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ABSTRACT 

Functional surfaces are of crucial importance to both fundamental and applied science. 

Many phenomena are driven by the properties of interfaces: catalysis, corrosion and 

adhesion to name a few. These properties can be modified using surface functionalisation, 

which in this thesis is applied to three areas of environmental concern: sustainable 

catalytic carbon-carbon coupling, atmospheric CO2 sequestration and photocatalytic water 

purification. Chapter 1 provides an introduction to these three areas and Chapter 2 

summarises the common experimental techniques used throughout this thesis. 

Chapters 3 and 4 describe the application of pulsed plasma deposition for 

production of palladium functionalised catalysts for common carbon-carbon coupling 

reactions. For low loading palladium catalyst cloths in Chapter 3, high product yields and 

selectivities have been measured in conjunction with environmentally friendly solvents. In 

Chapter 4, palladium - poly(ionic liquid) catalyst membranes are described, which 

demonstrate selective permeation (separation) of the product species through the 

underlying membrane support. Both low loading palladium catalyst cloths and palladium - 

poly(ionic liquid) catalyst membranes display low levels of metal leaching allowing them 

to be recycled multiple times. 

 Chapter 5 extends the use of pulsed plasma deposited imidazole moieties to the 

directed liquid-phase epitaxial (layer-by-layer) growth of metal-organic frameworks 

(MOFs). The MOF-508 functionalised surface displays CO2 gas capture behaviour at 

atmospheric concentrations proportional to the number of MOF-508 layers. 

Finally, Chapters 6 and 7 describe the preparation of separable P25 TiO2 based 

photocatalysts. Micron-sized silica-steel microcomposite core with TiO2 nanocomposite 

shell photocatalysts were prepared using sol-gel chemistry in Chapter 6. Their application 

to degradation of waterborne organic pollutants during UV illumination has been 

demonstrated, along with recycling via magnetic separation. Chapter 7 describes 

photocatalytic P25-TiO2 composite macrospheres, which possess both UV and visible 

light photocatalytic activity depending on the synthesis conditions. These macrospheres 

have been demonstrated for their use in flat bed reactors under visible light irradiation, for 

application to point of use solar driven removal of water borne contaminants. Additionally, 

Appendix 1 outlines work carried out on the fundamentals of P25 TiO2 photocatalysts, 

using XRD and photocatalytic degradation studies.   
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Chapter 1  Introduction 

1.1 Why Catalysts? 

Catalysts are found in a wide variety of industrial processes, facilitating the production of 

fertilisers, plastics and pharmaceuticals to name a few. Through catalyst design, there are 

opportunities to ensure that demand for such materials is met in an efficient way with 

minimal environmental impact. To promote progression towards a more environmentally 

sustainable approach to catalysis, twelve principles of “green chemistry” have been 

outlined,1 which briefly comprise reducing toxicity, minimising waste and increasing use of 

renewable feedstocks. Based on these principles, the use of catalysts that deliver high 

yields and a high degree of selectivity, preferentially those that do so in aqueous media, 

are an attractive route to sustainability for industrial processes. 

 However, catalysts find roles not only within synthesis of commercially significant 

products, but also in life saving applications such as purification of drinking water. 

Undoubtedly, the acquisition of clean drinking water is of paramount importance in 

developing countries, reducing the prevalence of water borne diseases and improving 

quality of life. It is therefore vital that cheap, simple solutions are developed which can be 

easily used by those in greatest need. This can be achieved using a functional surface 

approach to tailor the catalyst to the specific application. 

1.1.1 Palladium Catalysed Carbon-Carbon Coupling Reactions 

Carbon-carbon coupling reactions are highly prevalent in fine chemical and 

pharmaceutical production,2 being used in about 14% of all bulk organic synthesis good 

manufacturing practices (GMP).3 As such, the development of catalytic materials to 

facilitate the formation of new carbon-carbon bonds is of significant importance, as 

recognised by the awarding of the 2010 Nobel Prize in Chemistry to Heck, Negishi, and 

Suzuki for their pioneering metal catalysed reactions.4  

The earliest reports of carbon-carbon coupling reactions involved the use of 

reagents such as Grignards and organolithiums,5,6 which do not fit the ethos of green 

chemistry and sustainability due to the specialist handling required and their hazardous 

nature. To this end, the development of metal catalysed coupling reactions posed a pivotal 

moment in the move towards more environmentally friendly synthesis. The most 
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commonly utilised metal catalysed carbon-carbon coupling reactions are the 

Sonogashira,7 Mizoroki-Heck,8,9 Suzuki-Miyaura,10 Stille,11 Negishi,12 and Kamuda13 

carbon-carbon coupling reactions, Figure 1.1. These allow for the synthesis of a variety of 

aryl and biaryl compounds, without consumption of the metal centre. 

 

Figure 1.1: Key carbon-carbon coupling reactions involving aryl halides. 

 In each of the listed reactions, a palladium centre (typically with associated ligands) 

undergoes an oxidation reduction cycle between palladium(II) and palladium(0) during the 

catalytic process,14 Figure 1.2. The active Pd0L2 catalyst can be formed via dissociation of 

a Pd0L4 complex such as Pd(PPh3)4,15 or via activation of  a palladium(II) pre-catalyst such 

as Pd(OAc)2.16 After formation of the active catalyst, oxidative addition of the aryl halide 

to the catalyst yields a trans complex,17 followed by transmetallation, cis-trans 

isomerisation, and finally reductive elimination to yield the coupled product and 

regeneration of the active catalyst.14 The rate limiting step is generally oxidative addition, 

most notably for aryl chlorides and deactivated aryl bromides, with reactivity decreasing I 

> Br > Cl. 18  
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Figure 1.2: The Suzuki-Miyaura carbon-carbon coupling reaction using PdL2. 

1.1.2 The Use of Heterogeneous Palladium Catalysts 

In solution, homogeneous catalysts can provide extremely high turn-over frequencies 

(TOFs) (defined as the number of moles of product per mole of palladium per second19), 

often in the order of 107 h-1.20,21 This high reactivity comes at the cost of the necessity for 

post reaction separation of the catalyst and reactant solution, leading to problems with 

public health regulation compliance for metal contaminants in active pharmaceutical 

ingredients.22 

Heterogeneous catalysts offer significant benefits over homogeneous catalysts 

with regards to the aforementioned challenges. Comparable TOFs to those of 

homogeneous catalysts have been documented on dispersed zeolite-supported palladium 

catalysts,23 whilst offering improved separation through filtration. Palladium on carbon 

(Pd/C) is commonly used as a model heterogeneous system, as it displays high TOFs 

(106 h-1) and meets many of the criteria for an environmentally friendly catalyst due to its 

simple preparation.24,25,26,27 Many alternative support materials such as inorganic solids,28 

thin polymer films,29,30,31 cellulose paper,32 wool,33 and loose polymer fibres,34,35 have been 
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envisaged for heterogeneous carbon-carbon coupling reactions. Each of these has the 

benefit of improved post reaction separation and reusability over homogeneous catalysts. 

Despite the reduced rates of carbon-carbon coupling observed for aryl chloride 

reactants, the development of catalysts which achieve comparable rates with chloro 

derivatives has attracted attention due to the reduced costs (about five times lower cost 

relative to iodobenzene).36,37 High TOFs for a range of homogeneous carbon-carbon 

coupling reactions have been achieved using ligands such as oximes,38 

phosphanes,39,40,41,42  and carbenes,43,44 signifying progression towards more sustainable 

catalysts. Although heterogeneous catalysts are currently unable to display comparable 

TOFs for aryl chloride, significant progress has been made in this respect.  

 Immobilisation of palladium clusters within the top surface of cobalt oxide-based 

films as been demonstrated to couple activated aryl chlorides with TOFs similar to non-

activated aryl bromides.45 Similarly, mixed magnesium-aluminium oxides also show good 

total conversion of aryl chlorides when palladium clusters are attached to the surface 

during synthesis.46 This type of catalyst allows for the benefits of separation to be 

combined with utilisation of cheaper reagents. In reality, heterogeneous catalysts would 

not need to achieve the same rates as a homogeneous catalyst; economic viability may 

be achieved at lower TOFs due to the ease of separation of solid supported catalysts.  

Despite the considerable benefits, heterogenous palladium catalysts are not 

without fault. The exact role and nature of the palladium active species is still unclear, with 

the potential for leaching of palladium into the reactant solution due to comparatively weak 

coordination bonding in some materials.47 In addition, generation of the active catalyst (via 

in-situ formation of Pd0)48,49 may result in the formation of palladium nanoparticles during 

catalytic use,50,51,52 indicating that the observed catalytic activity of many heterogeneous 

systems may, in part, be due to palladium nanoparticles formed in situ. Such nanoparticles 

may facilitate catalysis in several ways: by direct reaction bound to the supports’ surface,53 

by diffusion into solution and readsorption upon reaction completion,52,54 or by acting as 

reservoirs for reactive molecular palladium species.55,56  

1.1.3 A Functional Surface Approach 

Despite the reduced TOFs and potential palladium leaching of heterogeneous systems, 

the lack of solvent-based post reaction catalyst separation and excellent potential 

recyclability makes heterogeneous palladium carbon-carbon coupling a rewarding area 



19 
 

for development. Crucially, moving away from powdered heterogeneous catalysts allows 

for the development of continuous rather than batch catalytic processes.  

1.2 Carbon Sequestration 

Large scale industrial processes involved in bulk chemical synthesis produce a range of 

airborne pollutants, either directly through emitted exhaust gas, or indirectly through the 

use of fossil fuel generated electricity. In developing environmentally sustainable catalytic 

processes it is therefore vital to ensure proper treatment or control of any emitted gaseous 

waste. 

 One of the major sources of pollution from combustion engines is CO2; the 

atmospheric concentrations of which have been increasing rapidly since the industrial 

revolution (ca. 1760–1840) from 280 ppm, to >400 ppm in 2017.57,58 These are the highest 

levels recorded in the past 650000 years,59 therefore despite the apparent controversy 

over the cause of such a significant rise, little argument can be made for not addressing 

global CO2 emissions. The effects of a net increase in CO2 concentration on the 

environment include climate change and associated temperature related effects,60 ocean 

acidification,61 and changes in plant ecology and nutritional density,62 outcomes which 

may not be reversible.60 Many efforts to reduce emission have already been taken 

worldwide, with treaties such as the Paris climate agreement attempting to unite nations 

over a global initiative.63 Given the ever increasing energy demand, production of CO2 will 

likely continue from combustion engines and power plants for many years to come. 

 Carbon sequestration is the capture of CO2 from a system, followed by permanent 

storage in geological formations such as depleted oil and gas seams.64 In natural systems 

this occurs via carbon sinks such as the formation of carbonate in oceans and the growth 

of long lived plants.57,61 By designing systems to capture and store large amounts of CO2 

at the point of emission, we can relieve the pressure on environmental systems, reducing 

the global net CO2 production. Most importantly, any material for carbon capture and 

sequestration must itself have a low environmental impact. 

 Typically, point of source carbon capture in fossil fuel driven power plants 

(electrical and heat production accounted for 25% of global CO2 emissions in 2010)65 can 

take the form of either post-combustion or pre-combustion capture steps, Figure 1.3.66 

Post-combustion is attractive due to the relative ease in which it can be applied to current 

power stations, however the concentration of CO2 in typical flue gas is low and at ambient 
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pressure. Comparatively, pre-combustion systems can provide better total uptake due to 

concentrated CO2 levels and increased pressure in the gas stream but cannot be easily 

retrofitted to existing systems. No matter which route an industrial process chooses to 

capture CO2, the active storage material must have sufficient CO2 uptake levels and 

acceptable reusability to ensure economic and environmental sustainability. 

 

Figure 1.3: Examples of: (a); pre-combustion and (b) post-combustion CO2 capture 

systems in coal-driven power generation. Figure adapted from reference 66. 

1.2.1 Current Materials for Carbon Sequestration 

One of the oldest methods for CO2 removal from gas flows entails the use of an aqueous 

solution of amines, which react with CO2 to form a carbamate.67 Originally developed in 

1930 for separation of natural gas streams,68 this technology was later assessed for use 

in scrubbing CO2 from flue gas.69  One of the main concerns with the use of amine solutions 

is the large amount of heat required to regenerate the amine and compress the evolved 

CO2 for sequestration, which results in a high cost of the process.69 These costs can be 

somewhat mitigated by intelligent design of the turbine and stripping system for retention 

of energy.70,71,72 

Given the viability of amine absorption, reducing the energy barrier for desorption 

of the CO2 is highly sought after. One option is the use of a carbonic anhydrase (CA) 

enzyme, which can act as a promoter to reduce the energy demand of desorption.73,74 

Membrane immobilization has been used to stabilise the enzyme, however there is 

potential for mass transfer limitations through the amine liquid phase to the membranes 
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which could reduce the overall rate of uptake.73 Small scale testing of CA enzyme-based 

systems has shown that 85% removal of CO2 from a concentrated feed stream can be 

achieved.74  

 Increased temperature ranges for absorption compared to aqueous amine 

systems can be achieved using alkali metal oxides, which demonstrate CO2 capture from 

<100 ⁰C up to 700 ⁰C depending on the oxide composition.75 Of all the alkali metal oxides, 

calcium oxide yields the highest CO2 adsorption (~70 wt%). However, instability towards 

sintering hinders its application for repeated industrial adsorption-desorption cycles.76 This 

can be partially resolved by the formation of binary oxides,75 although the total absorption 

capacity per cycle is reduced.  

Alternative solid sorbents include carbonaceous materials such as activated 

carbon,77 carbon nanotubes,78 and zeolitic frameworks.79 A major drawback of these 

capture materials is that CO2 is weakly physisorbed onto the material, yielding poor 

selectivity and high temperature sensitivity. Zeolites containing alkali metals show 

improvements in operable temperature range,80 however water adsorption competes with 

CO2 adsorption,81 limiting the applicability to flue gases which typically have a high water 

content. 

Another popular industrial system is the hot carbonate system, which relies on the 

adsorption of CO2 into the carbonate to form a bicarbonate. Normally this would then need 

to be regenerated separately, however the Benfield process has reduced the downtime 

associated with this by including an on-line method of regeneration. To achieve this, a 

separate regeneration reactor is added, into which the bicarbonate is continuously 

transferred and stripped on the excess CO2.82 The regenerated carbonate is then recycled 

back into the absorption reactor. The main drawback is its high cost due to the engineering 

demands of adding a Benfield system to a plant. 

One of the main drawbacks of all the aforementioned processes is the limited total 

absorption, which is typically a 1:1 molar ratio of CO2 to reagent. At high pressures, metal 

organic frameworks (MOFs) have demonstrated incredibly high absorption capacities, 

exceeding 280 wt% CO2 uptake at 50 bar.83 Despite atmospheric absorption capacities 

being lower than those measured at high pressure, MOFs have the potential to outperform 

other CO2 capture materials (4.4 wt% possible in simulated air mixtures84). Saturated 

adsorption levels of CO2 in MOFs can be correlated to the total surface area of the 
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material,85 which explains the high weight percent captures possible with MOF materials 

given that surface areas exceeding 103 m2 g-1 have been reported.86  

1.2.2 Surface Bound Capture Materials 

MOFs have been shown to give the highest capture by mass of all CO2 capture materials, 

making them ideal candidates for sequestration of atmospheric CO2. Their drawbacks lie 

in synthesis from linkers that are often not commonly available, along with the nanoscale 

size of the solvothermally synthesised particles. This limits the applicability of MOFs to 

many industrial processes, which would suffer from large pressure drops over packed 

beds of such small particles. Whilst pelleting may overcome these problems, the risk of 

reduced surface area arising from MOF framework damage due to sintering and pore 

blocking during the pelleting process may render this an unsuitable option.  

A functional surface approach could allow for anchoring of MOFs to a support that 

suited a specific application. In addition, captured CO2 may then be used for catalytic 

processes such as the formation of syngas and hydrogenation of CO2 to methanol through 

multifunctional surface design.87,88 Such a system would not only remove CO2 from the 

atmosphere, but also provide an environmentally friendly source of reagents for industrial 

processes. 

1.3 The World Water Shortage 

Water is without a doubt one of the most important resources this planet has to offer. Only 

2.5% of the planet’s water is found as freshwater and access to clean water and sanitation 

has seen only slight improvements in the last decade.89,90 However, the full scale of the 

water crisis in many developing countries is difficult to discern from the collated data 

available.  

For example, the readily quoted 2.5% freshwater statistic does not consider the 

proportion of freshwater that is accessible at the surface at any one point in time. To this 

end, the annual discharge of rivers and other waterways into the oceans can be 

considered, which gives a reduced figure of 45,500 km3 per year.91 However, it is 

estimated that up to 10% of this is lost through subterranean run-off;92 as well as additional 

losses through evapotransipration. All these effects contribute to an ever-diminishing 

amount of available freshwater. 
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Gross volume of freshwater is but one element that needs to be considered when 

assessing water scarcity. Water contamination is one of the biggest factors affecting 

health in areas where water crises occur. The three countries with the highest diarrhoea 

mortality rates are India, Nigeria and Pakistan, with mortality rates at 402,200, 119,700 

and 103,300 deaths per year respectively.93,94,95 To take India as an example, the total 

available renewable water resources total 1,911 km3 per year.96 56 km3 per year is used 

for municipal purposes, which correlates to 45 m3 per capita per year.96 In the UK, 

municipal water usage stands at 118 m3 per capita per year.97 On the face of it, in terms 

of gross water usage, the figures belie that the water crisis is not nearly as severe as it is 

commonly believed to be. However, the high diarrhoea mortality rates demonstrate that 

much of this water is unsuitable for human consumption and the division of clean water is 

anything but even. 

Similar trends are observed in the data for Nigeria, where municipal water usage 

stands at 89 m3 per capita per year,98 yet the mortality rate for diarrhoea in terms of 

percentage population stands at more than twice that of India. Therefore, the biggest 

challenge facing these countries when addressing the water crisis is that of purification, 

rather than just acquisition.  

1.3.1 Sources of Drinking Water 

The source of drinking water in countries such as India remains a problem; the cleaner 

the source, the easier it is to purify. To this end it is worth considering the most common 

methods employed in countries such as India to collect drinking water (as well as methods 

still in development) to assess the application of water purification. 

