation catalysts it would be worth applying 
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this preparation method to further reactions and would suggest that if other 

properties remained similar, improved conversion would be achieved.   

 

With the TOF values for each CVI catalysts with different metal loadings being 

similar, studies were performed to investigate the scalability of this technique. 

Characterisation identified CVI as a technique that produced largely uniform 

nanoparticles independent of the weight loading. Propane conversion was 

found to be proportional to the number of active sites and the concentration of 

palladium oxide present with activity scaling linearly to these factors. It would 

then also suggest that if the same amount of palladium sites were present in 

each reaction activity would be the same. Catalysts were retested with 

different volumes of sample present in the reaction tube in order to give the 

same number of palladium  sites present for each test. While the WI catalysts 

gave very different results, the CVI catalysts produced near identical activity. 

Based on the characterisation performed where CVI produced catalysts with 

very little chemical or structural differences between them, it was concluded 

that CVI produces uniform nanoparticles with activity scalable to amount of 

palladium and nanoparticles present.  

 

Catalyst stability was also probed with cycle testing and time on-line studies 

suggesting all catalysts to be stable under these conditions. The need for 

calcination was also probed, finding that initial catalyst activity was lower than 

the reference calcined catalyst; however, after a single reaction cycle activity 

had returned to comparable levels to the calcined catalyst. TGA analysis did 

not suggest the presence of precursor ligands that may have blocked access 

to the active site initially but would have been removed during the reaction. 

Instead, it is likely the temperature and highly oxidising environment of the 

reaction helped simulate calcination conditions increasing the concentration of 

surface PdO. This could lead to flexibility on the need to calcine catalysts for 

future applications on a larger scale. 

 

With CVI shown to successfully synthesise active monometallic palladium 

catalysts, its ability to synthesise bimetallic catalysts was probed. Three 

PdPt/Al2O3 bimetallic catalysts with a total metal weight percentage of 1 % 
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were synthesised. The Pd:Pt ratio was 3:1, 1:1, and 1:3. These were tested 

alongside 1 wt% Pd/Al2O3 and 1 wt% Pt/Al2O3 references for the deep 

oxidation of propane. Reaction testing data showed the 3:1 PdPt and 1:1 PdPt 

catalysts were more active than the 1 wt% Pd catalyst. Further referencing 

against the monometallic constituents of the bimetallics demonstrated that the 

increased activity was caused by the simultaneous presence of the two metals 

and that CVI synthesis needed to occur with both metal precursors together. 

XRD analysis suggested the presence of very large metallic platinum particles, 

which was confirmed by electron microscopy. TEM coupled with EDX showed 

high levels of species segregation with the platinum existing solely in large 

clusters averaging 50 nm in diameter. Imaging was not able to identify 

palladium particles, but the EDX maps suggested very small, disperse 

nanoparticles below the resolution of the microscope used. XPS identified that 

adding platinum to a palladium catalyst changed the chemical composition of 

the surface palladium species with a mixture of metallic and oxide species 

forming as opposed to just the oxide forming for the monometallic palladium 

catalyst. A strong relationship was identified between Pd:PdO ratio and 

propane conversion, suggesting the presence of more metallic sites being 

beneficial to activity. Literature studies into the deep oxidation of methane 

showed that metallic palladium is the preferred site for dissociative adsorption 

of the C-H bond to occur, which is the rate determining step of the reaction.5 

Propane also goes through this mechanistic step suggesting that this is a 

factor influencing activity.6 The addition of platinum to the system has enabled 

the palladium to form as a mixture of oxidation states. PdO is still the active 

oxidation species for this reaction and a strong positive correlation was found 

between PdO surface concentration and propane conversion. The 3:1 PdPt 

catalyst has both the greatest proportion of metallic palladium and the greatest 

PdO surface concentration of the bimetallic catalysts. These characteristics 

combined are thought to be the reason for increased activity. CO 

chemisorption was also performed on these samples with the 3:1 PdPt catalyst 

identified as having the most active sites. Previous work in this thesis 

suggested that for palladium-based catalysts synthesised by CVI more active 

sites enabled greater amounts of propane oxidation to occur. This could be 

another factor influencing the greater performance of the 3:1 PdPt catalyst. 
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The influence of heat treatment regime was probed with a 3:1 PdPt catalyst 