Ground water is a common source of drinking water for much of India when brought 

to the surface via wells. However, it is susceptible to contamination in the form of nitrates 

from agricultural run-off,99,100 pharmaceutical effluent,101 fluoride and arsenic.102,103 

Recently, there have also been reports of organochloride pesticides present in 

groundwater,104 however these are found at lower concentrations than in surface water.105 

Despite these sources of contamination, ground water provides a vital source of drinking 

water for those fortunate enough to have access to a well. Unfortunately, in many cases 

other water sources are being used, which possess higher contamination levels. 

Surface water (such as lakes and rivers) is by the far the most accessible source of 

water in areas where there is not an inherent shortage of water in the local environment. 
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However, unlike water from wells it is often considerably more contaminated by bacteria 

from faecal matter.106 Anthropogenic activity is a major source of contamination of 

waterways in India. Mining, tanneries, steel plants and thermal power plants all produce 

effluent streams that can be rich in heavy metals,107 along with pharmaceutical industries 

that can introduce a variety of aromatic organic compounds into waterways.101 However, 

their effect is somewhat dwarfed by the inefficient management of human effluent and the 

resulting contamination of drinking water sources. Whilst early efforts have curbed the 

spread of pathogens such as typhoid and cholera, many other bacteria originating from 

human waste are still prevalent in surface water.108 

 Where rainfall is plentiful, collection and subsequent storage of rainwater offers a 

safe alternative source of drinking water. In areas of low atmospheric pollution where 

collection methods are sanitised, rainwater may be used immediately as drinking water. 

However, pollution and storage often results in the need for further purification.109 There 

are also health concerns over the lack of dissolved minerals in rain water when it is used 

as a primary drinking water source alongside a diet poor in minerals.109 The concept of 

rainwater harvesting is far from new, with evidence of anthropological features associated 

with rainwater harvesting from as far back as 2600 BC in India.110  

Many arid areas that lack regular rainfall (particularly those near coastlines) see 

frequent fog episodes.111 Harvesting water from fog is becoming an active area of 

research, particularly in biomimetics. There are examples where nature has devised 

ingenious surfaces for capture of water from saturated air and fog droplets.112 Fog 

harvesting was demonstrated at a relatively simplistic level by utilising polypropylene 

mesh supported perpendicular to the fog stream, known as the “standard fog collector” or 

SFC.113,114 One of the main advantages to fog harvesting is the potential for a low cost 

solution to the water crisis in arid areas with the right environmental conditions. To this 

end, the first application of a fog harvesting system to supply a community with water was 

a scaled-up version of the SFC in El Tofo in northern Chile.115 However, as with all water 

collection methods, there is not a ‘one size fits all’ method, so effective application of the 

aforementioned techniques must be carefully considered for each region or community in 

need. 
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1.3.2 Purification by Filtration 

Filtration of water, whether collected from rain, fog or rivers, is quite often the least costly 

method for purification. Effluent flows are often treated by filtration before they pass to 

water systems or municipal applications. For heavily soiled effluent flows such as 

municipal waste, a multistage process is required, with each stage providing sequential 

purification. Primary treatment is often a sedimentation step, allowing large particulate 

matter to be removed from the effluent stream. Secondary treatment removes the bulk of 

the biological matter by degradation utilising bacterial cultures developed within the 

treatment units. At this point the effluent flow may be discharged into non-sensitive water 

systems. Tertiary purification (such as filtration) provides the necessary quality of water 

for unrestricted irrigation or municipal use, removing the pathogenic species that remain 

after secondary treatment.116 

Membrane filtration units are often used as modular systems, with each type of 

membrane offering different rejection parameters, Figure 1.4.117 Microfiltration and 

ultrafiltration have attracted the most interest with regards to water purification of effluent 

streams and production of potable water due to higher flux at lower operating pressures. 

One of the main drawbacks to membrane-based systems is the increase in required 

operating pressures (or the decrease in flux at a set pressure) over time due to fouling. 

This results in the requirement for regular cleaning, increased operating costs and 

replacement of the membrane units if they become irreversibly fouled. 

Biofouling is by far one of the most problematic causes of reduced flux for filtration 

elements.118,119,120,121 At the membrane surface there is a strong flow of water, acting as 

an anchoring force for biomolecules, along with a potential for increased nutrient flow and 

biomass; it is therefore unsurprising that biofilm formation is a common occurrence. 

Ideally, control of biofilm formation would be achieved without the use of biocides, 

reducing costs and preventing the need for removal of any biocidal agent if it enters the 

filtrate. This could be achieved by preventing the initial bioadhesion that leads to biofilm 

formation. Surface functionalisation may provide the answer through modification of 

surface roughness and other properties, which can reduce bioadhesion.  
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Figure 1.4: Schematic diagram of different types of particles and the appropriate filtration 

type for each size range. 

1.3.3 Ultraviolet Sterilisation 

Ultraviolet (UV) light in the 280–315 nm range (UVB) has well documented sterilisation 

effects. Although known since the late 1800s, the true nature of UV sterilisation was not 

discussed until 1928.122 Unfortunately only a small fraction of the sun’s output falls within 

this region, which limits the efficiency of solar UV sterilisation methods. Therefore, either 

a synthetic form of UV light must be used, or concentration of the sun’s UVB output must 

be achieved through reactor design. The former option is used in many industrial and 

domestic applications, whereas the latter offers a much more sustainable system for 

developing countries. So popular is the concept of solar water disinfection, that the term 

‘SODIS’ was coined (a contraction of Solar Disinfection). 

There has been a drive over the last 10 years to make SODIS accessible to 

communities where it is needed most. At its simplest, the SODIS initiative (from the Swiss 

Federal Institute of Aquatic Sciences and Technology) has provided plastic bottles in 15 
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countries spanning Africa, Asia and Latin America for simple rooftop SODIS.123 The bottle 

is filled with water from the available water source, followed by placement of the bottle in 

full sun (often on a rooftop) for the recommended time of 6 h for a 1 L bottle.  

Although particulate matter, dissolved salts and heavy metals are unaffected by 

SODIS, the main water borne pathogenic species are. Escherichia coli is often used as 

an indicator for the presence of faecal coliform, therefore studies into the effect of UV on 

this bacterial species are common.124,125 It is the effect of UV light on DNA which causes 

inactivation of the bacteria,126 manifesting itself in disruption of normal cellular functions 

such as ATP synthesis.125 In addition, there is a degree of cell wall damage which also 

dictates the amount of inactivation, which is dependent on several factors. The presence 

of dissolved oxygen greatly increases the rate of photo-inactivation, with the increase 

dependent on the bacterial species.127 Salt concentration and pH also play a key role.128 

Viral pathogens are considerably more variable in their response to photo-inactivation. For 

example, whilst bovine rotavirus and polio can be completely inactivated in 6 h of 

illumination with strong natural sunlight,129,130 encephalomyocarditis viruses and a range 

of coliphage viruses require significantly longer exposure times at normal solar photon 

flux.129,131 Whilst SODIS has proven to be effective against a range of pathogens, protozoa 

have proven to be much more resilient to the treatment.130,132,133  

SODIS efficiency is greatly dependent on the reactor type. The aforementioned 

studies considered the effects of natural sunlight on pathogens at radiative fluxes similar 

to that experienced in many equatorial countries. It stands to reason that increased 

pathogenic inactivation can be achieved by concentrating solar irradiation, not only 

through increased UV irradiation, but also through elevated temperatures which have 

been shown to increases pathogenic cyst inactivation.130,132 However, almost 

counterintuitively, the inactivation of bacteria is dependent on the uninterrupted total 

energy per unit area irradiated, rather than the peak irradiance.134 For E. Coli this equates 

to >108 kJ m-2, which explains why batch reactors are often more effective then continuous 

flow reactors for inactivation of pathogens.134 Nevertheless, continuous flow reactors have 

shown some success via the application of compound parabolic collectors, or CPCs, 

schematically shown in Figure 1.5. These curved mirrors allow concentration of light onto 

a central point independent of the direction of illumination. A reactor of this type was piloted 

in rural Kenya to purify surface water from a local dam;135 capable of an output flow of 10 

L min-1, this reactor showed complete removal of coliform after a 20 min pass time. 
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Figure 1.5: Schematic of a compound parabolic collector (CPC) for water purification. 

Through careful design, solar light can be directed into a central Pyrex tube (through which 

contaminated water is flowed) independent of the illumination angle. 

1.3.4 Metal Oxide Photocatalysis 

Inorganic oxides are used in a wide variety of applications, such as solid-state gas 

sensors,136,137 memory applications,138,139 photocleaning surfaces,140 light emitting diodes 

and solar cells.141,142 As with photocatalysis, many of these applications rely on energy 

generated from the harvesting of light, therefore increasing the efficiency of this process 

is paramount in developing new materials and enhancing productivity.  

From a molecular orbital description, the splitting of valence orbitals into bonding, 

non-bonding and antibonding orbitals for polyatomics produces a set of discreet energy 

levels, equal in number to those of the valence orbitals that were combined to create them. 

As a molecule increases in size, the number of molecular orbitals increases until discreet 

levels can no longer be defined. At this point the orbitals can be described as crystal 

orbitals that extend through the solid and are referred to as bands. The variation in energy 

of the bands as a function of the wavenumber k (2π/λ) forms the basis of band structure 

diagrams. A transition can only occur between orbitals with the same value of k (this is not 

strictly true for relaxations, when phonons can cause a shift in k).143 Therefore, the band 

gap is defined as the energy difference between the maximum of the valence band and 
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the minimum of the conduction band. Band minima and maxima may not correspond to 

the same value of k, thus band gaps are termed direct if they align, and indirect if not. 

Defect sites break the regular periodicity causing perturbations of the electronic 

structure. Point defects are common in one form or another in solids. They can mainly be 

classified as lattice vacancies, interstitial atoms, Schottky defects or Frenkel defects.  The 

former two are self-explanatory. Schottky defects are the formation of a cation and anion 

vacancy, Frenkel defects are where a vacancy is balanced by an interstitial ion. An 

alternative way a defect can be charge-balanced is by additional electrons or holes in the 

lattice. An example is the F-centre in alkali halides, where anion vacancies trap electrons, 

which have a defined set of electronic transitions resulting in colour (hence their more 

common name of colour centres).144 Similar effects can be seen when atoms are 

substituted for dopant species. For example, if a lattice position which normally is occupied 

by a species with n valence electrons is substituted for a species with n – 1 electrons, an 

acceptor level is introduced into the band structure producing holes in the valence band 

(VB). Similarly, if it is exchanged for a species with n + 1 electrons, a donor level is 

introduced which can donate an electron into the conduction band (CB). 

By far the most studied photocatalytic inorganic oxide is titanium dioxide (TiO2). 

Possessing a wide band gap of 3.2 eV for anatase and 3.0 eV for rutile,145 photoexcitation 

by UV light causes the formation of electron-hole pairs. The presence of adsorbed oxygen 

at the surface causes trapping of these photo excited electrons as O2
-
(ads) 

species;146,147,148,149 this results in an electrostatic repulsion between the surface and the 

remaining CB electrons, self-limiting the concentration of O2
-
(ads). The negatively charged 

surface attracts holes in the valence band, and the combination with O2
-
(ads) leads to 

dissociation of O2 and formation of surface vacancies.148,150,151 The equilibrium between 

dissociation and re-adsorption of O2 dictates the concentration of electrons in the CB.150  

Photodegradation of small organic molecules, such as pesticides, has shown to 

be very effective over TiO2. There are numerous reports on the photocatalytic power of 

the UV-TiO2 system, spanning oxygen and nitrogen containing 

compounds,152,153,154,155,156,157 as well as chlorinated and aromatic molecules which often 

make up the building block of pesticides.158,159,160,161,162 Crucially for water purification, TiO2 

has shown to have high bactericidal activity towards E. coli,163,164 as well as other common 

bacteria.165,166 Direct comparison with non-catalysed SODIS demonstrated that TiO2 

inclusion improves oocyst destruction,132 an area where SODIS is normally insufficient. 
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As with the degradation of small organic molecules, the exact mechanism of 

bactericidal activity is not well established. Several theories have been proposed, the first 

suggests that photochemical oxidation of coenzyme A (CoA) was occurring, producing a 

dimeric form.166,167 CoA is present in all living organisms, functioning as an acyl carrier 

group and carbonyl activating group in many biochemical pathways such as respiration. 

Thus, it was thought that CoA inactivation was limiting respiratory activity leading to cell 

death. A potential theory is that direct disruption of the cell wall is occurring; although the 

exact mechanism is unclear, it manifests as leakage of K+ ions that parallels cell death.165 

Another mechanism may be the photooxidative destruction of membranous endotoxins 

integral to the cell wall.168 It is also possible that the photogenerated reactive species 

attack polyunsaturated phospholipids, causing a peroxidation reaction resulting in the 

breakdown of the cell membrane.169 Of course it is unlikely that only one pathway exists. 

Different bacterial species may be susceptible to different modes of attack, possibly 

reflected in the various mechanisms proposed, which often study different bacteria. 

However, in all cases, the inclusion of hydroxide, peroxide and oxygen species seems to 

be a prerequisite.170,171 

1.3.5 Putting Theory into Practice 

TiO2 is a widely studied photocatalyst that shows huge potential for water purification via 

SODIS. Whilst powdered material (which is a common form for photocatalytic materials) 

offers an excellent tool for research purposes, it is not a cost-effective method for water 

purification due to the requirement for post reaction separation effectively making the 

addition of photocatalyst more costly than ultrafiltration alone. Therefore, any treatment 

applied must be transferable to an immobilised form for ease of separation. 

1.4 Scope of Thesis 

Consideration is given to how functional catalytic surfaces can be employed for 

development of sustainable technology with regards to carbon-carbon coupling reactions, 

CO2 sequestration and photocatalysis. 

Carbon-carbon coupling reactions are widely used in the industrial synthesis of 

fine chemicals and pharmaceuticals. Homogeneous catalysts for this process require post 

reaction separation, limiting their application to batch processes. Heterogeneous catalysts 
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offer potential for continuous flow reactors, reducing the environmental and economic cost 

associated with separation steps. Easily separable palladium catalysts are designed, 

through surface functionalisation using plasma deposition of polymers with tailored 

surface moieties. These are prepared by surface complexation of palladium(II) chloride 

with plasmachemical imidazole functionalised non-woven polypropylene cloth and by 

complexation of palladium(II) chloride to ionic liquid functionalised flexible porous 

substrates. For Sonogashira, Mizoroki-Heck, and Suzuki-Miyaura carbon-carbon coupling 

reactions in conjunction with environmentally friendly solvents, high product yields (54%, 

82%, and 99%, respectively) and selectivities (99%, 93%, and greater than 99% 

respectively) have been measured for palladium catalyst cloths. Palladium-poly(ionic 

liquid) membranes are demonstrated to have a high yield and selectivity (77% and greater 

than 99%, respectively) for the Suzuki-Miyaura reaction, which could also be conducted 

sonochemically at room temperature in conjunction with selective separation of product 

and reagents from the reaction solution. Both these materials display low levels of metal 

leaching allowing them to be recycled multiple times. 

 Increased industrial production of bulk and fine chemicals alongside population 

expansion have resulted in rising atmospheric CO2 levels, making offsetting emissions 

through CO2 sequestration (capture and permanent storage) a world-wide concern. Point 

of emission control of CO2 has been applied to industrial plants through amine and 

carbonate reactors, however these are themselves typically power intensive due to the 

regeneration step. The practical application of metal organic frameworks (MOFs) for CO2 

capture has not yet been fully realised, despite their excellent gas capture properties. 

Surface functionalisation is demonstrated to provide a tailored route for promoting the 

growth of CO2 capture MOFs on inorganic and polymeric substrates. Pulsed plasma 

deposited poly(1-allylimidazole) films are herein shown to initiate the growth of 

microporous [Zn (benzene-1,4-dicarboxylate)-(4,4’-bipyridine)0.5] (MOF-508). The liquid 

phase epitaxy synthesis of the MOF-508a polymorph contains two interpenetrating crystal 

lattice frameworks which undergo orientated Volmer–Weber growth. CO2 capture is 

demonstrated at atmospheric concentrations (0.2 Torr), with a total uptake of 6 mmol g−1. 

 With demands for freshwater divided between industrial and municipal uses, 

access to clean water is of vital importance; unfortunately, many lack this most basic 

resource. Contamination from agriculture and industry is a major source of poor water 

quality in countries such as India, Nigeria and Pakistan, making affordable photocatalysts 
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crucial for supporting development in these regions. TiO2 is a photocatalytically active 

semiconductor which is currently used for water purification applications. Although highly 

effective in a dispersed form, filtration requirements make this challenging to adopt on a 

large scale. TiO2 is herein shown to be made separable through attachment to magnetic 

particles and encapsulation into macro scale spheres. The synthesised materials are 

investigated for their UV and visible light photocatalytic activity through degradation of 

methylene blue organic dye. 

 The results of this thesis will then be discussed with respect to future work that 

could expand on the proof of concept studies outlined in the following chapters.  
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Chapter 2  Experimental Methods 

Throughout this thesis, a wide range of analytical techniques are utilised for the 

characterisation of the prepared functional catalytic materials and the products of catalytic 

reactions. This chapter briefly summarises the experimental methods, along with pulsed 

plasma deposition, which is the major surface preparation technique used throughout. 

2.1 Pulsed Plasma Deposition 

Commonly referred to as the fourth state of matter,1 plasma is used to describe a gas 

comprising ionised particles such as charged ions, electrons, and metastables, as well as 

a neutral fraction of non-ionised gas. Plasma discharge is induced by the application of an 

electric field, which accelerates electrons resulting in collisions causing ionisation. 

Subsequently, the electrons produced in the ionisation process undergo further collisions 

resulting in a cascade and formation of a plasma. Use of a non-polymerising gas such as 

CF4, O2 or H2 can modify the chemical properties of a surface by etching, oxidizing or 

reducing surface functionality. The surface nature of this technique allows for retention of 

the bulk properties of the material. 