undergoing reduction followed by calcination. Until now all catalysts had been 

calcined only. This new regime was shown to increase catalyst activity with 

the T50 decreasing from 305 °C to 293 °C. XRD and microscopy identified 

smaller platinum clusters occurring with TEM identifying these particles at a 

much lower frequency than from the imaged calcined only catalyst. Palladium 

nanoparticles were still unable to be imaged suggesting that they remained 

very small in size. XPS data showed that the palladium now existed almost 

exclusively in the oxide form with only small concentrations of metallic 

palladium identified. The characterisation suggests that changes in both the 

catalyst structure and chemical state are causing the increased performance. 

Work in the literature by Nie et al. suggested that PdPt bimetallics going 

through a reduction-calcination heat treatment regime produce core-shell 

nanoparticles.7 The reduction step enables alloying to occur between the 

metals, while the calcination step produces a bimetallic core surrounded by a 

highly active PdO shell. This particle structure could be forming in the 

bimetallic tested here and could explain the increase in activity. Further, more 

detailed characterisation is required to confirm this hypothesis. 

 

With CVI shown to successfully synthesise PGM bimetallic catalysts that were 

highly active for propane oxidation, further bimetallic systems were studied 

with the aim of increasing the sustainability of metals used. Palladium-

transition metal on alumina bimetallic catalysts with a total metal weight 

loading of 1 wt% were synthesised using CVI. A 3:1 Pd:X ratio was used, as it 

was shown to be the most active ratio for the PdPt bimetallic catalysts tested 

previously. The transition metals studied were iron, cobalt, and nickel. The 

PdFe catalyst was found to perform better than the PdPt reference for the deep 

oxidation of propane, while the other catalysts tested were not as active. 

Further analysis against reference monometallic catalysts of the metal sub-

constituents identified that in all cases both metals were responsible for the 

activity. This was because improved propane conversion and decomposition 

rates were obtained when both metals were present simultaneously.  
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XRD and microscopy both suggest that there is little difference in the large-

scale structure of the catalysts studied. Unlike with the PdPt catalysts, the only 

diffraction present was from the alumina support possibly suggesting the 

presence of small nanoparticles. TEM imaging identified the occasional larger 

particle for the PdFe catalyst; however, these were much smaller in size and 

less frequent than the ones present in the PdPt catalysts. This would suggest 

that the palladium nanoparticles mostly exist as very small disperse 

nanoparticles. It is difficult to assess the structure of the transition metal 

present due to similar z-values making distinguishing them from the alumina 

support challenging. 

 

XPS analysis again found that activity was linked to the Pd:PdO ratio; 

however, the relationship was not as strong as seen previously. The PdFe 

catalyst had the greatest proportion of metallic palladium of the catalysts 

analysed and was the most active catalyst for propane conversion. The activity 

was lower than predicted from the trendline. While this could suggest the 

correlation seen is merely coincidental, there is evidence in the literature of a 

volcano plot relationship between Pd:PdO ratio and conversion.8 This 

relationship could be demonstrated here with the PdFe catalyst passing the 

‘peak’ of the volcano with performance now declining. More testing is needed 

though to assess whether this is the case. 