Alternatively, polymerisable gaseous precursors can be used to produce a polymer 

film. Continuous wave deposition typically yields films that have a high degree of 

fragmentation and poor functional group retention.2 This can be avoided by using pulsed 

plasma deposition, which comprises modulating an electrical discharge in the presence of 

gaseous precursors containing polymerisable carbon-carbon double bonds.2,3 

Mechanistically, there are two distinct reaction regimes corresponding to the plasma duty 

cycle on and off periods (typical timescales are of the order of microseconds and 

milliseconds respectively).4 Namely, monomer activation and reactive site generation at 

the substrate surface occur during each short burst of plasma (via VUV irradiation, ion, or 

electron bombardment) followed by conventional carbon-carbon double bond 

polymerization proceeding in the subsequent extended off-time (in the absence of any 

VUV-, ion-, or electron-induced damage to the growing film). High levels of precursor 

structural retention within the deposited nanolayer can be achieved, thereby yielding 

specific functionalities at the surface (as confirmed by ToF-SIMS5 and NMR 

spectroscopy6). Furthermore, by programming the pulsed plasma duty cycle, it is possible 

to control the surface density of desired chemical groups. The covalent attachment of the 
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functional films to the underlying substrate occurs via free radical sites created at the 

interface during the onset of plasma exposure. Other distinct advantages include the fact 

that the plasmachemical approach is quick (single-step), solventless, energy-efficient, and 

the reactive gaseous nature of the electrical discharge provides conformality to a whole 

host of substrate materials and complex geometries (e.g. powders, fibres, tubes, cloths, 

etc.).7,8  Surface functionalities devised in the past include: anhydride,4 carboxylic acid,9 

amine,10 cyano,11 epoxide,5 hydroxyl,12 halide,13 thiol,14 furfuryl,15 perfluoroalkyl,16 

perfluoromethylene,17 and trifluoromethyl18 groups. 

2.2 Infrared Spectroscopy  

The vibrational modes of a molecule can be probed by light of the correct wavelength for 

excitation of vibrational energy levels. Transitions that result in a change in dipole moment 

can be studied using infrared light, producing absorbances at specific wavelengths that 

result in a ‘fingerprint’ of the molecule. The wavelength of light that is absorbed is 

dependent on the amount of energy required to produce a vibration of the covalent bond, 

which is related to the spring constant and the reduced mass of the bond.19 Smaller 

masses and stronger bonds result in higher frequency absorbance bands. 

 Dispersive infrared spectroscopy acquires spectra of the absorbance bands by 

scanning across a range of wavelengths and comparing the input intensity with the 

output,20 resulting in long scan times. Fourier transform infrared spectroscopy (FTIR) 

allows for much faster spectral acquisition by concurrently scanning the whole wavelength 

range. In doing so it allows for spectral averaging of larger numbers of spectra, resulting 

in better signal to noise ratios and increased sensitivities in a shorter period of time. In 

addition, the resolution is improved over dispersive infrared spectroscopy as it is not 

limited by the step size of gratings for beam splitting. 

 Deconvolution of the signal intensity at different wavelengths is achieved using an 

interferometer. The broad-spectrum infrared light source is passed through a beam splitter 

which directs one beam over a fixed mirror and the second across a movable mirror. The 

two beams are recombined before being passed through the sample, which produces 

interference patterns due to the differing path lengths induced by the movable mirror. The 

signal intensity is plotted as a function of optical path difference; a Fourier transform is 

applied to the data resulting in an absorption spectrum as a function of wavelength.20 
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 Whilst FTIR is commonly performed in transmission mode with either a transparent 

sample cell or potassium bromide disc,20 there are more practical methods for performing 

surface sensitive infrared spectroscopy on thin films. Reflection-absorption infrared 

spectroscopy (RAIRS) involves the deposition of a thin film onto an infrared reflective 

surface, such as silicon wafer or gold coated substrate. The infrared beam is directed onto 

the sample coated substrate at a grazing angle, where the beam is reflected to a collection 

mirror at the specular reflection angle. Part of the beam will reflect off the thin film, however 

the remaining portion will pass through the sample and be reflected off the substrate, 

resulting in two passes through the sample, giving increased path lengths over a simple 

transmission method. By subtracting the spectrum of the bare substrate, the sample 

spectrum is obtained. 

 Alternatively, thicker films and a range of other solid and liquid samples can be 

analysed using attenuated total reflectance infrared spectroscopy (ATR IR). The sample 

is compressed against the surface of an infrared transparent crystal such as diamond, 

through which the infrared beam is passed at a set angle. The beam undergoes total 

internal reflection at the surface of the crystal due to the large difference in refractive 

indices of the crystal and sample. At the points of reflection, an evanescent wave is formed 

which propagates into the sample (typically 2.5–25 μm for mid infrared),20 producing an 

infrared spectrum of the sample after background subtraction from the crystal spectrum. 

2.3 Raman Microscopy  

Similar to infrared spectroscopy, Raman spectroscopy techniques can be used to study 

the vibrational modes of a molecular species. Whilst in infrared spectroscopy the 

absorption of light is measured as a function of incident wavelength, in Raman 

spectroscopy the sample is irradiated with light of a single frequency and the wavelength 

and intensity of the scattered light is measured.19 The scattered light comprises two types 

of signal, Rayleigh scattering and Raman scattering. Rayleigh scattering is light of the 

same frequency as the incident beam and is very intense, Raman scattering contains 

Stokes and anti-Stokes lines which are comparatively weak in intensity.  

 When the incident beam strikes the sample, the light (which is of lower energy than 

the energy gap to the first electronic excitated state) excites the molecules into a ‘virtual’ 

vibrational level, which is higher in energy than the vibrational levels in the ground 

electronic state, Figure 2.1. From this ‘virtual’ level, the molecule relaxes to vibrational 
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levels in the ground electronic state, releasing photons. The molecule can relax to the 

original vibrational level (Rayleigh scattering), a higher vibrational level (Stokes), or a 

lower vibrational level (anti-Stokes). Anti-stokes lines are by far the weakest of the Raman 

signals, as they require the excitation from a vibrational level above the ground state, of 

which the population is considerably lower (as per a Maxwell-Boltzmann distribution). 

 

Figure 2.1: Schematic representation of Raman scattering.   

 Raman spectroscopy can be carried out in a variety of ways for the study of gases, 

liquids and solids. It can be combined with an optical microscope to allow for Raman 

mapping of a sample and spatial sampling in the plane parallel to the surface, known as 

Raman microscopy. This is achieved by focusing an optical microscope onto the surface 

of a sample and passing a laser through the lens instead of a broad-spectrum light source. 

The laser light is partially reflected by the sample, and the returning signal contains the 

Rayleigh and Raman scattering. Rayleigh scattering is removed by a notch or edge filter, 

leaving only the Raman scattering to pass to the detector. Raman microscopy can also be 

confocal, allowing for spatial resolution in the plane perpendicular to the sample surface, 

using a confocal slit or filter in the beam path. This allows a confocal Raman microscope 

to study surface treatment and films at micron thicknesses.21 

 

 



50 
 

2.4 UV-Vis Spectroscopy 

When light of the correct wavelength for electronic transitions of the target molecule is 

passed through the sample, a proportion of the light is absorbed resulting in excitation of 

electrons to higher energy levels. The proportion of absorbed light is the absorbance and 

is defined as the negative log of the final intensity (I) over the initial intensity (I0), Equation 

2.1. The flux absorbed is proportional to the path length (L), concentration of the target 

molecule (c) and the molar absorption coefficient (ε), as shown in Equation 2.2, the Beer-

Lambert law. The latter is an experimentally derived constant which is a measure of a 

molecules ability to absorb light at a given wavelength. 

A = -log
10

(
I

I0
)     Eq. 2.1 

      A = εcL     Eq. 2.2 

2.4.1 Absorbance Measurements 

Photocatalytic destruction of pollutants can be tracked using a dye molecule that contains 

aromaticity typically found in the structures of many organic pollutants such as pesticides 

and textile dyes. Methylene blue is ideally suited for such photocatalytic measurements, 

having absorbance peaks at 610 nm and 660 nm,22 allowing simple determination of 

concentration via the Beer-Lambert law. 

2.4.2 Diffuse Reflectance 

UV-Vis spectroscopy can also be used to characterise the absorbance of opaque diffuse 

materials such as powders and rough films using diffuse reflectance spectroscopy. An 

integrating sphere made of diffusely reflecting material is used to collect the scattered light 

from the sample, Figure 2.2. Multiple internal reflections within the integrating sphere 

produce homogeneous illumination of the integrating sphere wall, which is sampled using 

a spectrophotometer. Larger integrating spheres allow for smaller ratios between the 

sample ports and the undisrupted sphere wall reducing uncertainties associated with 

imperfect junctions. Two sphere designs are typically employed, the first exchanges part 

of the sphere wall with the sample after background collection which allows for smaller, 

low cost spheres to be used. However, the introduction of the sample after background 

collection results in a substitution error; this error arises from the absorption of light by the 
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sample during multiple reflections around the sphere, which in the first design differs 

between the background and sample spectrum. Therefore, this technique tends to 

produce erroneous results with strongly absorbing samples. 

 

Figure 2.2: Schematic diagram of the integrating sphere setup used in this work. 

The second design holds the sample in the center of the sphere on a movable 

mount. The sample is moved to a position away from the incident light beam during 

background collection, followed by interruption of the beam during sample collection. This 

removes the substitution error associated with sample port based designs at the cost of 

larger, more expensive integrating spheres. The integrating sphere system used herein is 

comprised of a low-density optical PTFE (Berghof Products and Instruments GmbH) 

sphere with an internal diameter of 100 mm connected to an optical fiber coupled halogen 

deuterium dual light source and spectrophotometer, Figure 2.2. The sample holder and 

ports were manufactured from the same low-density PTFE as the sphere walls. 

2.5 X-Ray Photoelectron Spectroscopy 

X-Ray photoelectron spectroscopy (XPS) is a surface sensitive technique that allows for 

characterisation of the atomic composition of a sample. Sample depths vary with a range 

of conditions including the element of interest and sample composition but are typically in 

the order of nanometers.23,24,25 Through appropriate calibration, XPS can yield quantitative 

atomic composition making it a powerful tool for the characterisation of thin films and 

surface-modified materials. 
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 XPS involves irradiation of the samples with soft X-rays of sufficient energy to 

cause emission of electrons from core levels, Figure 2.3. These emitted photoelectrons 

have kinetic energies that are a function of the input photon energy and the binding energy 

of the electron: 

EK = hν - EB - ϕ
s
     Eq. 2.3 

where EK is the kinetic energy of the emitted photoelectron, hν is the energy of the X-rays, 

EB is the binding energy of the emitted electron and ϕs is the spectrometer work function. 

The kinetic energy of emitted photoelectrons is typically 5–2000 eV, which corresponds to 

an inelastic mean free path of a few nanometres, resulting in surface sensitivity. 

 

Figure 2.3: Schematic diagram of the XPS emission processes for a model atom: (a) 

incident photon causes the emission of a photoelectron from a core level; and (b) 

relaxation process resulting in emission of a KL2,3L2,3 Auger electron. 

 The binding energy of emitted photoelectrons is characteristic to both the element 

and the binding environment. Therefore, photoelectron peaks in XPS spectra consist of 

binding envelopes which may contain multiple peaks characteristic of the different binding 

environments within the sample. Peak intensities are related to the cross section of the 

ionisation process; once corrected using appropriate sensitivity factors the peak areas can 

be used for quantification of the surface composition. 

There are often additional lines associated with photoelectron binding envelopes, 

including Auger lines, secondary electron peaks when using non-monochromated X-ray 

sources and shake-up lines from aromaticity. The former arise from the relaxation of 

electrons from higher energy levels into the hole formed by the initial ionization, Figure 

2.3.  
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2.6 Powder X-Ray Diffraction 

The regularly repeating structure of crystalline solids allows diffraction of radiation when it 

correlates with interatomic distances, i.e. wavelengths in the order of 1 Å. Therefore, X-

ray diffraction (XRD) is a powerful tool in determining the crystal structure of solids. A 

diffracted photon of light is intensified if other photons exiting the material are in phase. 

This occurs if the distance travelled by the second photon is a multiple of the wavelength 

of the first photon. The geometric restriction of this results in Braggs’ law, which is defined 

as: 

nλ = 2dhkl sin θ       Eq. 2.4 

where n is a positive integer, λ is the wavelength of incident light and θ is the scattering 

angle. 

In this report the source of X-rays was a Cu X-ray tube, which produced Cu kα 

radiation at a wavelength of 1.5418 Å. Generation of X-ray wavelength photons proceeds 

via bombardment of the copper anode with high energy electrons, causing removal of core 

level, 1s electrons from copper. Radiative relaxation from the 2p to 1s levels produces kα 

radiation, which is one of a number of fixed wavelengths among a background of white 

radiation arising due to lost energy through collisions. The incident beam was 

monochromated with a Ge(111) monochromator, and the detector was a linear position-

sensitive detector. As the detector is scanned through a range of angles relative to the 

incidence beam (quoted as 2θ values), the intensity of the diffracted light is measured as 

a function of 2θ, producing a diffraction trace. The lattice constants (a, b and c) can be 

related to the Miller indices (h, k and l) for an orthorhombic lattice by: 

1

dhkl
 = 

h
2

a2
 + 

k
2

b
2  + 

l
2

c2
    Eq. 2.5 

Therefore h, k, and l can be determined for each peak in the diffraction trace from the 

value of dhkl.  

2.7 BET Surface Area 

The catalytic activity of a solid material is often dependent on the number of active sites 

available for a given reaction. For heterogeneous catalysts, high specific surface areas 

are typically associated with high turn-over frequencies due to the increased number of 



54 
 

active sites. Therefore, determination of the specific surface area of a material is vital in 

understanding the factors governing the activity of a heterogeneous catalyst. 

Determination of this can be achieved using the BET theory,26 which models the 

physisorption of an inert gas on a solid surface according to an extension of the Langmuir 

theory of monolayer adsorption. The BET model assumes that gas molecules are 

physisorbed on a solid surface in layers infinitely, the Langmuir theory is applicable to 

each layer and that molecules in each physisorbed layer interact only with adjacent layers. 

The resulting BET equation can be expressed as:   

P

V(P0-P)
 = 

1

CVm
 + (

C-1

CVm
) (

P

P0
)    Eq. 2.6 

where V is the adsorption capacity at equilibrium pressure P, Vm is the monolayer capacity, 

Po is the saturation pressure and C is the BET constant (which comprises terms for the 

heat of adsorption of the first monolayer and of subsequent multilayers). 

 The interactions between an inert gas and a solid surface are weak, so to achieve 

multilayer adsorption the sample must be cooled to below the boiling point of the probe 

inert gas (usually nitrogen at 77 K). This allows for the introduced gas to adsorb to the 

surface. By measuring the pressure of the sample chamber when differing known volumes 

of gas are added, a series of equilibrium and saturation pressures can be calculated. A 

plot of P/1(P0-P) against P/P0 between 0.05< P/P0 <0.35 will yield a straight line with a 

gradient S and intercept I:  

            S = 
C-1

CVm
       Eq. 2.7 

 I = 1
CVm

      Eq. 2.8 

           Vm = 
1

S+I
      Eq. 2.9 

which allows us to calculate Vm. From this, the BET total surface area ST (units of area2) 

and specific surface area SBET (typically units of area2 mass-1) can be calculated:  

    ST = 
VmNs

MV
      Eq. 2.10 

   SBET = 
ST

a
      Eq. 2.11 
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where N is Avagadro’s number, s is the adsorption cross-section, MV is the molar volume 

and a is the mass of the sample. The mass can be substituted in some cases for other 

units that allow for meaningful comparison, such as flat area or length. 

 Although care must be taken in interpreting results of specific surface areas of 

different sample types, between similar materials the BET method allows for comparison 

between heterogeneous catalysts that would otherwise not be possible. 

2.8 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) provides topographical analysis of the sample at 

higher resolutions than optical microscopy. A beam of high energy electrons (typically 10–

40 keV) is focused onto the surface of the sample, ionising the atoms on the surface, 

which emit lower energy secondary electrons. The secondary electrons are accelerated 

through a positively biased grid adjacent to the surface and passed to a photomultiplier. 

Micrographs are generated from the distribution of the secondary electrons as the electron 

beam is scanned across the surface. The ionisation process results in a charged surface 

unless a conductive layer such as gold is added prior to analysis, typically applied via 

sputtering. 

2.9 Film Thickness Measurements 

For thin films deposited onto flat substrates, spectrophotometry provides a means for 

determination of optical constants such as refractive index and adsorption coefficients as 

well as film thickness.  

A deposited film will have a different refractive index to the underlying substrate, 

meaning a single film will have two interfaces: one with the ambient gas (typically air) and 

one with the underlying substrate. When light passes through these two interfaces, a 

portion is specularly reflected, a portion is transmitted and a portion is absorbed. Whether 

the light from two interfaces interacts constructively or destructively in the emergent beam 

depends on the path length difference, which is a function of the incident angle, film 

thickness and refractive indices. The total intensity of the emergent beam is also a function 

of the absorption coefficient of the material, which will vary as a function of wavelength. 

The interference pattern measured by recording the intensity of the reflected light across 

a range of incident beam wavelengths (typically 350–1000 nm) can by fitted using a 
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Cauchy material model using a modified Levenberg Marquardt algorithm to yield the 

optical constants and film thickness.27 

2.10 Quartz Crystal Microbalance 

Real-time detection of the adsorption of sub-microgram levels of material onto solid 

surfaces provides a challenge for those wishing to study absorption properties of thin films. 

One route to achieving this is by using a quartz crystal microbalance (QCM), which is 

capable of detecting mass changes to nanogram accuracy. Quartz crystals display the 

piezoelectric effect, where an applied voltage can induce a mechanical deformation and 

applying mechanical stress can induce a voltage. By applying an alternating voltage, a 

standing shear wave can be induced within the crystal, with a stable well-defined 

resonance frequency. In QCM systems, the quartz crystal is attached to gold electrodes 

and exposed to the analyte or adsorbate molecules, Figure 2.4. When the mass of the 

crystal changes due to adsorption or deposition, the resonant frequency changes, which 

is related to the mass change by the Sauerbrey equation.28 

 

Figure 2.4: Schematic representation of the detection mode of a QCM system. 

 For the detection of gas phase analytes, a custom vacuum system was built to 

house the QCM, Figure 2.5. This comprised a dry nitrogen / oxygen air mix (with ratio flow 

control), moisture monitor, analyte line with leak valve, low and medium vacuum gauges, 
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glass QCM chamber and vacuum line to a rotary vane pump with a liquid nitrogen cold 

trap. For a standard test, the system was evacuated to base pressure before the analyte 

was added to the desired partial pressure. The glass chamber was topped up to 

atmospheric pressure with the dry nitrogen / oxygen mix. 

 

Figure 2.5: Diagram of the QCM system used for detection of gas phase analytes. 

2.11 Gas Chromatography  

Gas chromatography (GC) provides a quick method for separating complex mixtures of 

components with similar solubilities and functional groups, providing they can be 

vapourised without decomposition. In GC, a mobile phase of an inert gas such as helium 

is used as a carrier of the vapourised analyte. This is passed through a stationary phase 

with which the analyte interacts, resulting in different elution times for the components of 

the mixture. The stationary phase may be either a packed column, where the stationary 

phase is coated onto a particulate inert support, or a capillary column, the walls of which 

have been coated with the stationary phase. 

 Temperature of the system affects the elution times and thus the resolution of the 

final chromatograph. Higher temperatures will result in fast vapourisation of the analyte, 

however this may result in overlapping signals. Lower temperatures and highly precise, 

slow temperature ramps tend to give better resolution at the expense of experimental time.  
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 Combining GC with a mass spectrometer (GC-MS) allows for identification of the 

different components in the analyte mixture, which is not otherwise possible with mass 

spectrometry alone. The components of the analyte are introduced to the mass 

spectrometer as they are eluted from the column, where they are ionized and passed 

through the quadrupole of the mass spectrometer to separate fragments by molecular 

weight. The final chromatograph therefore contains not only elution times (which can be 

compared to standard data for the column type and conditions), but also information about 

the fragmentation of the molecule allowing for identification of the analyte components.  
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Chapter 3  Palladium Catalyst Cloths for Carbon-Carbon 

Coupling Reactions 

3.1 Introduction 

Heterogeneous (supported) catalysts can potentially address many of the drawbacks 

associated with homogeneous palladium catalyst carbon-carbon coupling reactions as 

discussed in Chapter 1. Existing commercially available materials include Pd/C, Pd/Al2O3, 

and loose polymer fibre anchored palladium(II) centres,1,2 however these all require post-

reaction filtration steps. There also exist dip catalysts for carbon-carbon coupling reactions 

(which do not require post-reaction filtration). For instance, palladium and nickel composite 

silica films dip coated onto glass supports rely on the sacrificial role of nickel, which 

ultimately limits the useable catalyst lifetime.3 In the case of palladium nanoparticles 

supported on thin cellulose acetate polymer membranes, catalyst activity only lasts about 

3 h.4 Longer life catalysts have been reported for palladium nanoparticles incorporated 

into spin coated poly(vinyl alcohol);5 however, these free standing multilayer films of just 

1 µm thickness are difficult to handle for industrial scale processing. In the case of 

palladium nanoparticles incorporated onto cellulose paper and wool only 5–6 recycles are 

feasible,6,7 whilst incorporation of palladium(II) species within a polymer film as an 

alternative to palladium nanoparticles suffers from high levels of metal leaching 

contributing towards homogeneous (rather than heterogeneous) catalysis.8,9,10,11 

        Although imidazole-based ligands for palladium catalysis are extensively used in 

homogeneous Mizoroki-Heck12,15 and Suzuki-Miyaura13,14,15,16 coupling reactions, their 

application on solid surfaces to anchor palladium catalysts has not been previously 

reported. In this chapter, we describe the anchoring of palladium catalyst sites through 

surface imidazole groups formed by pulsed plasma deposition of poly(1-allylimidazole) 

onto a cheap non-woven polypropylene support, Scheme 3.1. Palladium catalyst cloths 

prepared using surface imidazole groups have been evaluated for Sonogashira, Mizoroki-

Heck, and Suzuki-Miyaura carbon-carbon coupling reactions, as well as recycling studies, 

Scheme 3.2. 
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Scheme 3.1: Pulsed plasmachemical deposition of poly(1-allylimidazole) onto 

polypropylene cloth followed by surface tethering of palladium pro-catalyst species. 
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Scheme 3.2: Carbon-carbon coupling reactions of haloarene using palladium catalyst 

cloth: (i) Sonogashira coupling reaction with phenylacetylene; (ii) Mizoroki-Heck coupling 

reaction with styrene; and (iii) Suzuki-Miyaura coupling reaction with phenylboronic acid.  

Where X is a halogen atom. 

3.2 Experimental Section 

3.2.1 Pulsed Plasma Deposition of Poly(1-Allylimidazole) 

A cylindrical glass reactor (5.5 cm diameter, 475 cm3 volume) housed within a Faraday 

cage was used for plasmachemical deposition. This was connected to a 30 L min-1 rotary 

pump (E2M2, Edwards Vacuum Ltd.) via a liquid nitrogen cold trap (base pressure less 

than 2 x 10-3 mbar and air leak rate better than 6 x 10-9 mol s-1).17 A copper coil wound 

around the reactor (4 mm diameter, 10 turns, located 10 cm downstream from the gas 

inlet) was connected to a 13.56 MHz radio frequency (RF) power supply via an L-C 

matching network. A signal generator (model TG503, Thurlby Thandar Instruments Ltd.) 

was used to trigger the RF power supply. Prior to film deposition, the whole apparatus was 

thoroughly scrubbed using detergent and hot water, rinsed with propan-2-ol (+99.5 wt%, 

Fisher Scientific UK Ltd.), oven dried at 423 K, and further cleaned using a 50 W 

continuous wave air plasma at 0.2 mbar for 30 min. Silicon substrate preparation 

comprised successive sonication in propan-2-ol and cyclohexane (+99.7 wt%, Sigma-
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Aldrich Co.) for 15 min prior to insertion into the centre of the chamber. Further cleaning 

entailed running a 50 W continuous wave air plasma at 0.2 mbar for 30 min prior to film 

deposition. Non-woven polypropylene cloth (middle layer of disposable surgical face 

masks, SDMedical50pk, Security Direct, PO Box 1269) was used as provided. 1-

Allylimidazole (97 wt%, Acros Organics b.v.b.a.) precursor was loaded into a sealable 

glass tube, degassed via several freeze-pump-thaw cycles, and then attached to the 

reactor. Monomer vapour was then allowed to purge the apparatus at a pressure of 0.15 

mbar for 15 min prior to electrical discharge ignition. Pulsed plasma deposition was 

performed using a duty cycle on-period (ton) of 20 µs and a duty cycle off-period (toff) of 

1200 µs in conjunction with a RF generator power output (Pon) of 30 W.18 Upon plasma 

extinction, the precursor vapour was allowed to continue to pass through the system for a 

further 15 min, and then the chamber was evacuated to base pressure followed by venting 

to atmosphere.  The equivalent of 1.69 ± 0.09 µm pulsed plasma deposition onto silicon 

wafers either side of the much higher surface area non-woven polypropylene material was 

sufficient to ensure that all the individual cloth fibres had a conformal coating (as confirmed 

by XPS which corresponds to a fibre coating thickness at least of the order of nanometres). 

3.2.2 Surface Tethering of Palladium 

The pulsed plasma deposited poly(1-allylimidazole) surfaces were immersed for 16 h into 

an aqueous catalyst solution comprising 2 mM palladium(II) chloride (+99.999 wt%, Alfa 

Aesar Co. Ltd.), 3.0 M sodium chloride (+99.5 wt%, Sigma-Aldrich Co.), and 0.5 M sodium 

citrate dihydrate (+99 wt%, Sigma-Aldrich Co.) in high purity water (BS 3978 Grade 1) 

adjusted to pH 4.5 with citric acid monohydrate (+99 wt%, Sigma-Aldrich Co.)19. The 

surfaces were then rinsed in high purity water for 20 min. 

3.2.3 Film Characterisation 

Reflection-absorption infrared (RAIRS) spectra of pulsed plasma poly(1-allylimidazole) 

deposited onto silicon wafers were acquired using a FTIR spectrometer (Spectrum One, 

Perkin-Elmer Inc.) fitted with a liquid nitrogen cooled MCT detector operating at 4 cm-1 

resolution across the 400–4000 cm-1 range. The instrument included a variable angle 

reflection-absorption accessory (Specac Ltd.) set to a grazing angle of 66° for silicon wafer 

substrates and adjusted for p-polarization. Attenuated total reflectance (ATR) infrared 
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spectra of 1-allylimidazole precursor were obtained using a Golden Gate accessory 

(Specac Ltd.)   

Film thickness values of pulsed plasma poly(1-allylimidazole) deposited onto 

silicon wafers were measured using a spectrophotometer (nkd-6000, Aquila Instruments 

Ltd.). Transmittance-reflectance curves (350–1000 nm wavelength range) were acquired 

for each sample and fitted to a Cauchy model for dielectric materials20 using a modified 

Levenberg-Marquardt algorithm.21  This was used to check for uniform deposition rate 

onto the non-woven polypropylene cloth material. 

Surface elemental compositions of pulsed plasma poly(1-allylimidazole) 

deposited onto silicon wafers and non-woven polypropylene cloth were measured by X-

ray photoelectron spectroscopy (XPS) using a VG ESCALAB II electron spectrometer 

equipped with a non-monochromated Mg Kα1,2 X-ray source (1253.6 eV) and a concentric 

hemispherical analyser. Photoemitted electrons were collected at a take-off angle of 20° 

from the substrate normal, with electron detection in the constant analyser energy mode 

(CAE, pass energies of 20 and 50 eV for high resolution and survey spectra, respectively). 

Experimentally determined instrument sensitivity factors were C(1s) : O(1s) : N(1s) : Cl(2p) 

: Pd(3d) equals 1.00 : 0.35 : 0.70 : 0.37 : 0.06 respectively.  The core level binding energy 

envelopes were fitted with a linear background and Gaussian peak shape.22,23 A least 

squares regression was used for peak fitting, with a fixed full-width-half-maximum (FWHM) 

for all environments within a binding envelope. All binding energies were referenced to the 

C(1s) -CxHy hydrocarbon peak at 285.0 eV.24 

3.2.4 Carbon-Carbon Coupling Reactions 

Sonogashira Coupling Reaction 

For single use palladium cloth studies, new B14 borosilicate sample flasks were 

thoroughly scrubbed using detergent and hot water, rinsed with acetone and oven dried 

at 373 K for 12 h. This cleaning procedure was followed before every reaction in order to 

remove any impurity.  For single run studies on the palladium catalyst cloth, 0.50 ± 0.01 

mmol of iodobenzene (98 wt%, Sigma-Aldrich Co.), 0.74 ± 0.01 mmol of phenylacetylene 

(98 wt%, Sigma-Aldrich Co.), and 0.99 ± 0.01 mmol of K2CO3 (98 wt%, Sigma-Aldrich Co.) 

were weighed out into a borosilicate flask. 3 mL of a solution comprising ethanol and high 

purity water in a 2 : 1 volume ratio was added, the flask was agitated to dissolve the K2CO3, 

and then the catalyst cloth was added (7.9 ± 2.6 mg catalyst cloth, with 0.50 ± 0.17 µmol 
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of palladium(II) or 0.68 wt% (53.7 ± 17.9 µg) initial palladium loading as measured by ICP-

OES analysis). The B14 flask was fitted to a B14 water cooled condenser and immersed 

in a water bath at 343 K for 12 h for the reaction to proceed using a PTFE coated stirrer 

bar agitated at 500 rpm. Afterwards, the flask was removed from the water bath and 

allowed to cool to room temperature, after which the catalyst cloth was removed and the 

solution decanted. The flask was then rinsed twice with 2.5 mL of chloroform (99.8 wt%, 

Merck KGaA) and the washings were added to the decanted solution. The combined 

solution was washed twice with 3 mL of water, and the organic portion was dried over 

anhydrous sodium sulphate (99 wt%, SD-Fine Chem Ltd.) before analysis by GC and GC-

MS without further dilution. 

In the case of palladium cloth recycling studies, B10 borosilicate sample flasks 

(Scientific Glass Laboratories Ltd.) were rinsed with ethanol (+99.8 wt%, Fisher Scientific 

UK Ltd.), thoroughly scrubbed using detergent and hot water, followed by immersion for 

10 h in a solution comprising sodium hydroxide (99.2 wt%, Fisher Scientific UK Ltd.), 

propan-2-ol, and high purity water in a mass ratio 1 : 20 : 5 in order to remove any organic 

residue. The flasks were then thoroughly scrubbed using detergent and hot water, rinsed 

in propan-2-ol, and oven dried at 423 K. A final wash step consisted of immersion for 1 h 

in a 1 wt% nitric acid bath (70 wt% in water, Fisher Scientific UK Ltd., further diluted in 

high purity water), followed by thorough rinsing with high purity water and oven drying at 

423 K, to ensure that no palladium transfer occurred between solutions. This rigorous 

cleaning procedure was undertaken before each reaction.  0.50 ± 0.01 mmol of 

iodobenzene, 0.74 ± 0.01 mmol of phenylacetylene, and 0.99 ± 0.01 mmol of K2CO3  were 

weighed out into a borosilicate flask. 3 mL of a solution comprising ethanol and high purity 

water in a 2 : 1 volume ratio was added, the flask was agitated to dissolve the K2CO3, and 

then the catalyst cloth was added (5.8 ± 0.5 mg catalyst cloth, with 0.11 ± 0.01 µmol 

palladium(II) or 0.21 wt% (12 ± 1 µg) initial palladium loading as measured by ICP-OES 

analysis (Vista MPX, Varian Inc.)).  The B10 flask was fitted to a B10 water cooled 

condenser and immersed in a water bath at 343 K for 12 h for the reaction to proceed. For 

these recycling studies, the stirrer was not included in order to prevent abrasive damage 

to the cloth material over sequential recycling runs. Afterwards, the flask was removed 

from the water bath and allowed to cool to room temperature, after which the catalyst cloth 

was removed and the solution decanted. The flask was then rinsed twice with 1 mL of 

chloroform (99.8 wt%, Fisher Scientific UK Ltd.) and the washings were added to the 
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decanted solution. Solutions for GC analysis were extracted three times with 3 mL of 

chloroform, spiked with 4 mg mL-1 decane (0.1 g, +99 wt%, Sigma-Aldrich Co.), and made 

up to 25 mL with dichloromethane (99.99 wt%, Fisher Scientific UK Ltd.). Solutions for 

ICP-OES analysis were sealed in screw topped borosilicate glass vials fitted with a 

PTFE/silicone slit septum (J.G Finneran Associates Inc. part no. 603570-08). The catalyst 

cloths were dried in air at 293 K for a minimum of 1 h before reuse in recycling studies 

with a fresh reactant solution each time.  

Mizoroki-Heck Coupling Reaction 

A PTFE lined autoclave 15 mL was thoroughly scrubbed using detergent and hot water, 

rinsed with acetone and oven dried at 373 K for 12 h. This cleaning procedure was 

followed before every reaction.  0.50 ± 0.01 mmol of iodobenzene (98 wt%, Sigma-Aldrich 

Co.), 0.75 ± 0.01 mmol of styrene (99 wt%, Sigma-Aldrich Co.), and 0.99 ± 0.005 mmol of 

K2CO3 (98 wt%, Loba Chemie Pvt. Ltd.) were weighed out into a PTFE lined autoclave. 3 

mL of acetonitrile (99.8 wt%, S D Fine-Chem Ltd.) was added, the autoclave was agitated 

and the catalyst cloth was added (7.9 ± 2.6 mg catalyst cloth, with 0.50 ± 0.17 µmol of 

palladium(II) or 0.68 wt% (53.7 ± 17.9 µg) initial palladium loading as measured by ICP-

OES analysis). The autoclave was fitted with a PTFE coated magnetic stirrer, agitated at 

500 rpm, and heated to 413 K for 6 h for the reaction to proceed. Afterwards, the autoclave 

was left to cool to room temperature, after which the catalyst was removed and the solution 

decanted. The autoclave was rinsed twice with 1 mL of acetonitrile and twice with 1 mL of 

ethyl acetate (99.5 wt%, S D Fine-Chem Ltd). The washings were added to the decanted 

solution before analysis by GC and GC-MS without further dilution.  

Suzuki-Miyaura Coupling Reaction 

For single use palladium cloth studies, new B14 borosilicate sample flasks were 

thoroughly scrubbed using detergent and hot water, rinsed with acetone and oven dried 

at 373 K for 12 h. This cleaning procedure was followed before every reaction.  0.50 ± 

0.05 mmol of iodobenzene (98 wt%, Sigma-Aldrich Co.), 0.75 ± 0.01 mmol of 

phenylboronic acid (95 wt%, Sigma-Aldrich Co.), and 0.99 ± 0.01 mmol of K2CO3 (98 wt%, 

Sigma-Aldrich Co.) were weighed out into a borosilicate flask. 3 mL of a solution 

comprising ethanol and high purity water in a 2 : 1 volume ratio was added, the flask was 

agitated to dissolve the K2CO3, and then the catalyst cloth was added (7.9 ± 2.6 mg 

catalyst cloth, with 0.50 ± 0.17 µmol of palladium(II) or 0.68 wt% (53.7 ± 17.9 µg) initial 
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palladium loading as measured by ICP-OES analysis) Alternatively, the iodobenzene 

reagent was substituted for bromobenzene (>99.5 wt%, Sigma-Aldrich Co.) or 

chlorobenzene (99.8 wt%, Sigma-Aldrich Co.). The B14 flask was fitted to a B14 water 

cooled condenser and immersed in a water bath at 343 K for 30 min for the reaction to 

proceed using a PTFE coated stirrer bar agitated at 500 rpm. Afterwards, the flask was 

removed from the water bath and allowed to cool to room temperature, after which the 

catalyst cloth was removed and the solution decanted. The flask was then rinsed twice 

with 2.5 mL of chloroform and the washings were added to the decanted solution. The 

combined solution was washed twice with 3 mL of water, and the organic portion was dried 

over anhydrous sodium sulphate before analysis by GC and GC-MS without further 

dilution. 

In the case of palladium cloth recycling studies, B10 borosilicate sample flasks 

were rinsed with ethanol, thoroughly scrubbed using detergent and hot water, followed by 

immersion for 1 h in a solution comprising sodium hydroxide, propan-2-ol, and high purity 

water in a mass ratio 1 : 20 : 5 in order to remove any organic residue. The flasks were 

then thoroughly scrubbed using detergent and hot water, rinsed in propan-2-ol, and oven 

dried at 423 K. A final wash step consisted of immersion for 1 h in a 1 wt% nitric acid bath, 

followed by thorough rinsing with high purity water and oven drying at 423 K, to ensure 

that no palladium transfer occurred between solutions. This rigorous cleaning procedure 

was undertaken before each reaction.  0.50 ± 0.05 mmol of iodobenzene, 0.75 ± 0.01 

mmol of phenylboronic acid, and 0.99 ± 0.01 mmol of K2CO3 were weighed out into a 

borosilicate flask. 3 mL of a solution comprising ethanol and high purity water in a 2 : 1 

volume ratio was added, the flask was agitated to dissolve the K2CO3, and then the 

catalyst cloth was added (7.9 ± 2.6 mg catalyst cloth, with 0.50 ± 0.17 µmol of palladium(II) 

or 0.68 wt% (53.7 ± 17.9 µg) initial palladium loading as measured by ICP-OES analysis). 