 

The influence of heat treatment on performance was assess with the catalysts 

now reduced then calcined before testing. As with the PdPt catalyst, all 

catalysts showed increased activity for propane conversion when treated in 

this manner, as opposed to calcination only. The activity for all catalysts is 

nearly identical suggesting the catalysts produced have very similar 

properties. XPS suggests that all catalysts contain palladium almost 

exclusively in the oxide form. The similarity in performance could suggest that 

activity is dominated by the palladium species as there is little difference based 

on the transition metal used. As stated previously work in the literature has 

suggested that this heating regime encourages the formation of core-shell 

nanoparticles with the PdO shell being exceptionally active.7 This could have 

happened with these catalysts. Changes in the concentration of surface 
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species supports this conclusion; however, more investigations are needed to 

assess if this is the case.  

 

Overall, this work has demonstrated that CVI is capable of producing highly 

active monometallic and bimetallic catalysts for propane oxidation. Testing 

data has shown that is a superior synthesis technique to more traditional 

impregnation methods. CVI is a technique that has seen little application since 

its development in the early 2010s, this work shows that it is a capable 

technique and its utilisation for other oxidation reactions should be considered. 
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7 – Future work 

Due to the Covid-19 pandemic and subsequent lab closure, some of the 

research presented here would benefit from some additional work to give a 

more complete picture of characteristics and behaviour seen. In particular, it 

has been difficult to get significant access time to a range of catalyst 

characterisation techniques. Under normal circumstances more 

comprehensive characterisation would have been possible. This chapter will 

set out what further experiments could be done to help support the conclusions 

drawn. 

 

Firstly, high-resolution microscopy is needed for the catalysts studied in 

Chapters 4 and 5. This is because no palladium nanoparticles have been 

successfully imaged. Currently, conclusions are being drawn under the 

assumption that these particles are too small to be identified with the resolution 

of the microscopes used, with more powerful machines needed to see them. 

Given the precedent in the literature for CVI producing small nanoparticles, 

and EDX, MP-AES, and XPS all confirming the presence of palladium in the 

catalyst, it is likely this is the case. However, until nanoparticles are identified 

it cannot be said for sure whether this is the case. EDX analysis on all the 

samples would also be very useful. The analysis performed on the PdPt 

bimetallic catalysts suggest high levels of segregation of the two metals. It 

would be very useful to identify if species segregation has continued with the 

catalysts in Chapter 5, or if a more ordered bimetallic or even alloy have 

formed. This can be used to support or refute the possible conclusion that a 

highly active core-shall structure has formed for the (RC) catalysts.  

 

Chapter 5 would benefit from additional characterisation along with the 

enhanced microscopy to help identify reasons for the activity seen. CO 

chemisorption has proven a powerful technique when studying catalysts in this 

thesis, with the number of active sites identified as a key characteristic in 

determining activity. It would be useful to perform this on the PdX catalysts to 

identify the impact of the transition metals on this. Additional XPS studies on 
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the (RC) catalysts could help support the core-shell conclusion. Performing 

XPS on samples before heat treatment, after reduction, and after calcination 

can look for changes in oxidation state and surface concentration at each 

stage, giving a greater understanding of how the metals interact with each 

other. Conducting TPR/TPO studies may also give a greater understanding of 

the effect of the secondary metal in the bimetallic has on the reducibility of the 

catalyst.  

 

Synthesis and testing of catalysts with a greater range of Pd:PdO ratios would 

also help give a greater understanding of the correlation between this ratio and 

propane conversion. Catalysts with a greater proportion of metallic palladium 

would be desirable to determine if there is a negative correlation or volcano 

plot relationship. If a volcano plot trend is discovered, it could allow for the 

prediction of the optimal Pd:PdO ratio where activity is at its highest. If the 

trend is substantiated it can be used to pre-emptively screen catalysts for their 

overall activity for propane oxidation. 

 

Finally, further studies into catalyst activity and stability in more ‘real world’ 

conditions is needed to help assess whether they would be effective catalysts 

on an industrial scale. Catalysts for VOC oxidation often use reactant feeds 

with high concentrations of steam. This is a known activity inhibitor with lower 

conversions typically seen in wet feeds than dry feeds.  

 