Alternatively, 0.50 ± 0.05 mmol of 4-methoxyiodobenzene (98 wt%, Sigma-Aldrich Co.) 

was substituted for iodobenzene to rule out homocoupled by-product formation.  The flask 

was fitted to a water cooled condenser and immersed in a water bath at 343 K for 30 min 

for the reaction to proceed. For these recycling studies, the stirrer was not included in 

order to prevent abrasive damage to the cloth material over sequential recycling runs.  

Afterwards, the flask was removed from the water bath and allowed to cool to room 

temperature, after which the catalyst cloth was removed and the solution decanted. The 

flask was then rinsed twice with 1 mL of chloroform and the washings were added to the 
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decanted solution. Solutions for GC analysis were extracted three times with 3 mL of 

chloroform, spiked with 4 mg mL-1 decane (0.1 g), and made up to 25 mL with 

dichloromethane. Solutions for ICP-OES analysis were sealed in screw topped 

borosilicate glass vials fitted with a PTFE/silicone slit septum. Catalyst cloths were dried 

in air at 293 K for a minimum of 1 h before reuse in recycling studies with a fresh reactant 

solution each time.  

3.2.5 Product Analysis 

Mizoroki-Heck, Suzuki-Miyaura, and Sonogashira Single Use Coupling Reactions 

Gas chromatography (GC) (Young Lin Instrument Co. YL6100 gas chromatograph with a 

flame ionization detector (FID) fitted with a siloxane capillary column (5% phenyl / 95% 

dimethylpolysiloxane BP-5), length of 30 m, internal diameter of 0.25 mm, coating 

thickness of 0.25 µm), a starting temperature of 353 K, a hold time of 5 min, a ramp rate 

5 K min-1, and a final temperature of 573 K, with a hold time of 10 min. Product yield was 

calculated from GC as the percentage conversion of haloarene to desired coupled product 

in the recovered reaction solution, all other reagents were used in excess. Product 

selectivity was calculated as the percentage of desired product molecules produced per 

molecule of haloarene consumed. Gas chromatography mass spectrometry analysis (GC-

MS) (Schimadzu Europa Gmbh, GCMS-QP2010 Ultra fitted with an Rxi®-5Sil column, 

length of 30 m, internal diameter of 0.25 mm, coating thickness of 0.25 µm) was conducted 

with a starting temperature of 353 K, a hold time of 5 min, a ramp rate 5 K min-1, and a 

final temperature of 573 K with a hold time of 10 min. Coupling reaction products were 

confirmed using authentic samples of biphenyl (99 wt%, Aldrich Chemical Co. Inc.), 

diphenylacetylene (98 wt%, Aldrich Chemical Co. Inc.), and trans-stilbene (96 wt%, Aldrich 

Chemical Co. Inc.).  

Sonogashira and Suzuki-Miyaura Coupling Recycling Experiments 

GC (Bruker Corp. Scion 456 gas chromatograph with a flame ionization detector (FID) 

fitted with a siloxane capillary column (5% phenyl / 95% dimethylpolysiloxane BP-5), 

length of 30 m, internal diameter of 0.25 mm, coating thickness of 0.25 μm) was conducted 

using high-performance liquid chromatography (HPLC) autosampler vials with a 

PTFE/silicone slit septum at a starting temperature of 373 K, a hold time of 4 min, a ramp 

rate of 20 K min-1, and a final temperature of 473 K with a hold time of 9 min. Product yield 
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was calculated from GC as the percentage conversion of haloarene to desired coupled 

product in the recovered reaction solution, all other reagents were used in excess. GC-

MS (Shimadzu Europa Gmbh, GCMS-QP2010 Ultra fitted with an Rxi®-5Sil column, length 

of 10 m, internal diameter of 0.15 mm, column coating thickness of 0.15 μm) was 

conducted at a starting temperature of 303 K and a hold time of 1 min, a ramp rate of 50 

K min-1, and a final temperature of 573 K, with a hold time of 5 min. 

3.2.6 Palladium Catalyst Loading 

Palladium loading on the catalyst cloth and amount leached during recycling studies was 

measured by ICP-OES (Vista MPX CCD Simultaneous axial ICP-OES, Varian Inc.). 

Calibration of detected palladium signal intensity to actual palladium content in solution 

was carried out to an accuracy of 0.01 ppm using reference samples at 1, 2, and 5 ppm, 

prepared from a 1000 ppm stock solution (26 X 1-Pd(a), MBH Analytical Ltd.) diluted in 

high purity water (resistance of 18.2 MΩ).  Analyte solutions and palladium catalytic cloths 

were digested in 5 mL of sulphuric and perchloric acids (95 wt% Normapur®, and 65 wt% 

Normatom® respectively, VWR International Ltd.)  by a wet ashing method followed by 

dilution to 25 mL in high purity water. The detection limit of palladium in these catalysis 

experiment analyte solutions was 0.1 ppm on a mass basis. 

3.3 Results 

3.3.1 Surface Tethering of Palladium 

Infrared spectroscopy of pulsed plasma deposited poly(1-allylimidazole) films confirmed a 

high level of imidazole functional group structural retention,18  Figure 3.1. Characteristic 

imidazole ring absorbances include: C=C–H ring stretch (3107 cm-1), C=N ring stretch 

(1504 cm-1), and N=C–H ring in-plane bend vibration (1107 cm-1).25 Bands present in the 

1560–1700 cm-1 range can be attributed to a low level of plasma fragmented imidazole 

group C=N stretches,26 and carbonyl stretches from adducts formed through atmospheric 

carbon dioxide adsorption.27,28 Disappearance of the monoalkyl vinyl CH2 wag (906 cm-1) 

associated with the precursor molecule confirmed selective polymerisation of the vinyl 

group during pulsed plasma deposition.29 
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Figure 3.1: (a) ATR infrared spectra of 1-allylimidazole liquid precursor; and (b) RAIRS 

infrared spectra of pulsed plasma deposited poly(1-allylimidazole) (ton = 20 µs, toff = 1200 

µs, Pon = 30 W, thickness = 1.69 ± 0.09 µm). Dashed lines denote characteristic imidazole 

ring absorbances at 3107 cm-1, 1504 cm-1, and 1107 cm-1. * Denotes monoalkyl vinyl CH2 

wag at 906 cm-1.  Overall relative intensity differences between the two spectra are due to 

the use of ATR versus RAIRS infrared spectroscopy techniques. 

XPS analysis of pulsed plasma poly(1-allylimidazole) deposited onto non-woven 

polypropylene cloth detected carbon, nitrogen, and a small amount of oxygen, Figure 3.2 

and Table 3.1. The N(1s) binding envelope could be fitted to two different nitrogen 

environments at 398.7 eV and 400.5 eV, corresponding to the imidazole ring C=N and C-

N nitrogen centres respectively,30 Figure 3.3. Their slight deviation away from the 

theoretical 1 : 1 peak area ratio stems from a small amount of precursor fragmentation 

within the electrical discharge.26 Immersing the imidazole functionalised cloth into 

palladium(II) chloride containing aqueous solution followed by rinsing in water gave rise 

to the appearance of palladium and chlorine XPS signals, signifying surface complex 

formation, Figure 3.2 and Scheme 3.1. This was accompanied by the relative attenuation 

in the 398.7 eV C=N environment, which is consistent with metal complexation to 

imidazole ligand C=N centres entailing nitrogen lone pair donation to the positively 
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charged metal centre causing a decrease in electron density around the complexing 

nitrogen atom (increase in N(1s) XPS binding energy19,31), Figure 3.3.  The detection of 

some oxygen signal can be attributed to factors such as water absorption and the 

formation of adducts through atmospheric carbon dioxide adsorption.26,27,28 

Table 3.1: XPS elemental relative atomic compositions at each stage of palladium catalyst 

cloth preparation and for a control sample in which polypropylene cloth without pulsed 

plasma poly(1-allylimidazole) functionalization was exposed to PdCl2 solution. 

Sample C / % N / % O / % Pd / % Cl / % 

Polypropylene cloth 100 - - - - 

Control polypropylene cloth exposed 

to palladium(II) chloride solution 
93 - 7 - - 

Pulsed plasma poly(1-allylimidazole) 

coated polypropylene cloth 
74 ± 1 24 ± 1 3 ±1 - - 

Palladium catalyst cloth 64 ± 5 13 ± 2 16 ± 4 2 ± 1 5 ± 2 
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Figure 3.2: Wide scan XPS spectra of: (a) untreated polypropylene cloth; (b) pulsed 

plasma poly(1-allylimidazole) deposited onto polypropylene cloth (ton = 20 µs, toff = 1200 

µs, Pon = 30 W); and (c) following palladium(II) chloride complexation to imidazole-

functionalised cloth. 
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Figure 3.3: N(1s) XPS spectra: (a) pulsed plasma poly(1-allylimidazole) deposited onto 

polypropylene cloth (ton = 20 µs, toff = 1200 µs, Pon = 30 W); and (b) following palladium(II) 

chloride complexation to cloth. 

3.3.2 Carbon-Carbon Coupling Reactions 

The prepared low loading (0.68 wt%) palladium catalyst cloths were found to give very 

good product yields and high selectivities for Sonogashira, Mizoroki-Heck, and Suzuki-

Miyaura coupling reactions of iodobenzene, Table 3.2. It was noted that bromobenzene 

displayed a small drop in catalytic performance compared to iodobenzene, whilst 

chlorobenzene gave rise to much lower catalytic coupling yields. This is consistent with 

the known attenuated activity of bromo and chlorobenzene towards oxidative addition 

reactions.32  For chlorobenzene, raising the reaction temperature from 343 K to 383 K led 

to an improvement in turn over frequency, Table 3.2.  
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Table 3.2: Cross-coupling reactions for halobenzene reagents (0.50 ± 0.05 mmol, stirred) 

using 0.50 ± 0.17 µmol palladium(II) catalyst cloths (7.9 ± 2.6 mg catalyst cloth with 0.68 

wt% palladium loading), Scheme 3.2. Yield is defined as the amount of desired product 

as a molar percentage of the initial limiting reagent. Turn over frequency (TOF) is defined 

as the number of moles of product per mole of palladium per second,33 assuming each 

palladium atom is an active site. [Coupling reactions and GC conducted by R. Kore] 

Coupling 

Reaction 
Reagent 1  

Reagent 

2 
Conditions 

Yield 

/ % 

Selectivity 

/ % 

TOF 

/ h-1 

Sonogashira 

 

+ 

 

Ethanol-water, 

12 h, 343 K 
54 ± 3 99 ± 1 45 ± 2 

Mizoroki-

Heck 
 

+ 

 

Acetonitrile, 

0.5 h, 413 K 
82 ± 7 93 ± 1 

1640 ± 

131 

Suzuki-

Miyaura  

+ 

 

Ethanol-water, 

0.5 h, 343 K 
99 ± 1 >99 

1980 ± 

20 

Suzuki-

Miyaura 
 

+ 

 

Ethanol-water, 

5 h, 343 K 
87 ± 6 >99 175 ± 17 

Suzuki-

Miyaura 
 

+ 

 

Ethanol-water, 

18 h, 343 K 
10 ± 2 >99 6 ± 1 

Suzuki-

Miyaura 
 

+ 

 

Ethanol-water, 

18 h, 383 K 
25 >99 14 
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The Suzuki-Miyaura coupling reaction was further investigated by running a control 

experiment using 4-methoxyiodobenzene as a reactant with phenylboronic acid under 

similar reaction conditions in order to rule out the possibility of homocoupled by-product 

formation; GC-MS analysis of the resulting products showed the presence of only 4-

methoxybiphenyl and biphenyl was not observed. 

3.3.3 Recycling of Palladium Catalyst Cloth 

Any possibility of palladium leaching from the catalyst cloths leading to predominantly 

homogeneous catalysis was checked by ICP-OES of the solution phase over 16 Suzuki-

Miyaura and Sonogashira reaction cycles (i.e. 15 repeat cycles) in tandem with 

measurement of product yields, Figure 3.4 and Figure 3.5.  Lower initial product yields 

were observed for both Suzuki-Miyaura and Sonogashira reactions during recycling 

studies when compared to single use studies, Table 3.2, this was due to the absence of 

stirring in the former case. The Suzuki-Miyaura coupling reaction for iodobenzene reactant 

showed minimal leaching (1.3 ± 0.4% per cycle of the starting 0.68 wt% palladium cloth 

loading). The expected product yield trend over repeat cycles for a purely surface bound 

heterogeneous reaction was determined by scaling the product yield to the percentage 

palladium loading remaining on the cloth (i.e. 80% palladium remaining would give 80% 

of the product yield measured for the fresh catalyst cloth). The expected product yield 

trend for a purely homogeneous solution-based reaction was estimated to remain constant 

as the percentage loading on the cloth decreased, due to the measured constant leaching 

level. The observed decreasing trend in activity likely rules out purely homogeneous 

catalytic behaviour because the very low palladium leaching rate remains steady 

throughout the recycling studies. However, the formation of palladium nanoparticles on 

the surface may result in reserviors of active species that can diffuse into the solution and 

readsorb upon reaction completion.34 This may result in a slow decline in activity and a 

low leaching rate, as observed for the studied catalytic cloths. 
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Figure 3.4: Recycling Suzuki-Miyaura coupling reaction of iodobenzene (0.50 ± 0.05 

mmol iodobenzene, 343 K, 0.5 h per reaction, unstirred) using the same palladium catalyst 

cloth (7.9 ± 2.6 mg catalyst cloth, with 0.50 ± 0.17 µmol palladium(II) or 0.68 wt% initial 

palladium loading as measured by ICP-OES): (a) percentage product yield (■) and 

percentage palladium leaching of initial cloth loading per cycle (●) as a function of repeat 

cycle number; (b) percentage product yield as a function of the palladium loading 

remaining on the cloth (■) (calculated from the measured constant absolute value of 

palladium leaching per cycle of 1.3 ± 0.4% of the starting cloth loading i.e. repeat cycle 

no. 0). Dashed lines represent theoretical product yields for exclusively homogeneous and 

heterogeneous catalyst reaction pathways. Error bars are the standard deviation of three 

repeat experiments. [ICP analysis carried out by Medac Ltd.]  
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Figure 3.5: Recycling Sonogashira coupling reaction of iodobenzene (0.50 ± 0.05 mmol 

iodobenzene, 343 K, 12 h per reaction, unstirred) using the same palladium catalyst cloth 

(5.8 ± 0.5 mg catalyst cloth, with 0.11 ± 0.01 µmol palladium(II) or 0.21 wt% initial 

palladium loading as measured by ICP-OES): (a) percentage product yield (■) and 

percentage palladium leaching of initial cloth loading per cycle (●) as a function of repeat 

cycle number; (b) percentage product yield as a function of the palladium loading 

remaining on the cloth (■) (calculated from the measured constant absolute value of 

palladium leaching per cycle of 3.7 ± 1.1% of the starting cloth loading i.e. repeat cycle 

no. = 0). Dashed lines represent theoretical product yields for exclusively homogeneous 

and heterogeneous catalyst reaction pathways. Error bars are the standard deviation of 

three repeat experiments. [ICP analysis carried out by Medac Ltd.]  
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The aforementioned palladium cloth recycling trend observed for the Suzuki-

Miyaura coupling reaction was confirmed for Sonogashira reactions over a much longer 

time period by lowering the catalyst loading on the cloth (0.21 wt% initial palladium loading 

equivalent to 0.11 ± 0.01 µmol) and extending the reaction time (12 h per reaction) so as 

to allow monitoring over the full catalyst lifetime.  The level of palladium leaching from the 

catalyst cloths remained low at 3.7 ± 1.1% of starting cloth palladium loading (i.e. repeat 

cycle no. 0) per 12 h cycle throughout the overall Sonogashira reaction operational time 

of 192 h, at which point the cloth reached complete exhaustion, Figure 3.5. Again, the low 

level of palladium leaching remains steady in absolute terms, which rules out exclusive 

homogeneous palladium catalysis due to metal leaching because the product yield does 

not remain constant between consecutive recycles. Furthermore, the non-linearity of 

product yield with remaining palladium cloth loading suggests that either aggregation of 

metal atoms to form less active palladium clusters or poisoning is occurring on the cloth 

surface, Figure 3.5.  

3.4 Discussion 

Pulsed plasmachemical functionalisation of solid surfaces using polymerisable functional 

precursors is a well-established solventless, single-step, conformal, and substrate-

independent technique, which offers the advantage of high levels of functional group 

retention,35 thus making it well-suited for the preparation of cloth supported heterogeneous 

catalysts. Infrared and XPS analyses have shown that there is a high level of imidazole 

ring retention during pulsed plasma deposition of 1-allylimidazole precursor, thereby 

facilitating palladium(II) ion complexation onto the surface, Scheme 3.1, Figure 3.1, and 

Table 3.1. The analogous [PdCl2(allylimidazole)2] compound is reported to be stable at 

room temperature.36 XPS analysis has shown that the measured N : Pd : Cl ratio of 6.5 : 

1 : 2.5 is consistent with the formation of surface tethered [PdCl2(im)2], with the excess 

nitrogen content most likely arising from a combination of uncoordinated imidazole rings 

and a small degree of imidazole ring fragmentation during the pulsed plasma deposition 

process.26 

 Sonogashira, Mizoroki-Heck, and Suzuki-Miyaura coupling reactions of 

iodobenzene have demonstrated the practical viability of these palladium catalyst cloths.  

The palladium cloth loadings used for the Suzuki-Miyaura coupling reaction (for the 

reaction solution equivalent to 0.10 ± 0.04 mol% or 18 ± 6 ppm on a mass basis) are lower 
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than most previously reported dip catalysts (which range from 0.2 mol % to 2.0 mol%,3,4,6,7 

with a single instance of 0.06 mol%)5 and are comparable to many dispersed solid 

supported heterogeneous catalysts.37,38,39,40,41,42,43,44 Low palladium loading and high 

product yields for the Suzuki-Miyaura coupling of iodobenzene equates to a TOF of 1980 

± 20 h-1 (TON = 990 ± 10), which surpasses the TOFs reported for all but one palladium 

dip catalyst (TOF = 5808 h-1);6 however, the higher reaction temperatures and shorter 

reaction times used in that example (403 K and 5 min, compared to the present 343 K and 

30 min) are conducive to higher TOFs. Whilst very high TOFs of up to 107 h-1 are 

achievable with dispersed solid supported palladium catalysts and homogeneous 

catalysts in both organic solvents and water, such catalysts require post reaction 

separation.37,45,46,47  Palladium catalyst cloths were also active for the Suzuki-Miyaura 

coupling of bromo and chloro benzene, indicating that this material can catalyse cheaper 

feedstocks. 

The robustness of the catalyst cloths towards palladium leaching has been 

exemplified by following Sonogashira coupling over extended reaction times lasting days 

(choosing the lower than 99% reaction yield provided a meaningful check on monitoring 

yield changes). Palladium leaching over the total 192 h of catalyst cloth use was found to 

be less than 3.3 ± 0.7 ppb h-1 cm-3 when using an initial cloth equivalent reaction solution 

loading of 4.0 ± 0.4 ppm (on a mass basis or 0.022 ± 0.003 mol%), thereby demonstrating 

the prolonged stability of the palladium catalyst cloth. This compares favourably with 

previously reported studies where the palladium catalyst leaching rate ranges from less 

than 1 ppb h-1 cm-3 to over 100 ppb h-1 cm-3.5,37,39,40,42,43,48  The observed drop in product 

yield with extended reaction time may be due to aggregation of palladium bound to the 

imidazole moieties,49 or catalyst poisoning. No breakdown point (characterised by a large 

rise in palladium leaching) was observed, highlighting the scope for far better reusability 

compared to existing state-of-the-art Fibrecat® commercial catalysts (which typically 

release increasing amounts of palladium after just three catalytic cycles35).  The absence 

of any correlation between product yield and palladium leaching rules out the possibility 

of leached palladium species being primarily responsible for the observed catalysis, Figure 

3.5. 

Compared to conventional dispersed solid supported palladium catalysts, which 

require post-reaction filtration or complicated chemical synthesis in the case of magnetic 

separation, the envisaged benefits for the use of such cloth catalysts includes scope for 
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environmentally friendly solvents, lower costs, ease of use, and 

recyclability.2,38,39,40,41,42,43,44,50 

3.5 Conclusions 

Plasmachemical surface functionalisation with imidazole groups offers a cheap and quick 

approach for preparing low loading palladium catalyst cloths. These have been evaluated 

for Sonogashira, Mizoroki-Heck, and Suzuki-Miyaura carbon-carbon coupling reactions, 

and shown to exhibit high product yields (54%, 82%, and 99% respectively) and 

selectivities (99%, 93%, and greater than 99% respectively), whilst retaining catalytic 

activity over extended periods of usage (including recycling). 
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Chapter 4  Sonicated Palladium – Poly(Ionic Liquid) 

Membrane Flow Catalysis 

4.1 Introduction 

Ionic liquids are used for a wide range of applications including catalysis.1,2,3  In the case 

of the Suzuki-Miyaura carbon-carbon coupling reaction, palladium species immobilised 

within ionic liquids have been shown to be highly effective catalyst 

systems.4,5,6,7,8,9,10,11,12,13,14,15,16 For instance, ionic liquid imidazolium cations can 

coordinate palladium catalyst centres.4,5,6,7,8,9,10,11,12,13,14,15 The covalent attachment of ionic 

liquids to conventional polymer backbones such as poly(vinylbenzyl)7,12 and 

poly(divinylbenzene)13 has also been reported.  Whilst such homogeneous systems can 

produce high yields and reaction selectivities,4,5,6,7,8,9,10,11,12,13,14,15,16 the inherent 

requirement for elution of the product limits them to batch processing. Other 

disadvantages include the need for high metal catalyst loadings, metal loss due to 

leaching, or catalyst breakdown; all of which can lead to additional processing steps and 

extra costs being incurred (e.g. post-reaction metal recovery in order to comply with public 

health regulations for pharmaceutical active ingredients17).  

In the case of heterogeneous catalyst Suzuki-Miyaura carbon-carbon coupling 

reaction systems, palladium dispersed onto carbon (Pd/C) provides ease of product 

recovery, a relatively high reaction rate, lower cost, and integration into packed bed 

reactors or columns.18,19,20,21  However, not only are high temperatures and loadings 

necessary to achieve adequate yields, significant levels of metal leaching are observed.  

Lower palladium loadings have been reported for ionic liquids covalently attached to solid 

support materials for packed bed reactors (these include metal phosphates,22 metal 

oxides,23 and organic polymers24). Despite such heterogeneous systems displaying 

reduced palladium leaching compared to conventional Pd/C systems, elevated 

temperatures or microwave heating are still needed to achieve high product yields.  

Microchannel and capillary reactors are alternatives to packed bed reactor systems, 

benefiting from lower loadings, high turnover frequencies (TOFs), and low levels of 

catalyst leaching.25,26  Their drawback is the small active catalytic areas available in such 

devices limiting the overall reaction product capacity compared to conventional larger-

scale packed bed flow reactors.  
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Hybrid catalyst - membrane systems can potentially address the aforementioned 

limitations. Ionic liquids supported onto membranes have been prepared by photo-initiated 

grafting of imidazolium groups onto polyethersulfone membranes.27 The resulting 

membrane supported palladium - poly(ionic liquid)  catalysts yield rapid TOFs (147 h-1, 

moles of product per mole of palladium per hour), but operate at above ambient 

temperatures (333 K).  In this chapter, a continuous flow anisotropic palladium - poly(ionic 

liquid) catalyst membrane system containing the above advantages of low Pd loading is 

described, which operates at low temperatures (293 K) and delivers comparable 

performance (TOF = 154 h-1) to previously reported poly(ionic liquid) catalysts. Its 

fabrication comprises pulsed plasma deposition of a poly(vinylbenzyl chloride) layer onto 

a membrane to generate surface benzyl chloride groups followed by the Menshutkin 

reaction to form surface tethered quaternised N-butylimidazole moieties which are 

subsequently used to complex palladium chloride catalyst to the imidazolium cations,28 

Scheme 4.1. The fabricated palladium - poly(ionic liquid) catalyst membranes have been 

employed for the Suzuki-Miyaura carbon-carbon coupling reaction, Scheme 4.2. 
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Scheme 4.1: Preparation of anisotropic palladium - poly(ionic liquid) catalyst membrane 

by pulsed plasma deposition of poly(vinylbenzyl chloride) layer (diagonally hatched 

shading) onto PTFE membrane followed by solution phase quaternisation with N-

butylimidazole and then complexation to palladium(II) pro-catalyst.  
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Scheme 4.2: Suzuki-Miyaura carbon-carbon coupling reaction of iodobenzene with 

phenylboronic acid using palladium - poly(ionic liquid) catalyst membrane. 

4.2 Experimental Section 

4.2.1 Preparation of Palladium - Poly(Ionic Liquid) Catalyst Membrane 

A cylindrical glass reactor (5.5 cm diameter, 475 cm3 volume) housed within a Faraday 

cage was used for plasmachemical deposition. This was connected to a 30 L min-1 rotary 

pump (model E2M2, Edwards Vacuum Ltd.) via a liquid nitrogen cold trap (base pressure 

less than 2 x 10-3 mbar and air leak rate better than 6 x 10-9 mol s-1).29 A copper coil wound 

around the reactor (4 mm diameter, 10 turns, located 10 cm downstream from the gas 

inlet) was connected to a 13.56 MHz radio frequency (RF) power supply via an L-C 

matching network. A signal generator (model TG503, Thurlby Thandar Instruments Ltd.) 

was used to trigger the RF power supply. Prior to film deposition, the whole apparatus was 

thoroughly scrubbed using detergent and hot water, rinsed with propan-2-ol (+99.5 wt%, 

Fisher Scientific UK Ltd.), oven dried at 423 K, and further cleaned using a 50 W 

continuous wave air plasma at 0.2 mbar for 30 min. Silicon substrate preparation 

comprised successive sonication in propan-2-ol and cyclohexane (+99.7 wt%, Sigma-

Aldrich Co.) for 15 min prior to insertion into the centre of the chamber. Further cleaning 

entailed running a 50 W continuous wave air plasma at 0.2 mbar for 30 min prior to film 

deposition. Polytetrafluoroethylene (PTFE) membrane film (36B(1), 180 ± 10 μm 

thickness, 5 ± 2 μm surface pore size (determined by SEM), Mupor Ltd) was used as 

provided. Vinylbenzyl chloride (mixture of 3- and 4- isomers, 97 wt%, Sigma-Aldrich Co.) 

precursor was loaded into a sealable glass tube, degassed via several freeze-pump-thaw 
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cycles, and then attached to the reactor. Monomer vapour was then allowed to purge the 

apparatus at a pressure of 0.15 mbar for 15 min prior to electrical discharge ignition. 

Pulsed plasma deposition was performed using a duty cycle on-period (ton) of 100 µs and 

a duty cycle off-period (toff) of 4 ms in conjunction with a RF generator power output (Pon) 

of 30 W.30 Upon plasma extinction, the precursor vapour was allowed to continue to pass 

through the system for a further 15 min, and then the chamber was evacuated to base 

pressure followed by venting to atmosphere.  Deposited layer thicknesses were 

approximately 2.3 ± 0.2 µm (deposition rate 160 ± 10 nm min-1). 

For conversion to a supported ionic liquid layer, the pulsed plasma poly(vinylbenzyl 

chloride) coated substrate was immersed for 120 h into a 1 : 6 by volume solution of N-

butylimidazole (98 wt%, Sigma-Aldrich Co.) in dimethylformamide (DMF, 99.5 wt%, Fisher 

Scientific UK Ltd.), followed by rinsing in DMF for 16 h. The quaternised surfaces were 

then immersed for 16 h into an aqueous solution comprising 2 mM palladium(II) chloride 

(+99.999 wt%, Alfa Aesar Co. Ltd.), 3.0 M sodium chloride (+99.5 wt%, Sigma-Aldrich 

Co.), and 0.5 M sodium citrate dihydrate (+99 wt%, Sigma-Aldrich Co.) in high purity water 

(BS 3978 Grade 1) adjusted to pH 4.5 with citric acid monohydrate (+99 wt%, Sigma-

Aldrich Co.).31 The surfaces were then rinsed in high purity water for 20 min. 

4.2.2 Characterisation 

Film thickness values of pulsed plasma poly(vinylbenzyl chloride) deposited onto silicon 

wafers were measured using a spectrophotometer (model nkd-6000, Aquila Instruments 

Ltd.). Transmittance-reflectance curves (350–1000 nm wavelength range) were acquired 

for each sample and fitted to a Cauchy model for dielectric materials32 using a modified 

Levenberg-Marquardt algorithm.33   

Reflection-absorption infrared (RAIRS) spectra of pulsed plasma poly(vinylbenzyl 

chloride) deposited onto silicon wafers were acquired using a FTIR spectrometer 

(Spectrum One, Perkin-Elmer Inc.) fitted with a liquid nitrogen cooled MCT detector 

operating at 4 cm-1 resolution across the 400–4000 cm-1 range. The instrument included 

a variable angle reflection-absorption accessory (Specac Ltd.) set to a grazing angle of 

66° for silicon wafer substrates and adjusted for p-polarization. Attenuated total 

reflectance (ATR) infrared spectra of vinylbenzyl chloride precursor were obtained using 

a Golden Gate accessory (Specac Ltd.). 
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Surface elemental compositions of pulsed plasma poly(vinylbenzyl chloride) 

deposited onto silicon wafers and PTFE membrane were measured by X-ray 

photoelectron spectroscopy (XPS) using a VG ESCALAB II electron spectrometer 

equipped with a non-monochromated Mg Kα1,2 X-ray source (1253.6 eV) and a concentric 

hemispherical analyser. Photoemitted electrons were collected at a take-off angle of 20° 

from the substrate normal, with electron detection in the constant analyser energy mode 

(CAE, pass energies of 20 and 50 eV for high resolution and survey spectra respectively). 

Experimentally determined instrument sensitivity factors were C(1s) : O(1s) : N(1s) : Cl(2p) 

: Pd(3d) : F(1s) equals 1.00 : 0.35 : 0.70 : 0.37 : 0.06 : 0.25 respectively.  The core level 

binding energy envelopes were fitted using Gaussian peak shapes and linear 

backgrounds.34,35 A least squares regression was used for peak fitting, with a fixed-full-

width-half maximum (FWHM) for all environments within a binding envelope. All binding 

energies were referenced to the C(1s) –CxHy hydrocarbon peak at 285.0 eV.36 

Palladium loading on the catalyst membrane, and amount leached during recycling 

studies was measured by ICP-OES (Vista MPX CCD Simultaneous axial ICP-OES, Varian 

Inc.). Calibration of detected palladium signal intensity to actual palladium content in 

solution was carried out to an accuracy of 0.01 ppm using reference samples at 1, 2, and 

5 ppm, prepared from a 1000 ppm stock solution (26 X 1-Pd(a), MBH Analytical Ltd.) 

diluted in high purity water (resistance of 18.2 MΩ).  Analyte solutions were digested in 5 

mL of sulphuric and perchloric acids (95 wt% Normapur®, and 65 wt% Normatom® 

respectively, VWR International Ltd.) using a wet digestion method followed by dilution to 

25 mL in high purity water. The detection limit of palladium in these catalysis experiment 

analyte solutions was 0.1 ppm on a mass basis. Palladium membranes were treated in 

the same manner to remove the palladium containing poly(ionic liquid) - plasma polymer 

layer from the PTFE membrane substrate. 

4.2.3 Suzuki-Miyaura Carbon-Carbon Coupling Reaction 

For palladium - poly(ionic liquid) catalyst membrane heated batch reactor studies of 

catalysis and recycling, B10 borosilicate sample flasks were rinsed with ethanol, 

thoroughly scrubbed using detergent and hot water, followed by immersion for 1 h in a 

solution comprising sodium hydroxide (99.2 wt%, Fisher Scientific UK Ltd.), propan-2-ol 

(+99.5 wt%, Fisher Scientific UK Ltd.), and high purity water (mass ratio 1 : 20 : 5) in order 

to remove any organic residue. The flasks were then thoroughly scrubbed using detergent 
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and hot water, rinsed in propan-2-ol, and oven dried at 423 K. A final wash step consisted 

of immersion for 1 h in a 1 wt% nitric acid bath (70 wt% in water, Fisher Scientific UK Ltd., 

further diluted in high purity water), followed by thorough rinsing with high purity water and 

oven drying at 423 K, to ensure that no palladium transfer occurred between solutions. 

This rigorous cleaning procedure was undertaken before each reaction.  0.50 ± 0.05 mmol 

of iodobenzene (98 wt%, Sigma-Aldrich Co.), 0.75 ± 0.01 mmol of phenylboronic acid (95 

wt%, Sigma-Aldrich Co.), and 0.99 ± 0.01 mmol of potassium carbonate (98 wt%, Sigma-

Aldrich Co.) were weighed out into a borosilicate flask. 3 mL of a solution comprising 

ethanol (+99.8 wt%, Fisher Scientific UK Ltd.) and high purity water in a 2 : 1 volume ratio 

was added, the flask was agitated to dissolve the potassium carbonate, and then the 

catalyst membrane was added (47.9 ± 3.4 mg catalyst membrane, with 0.304 ± 0.022 

µmol of palladium(II) or 0.067 wt% (32.3 ± 2.3 µg) initial palladium loading as measured 

by ICP-OES analysis). As a control experiment, 0.50 ± 0.05 mmol of 4-

methoxyiodobenzene (98 wt%, Sigma-Aldrich Co.) was substituted for iodobenzene to 

rule out homocoupled by-product formation.  The flask was fitted to a water cooled 

condenser and immersed in a water bath at 343 K for 30 min for the reaction to proceed. 

The reaction solutions were not stirred in order to prevent abrasive damage to the 

membrane material over consecutive recycling runs.  Afterwards, the flask was removed 

from the water bath and allowed to cool to room temperature, followed by removal of the 

catalyst membrane and the solution decanted. The flask was then rinsed twice with 1 mL 

of chloroform (99.8 wt%, Fisher Scientific UK Ltd.) and the washings were added to the 

decanted solution. Solutions for gas chromatography (GC) analysis were extracted three 

times with 3 mL of chloroform, spiked with 4 mg mL-1 decane (0.1 g, +99 wt%, Sigma-

Aldrich Co.), and made up to 25 mL with dichloromethane (99.99 wt%, Fisher Scientific 

UK Ltd.). Solutions for ICP-OES analysis were sealed in screw topped borosilicate glass 

vials fitted with a PTFE/silicone slit septum. Catalyst membranes were dried in air at 293 

K for a minimum of 1 h before reuse in recycling studies with a fresh reactant solution 

each time. 

For Suzuki-Miyaura carbon-carbon coupling reactions under sonicated flow 

conditions, a custom gravity-fed flow cell was used, Figure 4.1. 1.0 ± 0.1 mmol of 

iodobenzene, 1.50 ± 0.01 mmol of phenylboronic acid, and 2.00 ± 0.01 mmol of K2CO3 

were added to the reactor along with 6 mL of a solution comprising ethanol and high purity 

water in a 2 : 1 volume ratio (the area of exposed catalyst was 3.6 cm2, with 0.61 µmol of 
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palladium(II) (64.6 ± 2.3 µg) initial palladium loading as measured by ICP-OES analysis). 

The reactor was then immersed in an ultrasonic bath (Clifton Ultrasonic Bath, Serial No. 

41212, Nickel-Electro Ltd.) at 20 ± 2 ⁰C for 1 h. Afterwards, the reactor was removed from 

the ultrasonic bath, the product solutions and residual reaction solutions were decanted 

and stored separately. As reported in the Results and Discussion sections, the membrane 

setup preferential separates biphenyl product and some remaining iodobenzene reactant 

from the phenylboronic acid reactant and reaction solvents, such that the product solution 

contains only biphenyl product and some iodobenzene reactant.  The product solution 

glassware was rinsed twice with 1 mL of chloroform and the washings were added to the 

decanted product solution. Residual reaction solutions were extracted for GC analysis 

three times with 3 mL of chloroform, spiked with 4 mg mL-1 decane (0.1 g), and made up 

to 25 mL with dichloromethane. Product solutions (which did not require extraction) were 

spiked with 4 mg mL-1 decane (0.1 g) and made up to 25 mL with dichloromethane. 

  

Figure 4.1: (a) Sonicated catalyst membrane reactor for room temperature Suzuki-

Miyaura coupling reaction; and (b) detail of the sealing method within the union connector. 

GC (Bruker Corp. Scion 456 gas chromatograph with a flame ionization detector 

(FID) fitted with a siloxane capillary column (5% phenyl / 95% dimethylpolysiloxane BP-

5), length of 30 m, internal diameter of 0.25 mm, coating thickness of 0.25 μm) was 

conducted using high-performance liquid chromatography (HPLC) autosampler vials with 

a PTFE/silicone slit septum at a starting temperature of 373 K, a hold time of 4 min, a 

ramp rate of 20 K min-1, and a final temperature of 473 K with a hold time of 9 min. Product 
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yield was calculated from GC traces as the percentage conversion of haloarene to desired 

coupled product in the recovered reaction solution, all other reagents were used in excess. 

GC-MS (Shimadzu Europa Gmbh, GCMS-QP2010 Ultra fitted with an Rxi®-5Sil column, 

length of 10 m, internal diameter of 0.15 mm, column coating thickness of 0.15 μm) was 

conducted using high-performance liquid chromatography (HPLC) autosampler vials with 

a PTFE/silicone slit septum at a starting temperature of 303 K and a hold time of 1 min, a 

ramp rate of 50 K min-1, and a final temperature of 573 K, with a hold time of 5 min. 

4.3 Results 

4.3.1 Pulsed Plasma Deposited Poly(Vinylbenzyl Chloride) 

Infrared spectroscopy of pulsed plasma deposited poly(vinylbenzyl chloride) films 

confirmed a high level of benzyl chloride functional group structural retention,37,38,39 Figure 

4.2. Disappearance of the monoalkyl vinyl =CH2 wag vibration mode (906 cm-1) associated 

with the precursor molecule confirmed selective vinyl group polymerisation during pulsed 

plasma deposition.40 Characteristic para-substituted benzene ring absorbances can be 

found at 1603 cm-1, and 1490 cm-1.40 The band at 1263 cm-1 for both the precursor and 

plasma deposited polymer corresponds to the Cl–CH2– wag mode.40 This halogen-

containing group is a prerequisite for quaternisation leading to the formation of a poly(ionic 

liquid) layer. 

XPS analysis of pulsed plasma poly(vinylbenzyl chloride) deposited onto PTFE 

membrane detected carbon, chlorine, and low levels of oxygen (attributed to a small 

amount of atmospheric water absorption41), Table 4.1 and Figure 4.3. The absence of 

fluorine signal confirmed complete coverage of the underlying PTFE membrane (no 

pinholes).  
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Figure 4.2: Infrared spectra of: (a) vinylbenzyl chloride liquid precursor; (b) pulsed plasma 

deposited poly(vinylbenzyl chloride); and (c) pulsed plasma deposited poly(vinylbenzyl 

chloride) quaternised with N-butylimidazole. I and II denote characteristic para-substituted 

benzene ring stretches at 1603 cm-1 and 1490 cm-1 respectively. III denotes characteristic 

Cl–CH2– wag mode at 1263 cm-1. IV denotes precursor monoalkyl vinyl =CH2 wag at 906 

cm-1. 
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Table 4.1: XPS relative atomic compositions at each stage of palladium - poly(ionic liquid) 

catalyst membrane preparation, and for a control sample comprising non-quaternised 

poly(vinylbenzyl chloride) functionalised PTFE membrane exposed to PdCl2 solution and 

then rinsed in high purity water. 

PTFE Membrane C / % N / % O / % Cl / % Pd / % F / % 

Untreated 29.2 - - - - 70.8 

Pulsed Plasma Poly(Vinylbenzyl 

Chloride) Functionalised  

90.4 ± 

0.5 
- 

0.4 ± 

0.8 

9.2 ± 

0.3 
- - 

Pulsed Plasma Poly(Vinylbenzyl 

Chloride) Functionalised + 

Quaternised 

83.7 ± 

0.7 

7.9 ± 

0.4 

4.1 ± 

0.3 

4.3 ± 

0.3 
- - 

Pulsed Plasma Poly(Vinylbenzyl 

Chloride) Functionalised + 

Quaternised + PdCl2(aq) 

78.6 ± 

2.2 

6.4 ± 

0.6 

9.8 ± 

2.4 

4.3 ± 

0.6 

0.9 ± 

0.1 
- 

Control Pulsed Plasma 

Poly(Vinylbenzyl Chloride) 

Functionalised + PdCl2(aq) 

80.7 - 12.9 6.4 0.0 - 
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Figure 4.3: Wide scan XPS spectra of PTFE membrane: (a) untreated; (b) pulsed plasma 

deposited poly(vinylbenzyl chloride); (c) following quaternisation of (b) with N-

butylimidazole; and (d) following palladium(II) chloride complexation to (c).  
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4.3.2 Palladium - Poly(Ionic Liquid) Catalyst Membrane 

Quaternisation of the pulsed plasma deposited poly(vinylbenzyl chloride) films with N-

butylimidazole resulted in the appearance of nitrogen XPS signal at the surface, Table 4.1 

and Figure 4.3. The N(1s) binding envelope of the quaternised films could be fitted to a 

main nitrogen environment at 401.9 ± 0.1 eV corresponding to two equivalent nitrogen 

centres in positively charged imidazolium rings,42,43,44 Figure 4.4 and Scheme 4.1. The 

slight shoulder towards lower N(1s) binding energy can be attributed to the reaction of N-

butylimidazole with trapped free radicals contained within the plasma deposited layer.45,46 

The N(1s) environment at 401.9 ± 0.1 eV could be used to trace the degree of 

quaternisation as a function of treatment time, Figure 4.5, showing that after 5 days (120 

h) the quaternisation reaction was complete. 

The Cl(2p) peak envelope could be fitted to two different chlorine atom 

environments with Cl(2p3/2) binding energy values of 197.3 ± 0.1 eV and 200.6 ± 0.2 eV 

corresponding to chloride anions and non-quaternised unreacted benzyl chloride groups 

respectively,47 Figure 4.6. Based on these two Cl(2p3/2) binding energy environments, the 

level of surface quaternisation was calculated to be 52 ± 9% after 5 days of reaction (Cl-

:Cl ratio of 1:1, Figure 4.5). Infrared spectroscopy of the quaternised membranes did not 

detect any contributions from characteristic positively charged imidazolium ring 

absorbances at 1350 cm-1 and 1180 cm-1,48 thereby indicating that only near-surface 

quaternisation had occurred (i.e. very low concentration relative to the bulk underlying 

pulsed plasma deposited poly(vinylbenzyl chloride) layer), Figure 4.2. 

Immersion of the quaternised films into aqueous palladium(II) chloride solution 

gave rise to the appearance of Pd(3d) XPS signals on the quaternised films characteristic 

of palladium(II), signifying surface complexation, Table 4.1. No significant change in 

binding energy was observed in the N(1s) XPS signal at 401.9 ± 0.1 eV, Figure 4.4, which 

is consistent with previous studies for palladium(II) containing ionic liquids.49 This was 

accompanied by the relative Cl(2p3/2) chloride anion peak component at 197.3 ± 0.1 eV 

within the overall Cl(2p) envelope increasing due to the incorporation of additional chloride 

anions accompanying the palladium(II) catalyst complexation process, Figure 4.6.   
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Figure 4.4: N(1s) XPS spectra: (a) pulsed plasma poly(vinylbenzyl chloride) deposited 

onto PTFE membrane and quaternised with N-butylimidazole; and (b) following 

palladium(II) chloride complexation to (a). 
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Figure 4.5: Quaternisation of pulsed plasma deposited poly(vinylbenzyl chloride) with N-

butylimidazole measured by XPS: (a) relative atomic composition of quaternised nitrogen 

as a percentage of all elemental species on the surface; and (b) ratio of relative atomic 

composition of chloride to C-Cl species. Error bars are the standard deviation of three 

repeat experiments. Tend lines have been added only as a guide.  
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Figure 4.6: Cl(2p) XPS spectra: (a) pulsed plasma poly(vinylbenzyl chloride) deposited 

onto PTFE membrane; (b) following quaternisation with N-butylimidazole; and (c) following 

palladium(II) chloride complexation to (b). Due to spin-orbit coupling, Cl(2p1/2) components 

are shifted by 1.6 eV to higher binding energy relative to the Cl(2p3/2) components, with a 

Cl(2p3/2):Cl(2p1/2) peak area ratio equal to 2:1.47  
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4.3.3 Suzuki-Miyaura Carbon-Carbon Coupling Reaction 

Heated Batch Catalysis 

The catalytic activity and stability of the prepared palladium - poly(ionic liquid) catalyst 

membranes were monitored over 3 repeat cycles (4 cycles in total) for the Suzuki-Miyaura 

carbon-carbon coupling reaction at 343 K, Figure 4.7 and Scheme 4.2. Product yield 

remained constant throughout (77 ± 7%, only iodobenzene and phenylboronic compounds 

exceeded 1% of the GC biphenyl product peak area) under the given experimental 

conditions, with a turnover frequency of 3097 ± 323 h-1 (TOF, moles of product per mole 

of palladium per hour).  Palladium leaching into the reaction solution was found to be 83 

± 33 ppb h-1 cm-3 (for the initial membrane equivalent reaction solution loading of 11.1 ± 8 

ppm on a mass basis, or 0.061 ± 0.004 mol% - this is equivalent to ~1% of the Pd present 

leaching from an already sub 0.1 mol% catalyst during one reaction cycle at 343 K).   

 

Figure 4.7: Product yield for Suzuki-Miyaura carbon-carbon coupling reaction of 

iodobenzene with phenylboronic acid as a function of recycle number using the same 

piece of palladium - poly(ionic liquid) catalyst membrane. 47.9 ± 3.4 mg catalyst 

membrane, with 32.3 ± 2.3 µg palladium(II) loading (or 674 ppm initial palladium content 

in the catalyst membrane as measured by ICP-OES), 0.5 h per reaction cycle, at 343 K, 

unstirred. Palladium leaching was measured after each repeat cycle. Error bars are the 

standard deviation of three repeat experiments. 
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 As a control, the Suzuki-Miyaura coupling reaction was run using 4-

methoxyiodobenzene and phenylboronic acid reactants under similar reaction conditions 

in order to rule out the possibility of homocoupled by-product formation.  GC-MS analysis 

of the obtained products showed the presence of only 4-methoxybiphenyl, and an absence 

of homocoupled biphenyl by-product. 

Room Temperature Sonicated Membrane Flow Catalysis 

The practical viability of these palladium - poly(ionic liquid) catalyst membranes for 

continuous flow Suzuki-Miyaura carbon-carbon coupling reactions was demonstrated by 

allowing the reaction solution to permeate into the membrane during sonication at room 

temperature. After 1 h of reaction time, 17 mol% (0.17 mmol of 1.0 mmol) of the 

iodobenzene reactant present in the starting solution had been transported through the 

catalytic membrane as either product or unreacted iodobenzene. The collected solution 

contained only aromatic organic compounds (54 mol% biphenyl product, 42 mol% 

iodobenzene, and 4 mol% phenylboronic acid – no other components exceeded 3% of the 

GC biphenyl product peak area). This indicates that iodobenzene (either unreacted or as 

carbon-carbon coupled biphenyl product) preferentially passes through the membrane 

relative to phenylboronic acid.  The TOF for biphenyl product formation was 154 h-1. 

4.4 Discussion 

Pulsed plasmachemical functionalisation of solid surfaces using polymerisable functional 

precursors is a well-established, solventless, single-step, conformal, and substrate-

independent technique, which offers the advantage of high levels of functional group 

retention,50 thus making it well-suited for the preparation of membrane-supported 

poly(ionic liquid) catalysts. Infrared spectroscopy and XPS analyses have shown that 

there is a high level of chloro group and benzene ring retention during pulsed plasma 

deposition of vinylbenzyl chloride precursor, thereby facilitating the subsequent step of 

quaternisation with N-butylimidazole to form a poly(ionic liquid) layer, Scheme 4.1, Figure 

4.2, Figure 4.3, Figure 4.4 and Figure 4.6. Complexation of this surface to palladium 

chloride yields a palladium containing poly(ionic liquid) catalyst membrane. 

Although high TOFs are achievable with conventional dispersed homogeneous 

and heterogeneous palladium catalyst systems,51,52,53,54 such materials suffer from the 

drawback of requiring post reaction recovery of the palladium catalyst.  The practical 
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viability of the palladium - poly(ionic liquid) catalyst membranes in the present study has 

been demonstrated for the Suzuki-Miyaura reaction of iodobenzene. The measured TOF 

value of 3097 ± 323 h-1 for heated (343 K) batch reaction mode is comparable with 

previously reported homogeneous ionic liquid catalysts (TOFs of 102–105 h-1)4,5,7,9,10 and 

other heterogeneous poly(ionic liquid) catalysts (TOFs of 101–103 h-1).12,13,14,15  

The palladium membrane loadings used for the Suzuki-Miyaura coupling reaction 

(a reaction solution equivalent of 0.061 ± 0.004 mol% or 11.1 ± 8 ppm on a mass basis) 

are lower than most previously reported ionic liquid catalysts (homogeneous and 

heterogeneous) which range between 0.1–18 mol%.5,7,8,9,10,11,12,14,15,16,21 A palladium 

leaching value of 83 ppb h-1 cm-3 at 343 K compares favourably with previously reported 

solid support heterogeneous catalysts, where leaching rates exceed 100 ppb h-1 cm-3.55,56  

  In the case of the flow membrane reactor mode of operation, ambient temperature 

sonicated Suzuki-Miyaura reactions gave a calculated TOF value for biphenyl product 

formation of 154 h-1. This is comparable with previously reported Suzuki-Miyaura flow 

reactors (TOF 101 to 104 h-1),23,25,26,27,57 however such systems require high pressures or 

elevated temperatures. The beneficial preferential separation of iodobenzene reactant 

and biphenyl product from the phenylboronic acid and reaction solvents in the present 

study can be ascribed to the selective solubility of the prepared membrane system, 

Scheme 4.3.  Ionic liquids tend to solvate a wide range of species including benzene and 

haloarenes,58,59 therefore iodobenzene can diffuse directly through the poly(ionic liquid) 

layer, accounting for its high concentration in the product solution. Comparatively, 

phenylboronic acid is insoluble in some imidazolium ionic liquids and will predominantly 

remain behind in the reactant ethanol:water solvent phase.60 The absence of water and 

ethanol reaction mixture transportation through the catalyst membrane is most probably 

due to the immiscibility of ethanol and water with imidazole containing ionic liquids and the 

pulsed plasma deposited poly(vinylbenzyl chloride) at ambient temperature,61,62,63 as well 

as liquid repellency from the underlying PTFE membrane (surface tension of water = 72.8 

mN m-1,64 surface tension of ethanol = 22.3 mN m-1,64 and surface energy of PTFE = 20.0 

mN m-1,65). Therefore, the outlined approach not only allows for the palladium-catalysed 

Suzuki-Miyaura carbon-carbon coupling reaction to proceed at room temperature under 

flow conditions, but also concurrently separates the solvent mixture from the aromatic 

product phase, thereby eliminating any need for post reaction separation of product from 

reaction solvents.   
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Scheme 4.3: Selective separation of iodobenzene and biphenyl product from 

phenylboronic acid and solvent mixture using palladium - poly(ionic liquid) membranes. 

4.5 Conclusions 

Plasmachemical surface functionalisation with benzyl chloride groups provides a quick, 

low cost approach for fabricating anisotropic palladium - poly(ionic liquid) catalyst 

membrane systems. This comprises pulsed plasma deposition of a poly(vinylbenzyl 

chloride) layer onto a membrane to generate surface benzyl chloride groups followed by 

quaternisation with N-butylimidazole to form a surface tethered poly(ionic liquid) which 

subsequently is complexed to palladium(II) catalyst.  These coated substrates have been 

evaluated in a heated batch reactor for the Suzuki-Miyaura carbon-carbon coupling 

reaction, and shown to exhibit 77 ± 7% product yield (343 K, 0.5 h, 0.06 mol % Pd) and 

>99% selectivity, as well as retaining catalytic activity over extended periods of usage 

(including recycling), and low levels of palladium catalyst leaching.  In the case of a 

sonochemical anisotropic membrane flow reactor setup operating at ambient temperature, 

it has been shown that selective separation of the Suzuki-Miyaura carbon-carbon coupling 

reaction biphenyl product (and some remaining iodobenzene reactant) from phenylboronic 

acid and solvent mixture can be achieved. 
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Chapter 5  Substrate Independent Epitaxial Growth of a 

Metal-Organic Framework 

5.1 Introduction 

In Chapter 3, pulsed plasma deposited poly(1-allylimidazole) was demonstrated to provide 

imidazole moieties that could bind palladium to form a catalytic functional surface. In this 

chapter, it is applied to CO2 sequestration for reduction in the environmental impact of 

industrial processes. 

Reticular synthesis of metal-organic frameworks (MOFs) entails the coordination 

bonding of metal ion to organic ligand building blocks via self-assembly leading to the 

formation of one-, two-, or three-dimensional structures.  Some of these can be highly 

porous (several 1,000s m2 g−1), and they have been developed for a variety of applications 

including hydrogen storage,1 gas and liquid separations,2,3 catalysis,4,5 and 

supercapacitors6.  The wide range of organic linkers and metal cations available allows 

for the fine tuning of pore sizes,7,8 and chemical reactivity.9 To this end, MOFs have been 

found to be promising candidates for CO2 gas capture materials due to their pore size 

selective adsorption combined with high internal surface areas.10  

However, MOFs are mainly synthesised as particulate bulk materials, which can 

be difficult to handle or incorporate into specific device architectures. An alternative 

strategy is to grow MOFs directly onto a solid surface using liquid phase epitaxy (layer-

by-layer).  Previously, such surface-grown MOFs have been limited to specific substrate 

materials, including: metals,11,12,13,14 metal oxides,14,15,16,17,18,19 self-assembled monolayers 

(SAMs),20,21,22,23,24 and organic polymers.25,26,27,28,29 The major drawback for each of these 

systems is that in each case the deposition technique needs to be tailored for the chosen 

substrate. Langmuir-Blodgett deposition of pre-synthesised MOF particles directly onto 

substrates has also been explored for CO2 capture, but this approach lacks robustness 

due to the absence of any direct chemical coordination between the deposited MOF 

particles and the underlying substrate material.30   

  A particularly interesting MOF is [Zn (benzene-1,4-dicarboxylate)-(4,4’-

bipyridine)0.5] (MOF-508) which is reported to display high levels of CO2 capture and 

separation of linear alkanes.31,32 Its bulk form can be solvothermally synthesised by 

reacting benzene-1,4-dicarboxylic acid (terephthalic acid), 4,4’-bipyridine, and zinc nitrate 
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in an organic solvent such as dimethylformamide at elevated temperatures (363 K).31 The 

product MOF crystallites are built of zinc-terephthalate primitive square frameworks, 

separated by 4,4’-bipyridine pillars, Scheme 5.1. In its bulk form, the MOF framework is 

interpenetrated with a second identical framework (catenation) leading to a reduced pore 

size (4.0 Å diameter) and forming one of two polymorphs, MOF-508a and MOF-508b 

(which are the solvent inclusive and solvent free materials respectively).31,32,33  Such a 

reduction in MOF network pore size improves CO2 adsorption due to greater interactions 

with the MOF channel walls.34 

 

Scheme 5.1: Layer-by-layer growth of MOF-508 onto pulsed plasma deposited poly(1-

allylimidazole) linker layer. 

Self-assembled monolayer liquid phase epitaxy of MOF-508 growth onto gold 

substrates is reported to give rise to the loss of MOF framework interpenetration leading 

to only the large pores (reduced CO2 capture efficiency as well as higher water 

contamination in humid environments).20,33  In this chapter, a methodology for the surface 

growth of MOF-508 materials by liquid phase epitaxy is described, which leads to the 

formation of an interpenetrated MOF-508 network with reduced pore size (akin to MOF-
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508a as evidenced by X-ray diffraction and infrared spectroscopy), and therefore better 

suited to CO2 capture and stability towards humidity. This comprises pulsed plasma 

deposition of a poly(1-allylimidazole) layer onto either quartz crystal microbalance (QCM) 

discs or PTFE membranes to generate surface linker imidazole groups, followed by liquid 

phase epitaxial growth of MOF-508 using zinc acetate as the metal ion source in 

association with terephthalic acid and 4,4’-bipyridine as secondary building units, Scheme 

5.1. The MOF-508 layers grown by liquid phase epitaxy onto pulsed plasma deposited 

poly(1-allylimidazole) functionalised materials in this chapter have been tested for CO2 

capture in both pure CO2 atmospheres and diluted to atmospheric concentrations.  

5.2 Experimental Section 

5.2.1 Pulsed Plasma Deposition of Poly(1-Allylimidazole) Linker Layer 

A cylindrical glass reactor (5.5 cm diameter, 475 cm3 volume) housed within a Faraday 

cage was used for plasmachemical deposition. This was connected to a 30 L min-1 rotary 

pump (E2M2, Edwards Vacuum Ltd.) via a liquid nitrogen cold trap (base pressure less 

than 1.5 x 10-3 Torr and air leak rate better than 6 x 10-9 mol s-1).35 A copper coil wound 

around the reactor (4 mm diameter, 10 turns, located 10 cm downstream from the gas 

inlet) was connected to a 13.56 MHz radio frequency (RF) power supply via an L-C 

matching network. A signal generator (model TG503, Thurlby Thandar Instruments Ltd.) 

was used to trigger the RF power supply. Prior to film deposition, the whole apparatus was 

thoroughly scrubbed using detergent and hot water, rinsed with propan-2-ol (+99.5 wt%, 

Fisher Scientific UK Ltd.), oven dried at 423 K, and further cleaned using a 50 W 

continuous wave air plasma at 0.15 Torr pressure for 30 min.  

Quartz crystal microbalance disk (14 mm diameter, gold coated, INFICON GmbH) 

and silicon substrate (Silicon Valley Microelectronics Inc.) preparation comprised 

successive sonication in propan-2-ol and cyclohexane (+99.7 wt%, Sigma-Aldrich Co.) for 

15 min before insertion into the centre of the chamber. Further cleaning entailed running 

a 50 W continuous wave air plasma at 0.15 Torr pressure for 15 min followed by 

plasmachemical film deposition. PTFE membrane (180 ± 10 μm thickness, 5 ± 2 μm 

surface pore size determined by SEM, Mupor Ltd.) was used as a flexible substrate.  

A layer of tetramethylsilane plasma polymer was deposited first in order to provide 

an organosilicon network for good adhesion to the substrate of the pulsed plasma 
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deposited poly(1-allylimidazole) film.36 Tetramethylsilane precursor (99.9 wt%, Alfa Aesar, 

Thermo Fisher Scientific Inc.) was loaded into a sealable glass tube, degassed via several 

freeze-pump-thaw cycles, and then attached to the reactor. This was followed by purging 

the chamber with tetramethylsilane vapour at a pressure of 0.15 Torr for 15 min prior to 

electrical discharge ignition. Plasma deposition was performed in continuous wave mode 

using a RF generator power output of 3 W for 120 s. Upon plasma extinction, the 

tetramethylsilane vapour was allowed to continue to pass through the system for a further 

15 min, and then the chamber was evacuated to base pressure followed by venting to 

atmosphere. 

The tetramethylsilane plasma polymer coated substrates were then inserted into a 

cleaned chamber for pulsed plasma polymer deposition of the MOF linker layer. 1-

allylimidazole (+97 wt%, Acros Organics B.V.B.A.) precursor was loaded into a sealable 

glass tube, degassed via several freeze-pump-thaw cycles, and then attached to the 

reactor. Precursor vapour was then allowed to purge the apparatus at a pressure of 0.11 

Torr for 15 min prior to electrical discharge ignition. Pulsed plasma deposition was 

performed using a duty cycle on-period (ton) of 20 µs and a duty cycle off-period (toff) of 

1200 µs in conjunction with a RF generator power output (Pon) of 30 W for 15 min (thicker 

films were deposited for 1 h in order to match infrared spectroscopy RAIRS sampling 

depth).37 Upon plasma extinction, the precursor vapour was allowed to continue to pass 

through the system for a further 15 min, and then the chamber was evacuated to base 

pressure followed by venting to atmosphere. 

5.2.2 Growth of MOF-508 Layers 

MOF-508 growth onto pulsed plasma deposited poly(1-allylimidazole) coated substrates 

was carried out by liquid phase epitaxy.20,38  A 1.0 mM zinc acetate (99.99 wt%, Sigma-

Aldrich Co.) in tetrahydrofuran (99.8 wt%, Fisher Scientific UK Ltd.) solution was sonicated 

for 30 min prior to use. A second solution comprising 0.2 mM terephthalic acid (97 wt%, 

Sigma-Aldrich Co.) and 0.2 mM 4,4’-bipyridine (98 wt%, Sigma-Aldrich Co.) in 

tetrahydrofuran was also sonicated for 30 min prior to use. The coated substrates were 

first immersed into the zinc acetate solution for 5 min, then rinsed in fresh tetrahydrofuran 

for 10 s and dried in air for 1 min (PTFE substrates used a 2 min drying period). Once dry, 

the coated substrates were immersed into the terephthalic acid-4,4’-bipyridine solution for 

5 min, followed by rinsing in fresh tetrahydrofuran for 10 s and drying in air. This is 
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designated as one complete liquid phase epitaxy cycle and corresponds to one layer of 

MOF; the cycle was repeated multiple times to build up the required number of layers.  

This procedure led to solvent incorporation to give MOF-508a (as determined by X-ray 

diffraction).  Activation of this material (solvent removal) was achieved by employing a low 

boiling point solvent (tetrahydrofuran) during the MOF synthesis, which readily desorbs 

out of the MOF lattice under vacuum to leave behind open cavities available for CO2 

capture.39   

5.2.3 Film Characterisation 

Infrared spectra were acquired using a FTIR spectrometer (Spectrum One, Perkin-Elmer 

Inc.) fitted with a liquid nitrogen cooled MCT detector operating at 4 cm−1 resolution across 

the 400–4000 cm−1 range. For reflection-absorption infrared (RAIRS) spectra of pulsed 

plasma deposited poly(1-allylimidazole) and grown MOF layers, the instrument included 

a variable angle reflection-absorption accessory (Specac Ltd.) set to a grazing angle of 

66° for silicon wafer substrates and adjusted for p-polarization. Attenuated total 

reflectance (ATR) infrared spectra of 1-allylimidazole liquid precursor were obtained using 

a Golden Gate accessory (Specac Ltd.) 

Surface elemental compositions were measured by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer equipped with a non-

monochromated Mg Kα1,2 X-ray source (1253.6 eV) and a concentric hemispherical 

analyser. Photoemitted electrons were collected at a take-off angle of 20° from the 

substrate normal, with electron detection in the constant analyser energy mode (CAE, 

pass energies of 20 and 50 eV for high resolution and survey spectra respectively). 

Experimentally determined instrument sensitivity factors were C(1s) : O(1s) : N(1s) equals 

1.00 : 0.35 : 0.70 respectively.  The core level binding energy envelopes were fitted using 

Gaussian peak shapes with fixed full-width-half-maxima and linear backgrounds.40,41 All 

binding energy values are referenced to the C(1s) –CxHy hydrocarbon peak at 285.0 eV.42 

X-ray diffractograms were acquired across 5°–80° 2θ range using 0.02° step size 

with a powder diffractometer (model d8, Bruker Corp.). The copper anode X-ray source 

(Cu Kα 1.5418 Å wavelength radiation) was operated at 40 kV and 40 mA. 

Scanning electron microscopy (SEM) analysis was undertaken using secondary 

electron detection mode, in conjunction with 25 kV accelerating voltage (model VEGA3 

LMU SEM, Tescan Orsay Holding, a.s.). 
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5.2.4 CO2 Capture 

CO2 adsorption onto coated quartz crystal microbalance substrates (Front Load Single 

Sensor, INFICON GmbH) housed inside a glass chamber was carried out at 293 K. The 

sensor was connected to a thin film deposition monitor (model XTM/2, INFICON GmbH). 

Each coated quartz crystal microbalance disc was loaded into the chamber and evacuated 

at 4 x 10-2 Torr for 24 h at 293 K leading to the desorption of entrapped MOF-508a lattice 

solvent molecules.39 CO2 gas (99.995 vol%, BOC Ltd.) was introduced to the system at 

0.2 Torr pressure, followed by dry 80 : 20 O2 (99.5 vol%, BOC Ltd.) : N2 (99.998 vol%, 

BOC Ltd.) gas mixture (<60 ppm H2O, Series 3 moisture monitor, GE Panametrics Ltd.) 

to make up to 760 Torr. Adsorbed CO2 gas mass readings were taken at set intervals over 

a 456 h period and normalised to the flat area of the quartz crystal microbalance disc (1.54 

cm2). Control experiments using 760 Torr of dry oxygen-nitrogen gas mix (no CO2) showed 

no mass change. 

Volumetric CO2 gas adsorption for flexible PTFE supported MOF layers was carried 

out in a sorptometer (model BET-201, Porous Materials Inc.). Samples were loaded into 

a glass tube of known volume and degassed at <1 x 10-2 Torr for 24 h to remove any 

adsorbed moisture. CO2 gas was introduced into a calibrated volume at 1000 ± 2 Torr at 

293 K, followed by equilibration with the sample chamber to provide an initial CO2 pressure 

over the sample of 720 ± 2 Torr. Pressure readings were taken at fixed intervals over a 

period of 480 h in order to follow the pressure drop as a function of time. The number of 

moles of adsorbed gas was calculated from the pressure drop in the system (for which the 

volume is known), then converted to mass of adsorbed CO2 gas, and normalised to the 

size of the flat area of the PTFE membrane (40.5 cm2). The sample volume was calculated 

by gas pycnometry using N2 gas and was subtracted from the sample cell volume for CO2 

adsorption experiments. 

5.3 Results 

5.3.1 Pulsed Plasma Deposition of Poly(1-allylimidazole) Linker Layer 

Infrared spectroscopy of pulsed plasma deposited poly(1-allylimidazole) films confirmed a 

high level of precursor imidazole functional group structural retention,37 Figure 5.1. 

Characteristic imidazole ring absorbances include: C=C–H ring stretch (3107 cm−1), C=N 
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ring stretch (1504 cm−1), and N=C–H ring in-plane bend (1107 cm−1) vibrations.43 

Disappearance of the monoalkyl vinyl =CH2 wag vibration mode (906 cm−1) associated 

with the 1-allylimidazole precursor molecule confirmed selective polymerisation of the vinyl 

group during pulsed plasma deposition.44 Absorbance bands visible in the 1560–1700 

cm−1 spectral range can be attributed to a small amount of electrical discharge fragmented 

imidazole group C=N stretches,45 and carbonyl stretches belonging to adducts formed 

through atmospheric carbon dioxide adsorption following exposure to air of the deposited 

film.46,47  

 

Figure 5.1: Infrared spectroscopy: (a) ATR of liquid 1-allylimidazole precursor; and (b) 

RAIRS of pulsed plasma poly(1-allylimidazole) deposited onto silicon wafer. * Denotes 

monoalkyl vinyl =CH2 wag vibration at 906 cm−1 in 1-allylimidazole precursor. Dashed lines 

denote characteristic imidazole ring absorbances at 3107 cm−1, 1504 cm−1 and 1107 cm−1. 

Overall relative intensity differences between the two spectra are due to the use of ATR 

versus RAIRS infrared spectroscopic techniques.48  

XPS analysis of pulsed plasma poly(1-allylimidazole) deposited onto silicon wafer 

detected only carbon, nitrogen, and low levels of oxygen (attributed to a small amount of 

water adsorption and adducts formed through carbon dioxide adsorption upon air 
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exposure45,46). The N(1s) binding envelope could be fitted to two different nitrogen 

environments at 398.7 eV and 400.5 eV corresponding to the imidazole ring C=N and C-

N nitrogen centres respectively,49 Figure 5.2. Their slight deviation in relative 

concentrations away from the expected theoretical 1 : 1 peak area ratio for the imidazole 

ring structure stems from a low level of precursor fragmentation occurring within the 

electrical discharge.45   

 

 

Figure 5.2: N(1s) XPS spectrum of pulsed plasma poly(1-allylimidazole) deposited onto 

silicon wafer.  

5.3.2 Growth of MOF-508 Layers 

The infrared spectrum of 200 layer MOF-508 grown by liquid phase epitaxy onto pulsed 

plasma poly(1-allylimidazole) coated silicon wafer contains two strong, broad 

absorbances between 1400–1700 cm−1, which can be respectively attributed to the 

overlapping terephthalate C-O− deformation vibration (slightly shifted to lower 

wavenumbers from 1406 cm−1 in terephthalic acid for C-OH due to proton loss50,51) and 

carbonyl stretch vibration (the terephthalic acid 1673 cm−1 feature is shifted to 1670 cm−1 

due to metal coordination50,52), Table 5.1 and Figure 5.3.  Also, there are the  4,4’-

bipyridine ring quadrant vibration (1593 cm−1 shifted to higher wavenumbers due to 

coordination relative to 1585 cm−1 for 4,4’-bipyridine53,54) and the 4,4’-bipyridine semicircle 
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stretch vibration (1408 cm−1)53.  These infrared spectral features are consistent with the 

incorporation of both terephthalate and 4,4’-bipyridine organic linkers during the layered 

growth of MOF-508, Scheme 5.1. Additional lower intensity vibrations include C-O− 

deformation mode (shifted to 1250 cm−1 compared to 1276 cm−1 for C-OH in terephthalic 

acid due to proton loss50,51), substituted benzene C-H deformation mode (1134 cm−1) for 

the constituent terephthalate linker, and pyridine sextant out-of-plane bend vibration (748 

cm−1) for the constituent 4,4’-bipyridine linker unit.50,53  The low intensity peak at 1017 cm−1 

can be assigned to the antisymmetric C-O-C valence vibration of lattice incorporated 

tetrahydrofuran solvent molecules which is consistent with the formation of solvent-

inclusive MOF-508a polymorph.55 

Table 5.1: Infrared spectral assignments of MOF-508 constituent building units and 200 

layer MOF-508 grown onto pulsed plasma deposited poly(1-allylimidazole). 

Assignment 

Absorbance / cm−1 

Zinc 

Acetate 

Terephthalic 

Acid 

4,4’-

Bipyridine 

200 Layers 

of MOF-508 

Carbonyl symmetric stretch56 1443 - - ~1430 

Carbonyl asymmetric stretch56 1531 - - ~1530 

Substituted benzene C-H 

deformation50 
 1138  1134 

Carboxylic acid C-OH / [C-O−] 

deformation50,51 
- 1276 - [1250] 

Carboxylic acid C-OH / [C-O−] 

deformation50,51 
- 1406 - [~1400] 

Carboxylic acid carbonyl 

stretch50 
- 1673 - ~1670 

Pyridine sextant out-of-plane 

bend53 
- - 734 748 

Pyridine semicircle stretch53 - - 1402 1408 

Pyridine quadrant stretch53,54 - - 1585 1593 

Tetrahydrofuran solvent 

antisymmetric C-O-C vibration55 
   1017 
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Figure 5.3: Infrared spectroscopy: (a) RAIRS of pulsed plasma poly(1-allylimidazole) 

deposited onto silicon wafer; (b) ATR of zinc acetate; (c) ATR of terephthalic acid; (d) ATR 

4,4’-bipyridine; and (e) RAIRS of 200 layer MOF-508 grown onto pulsed plasma poly(1-

allylimidazole) deposited onto silicon wafer. Fingerprint peaks: (*) zinc acetate; (‡) 

terephthalic acid; (†) 4,4’-bipyridine, and (•) tetrahydrofuran. 
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Powder X-ray diffractograms of 200 layer MOF-508 grown onto pulsed plasma 

poly(1-allylimidazole) coated silicon wafer showed two prominent peaks at low detector 

angles, which are consistent with an orientated large lattice constant material, Figure 5.4. 

These diffraction peaks at 6.3⁰ and 12.5⁰ are assigned to the (001) and (002) planes of 

the solvent-inclusive MOF (MOF-508a), with calculated lattice spacings of 14.0 Å and 7.1 

Å respectively.20,31 A lack of strong intensities for the (100) and (010) MOF-508a diffraction 

peaks indicates that the majority of the MOF crystallites have been templated (orientated) 

by the pulsed plasma deposited poly(1-allylimidazole) surface. Greater intensity of the 

(001) peak compared to the (002) peak supports an interpenetrated network of MOF-508a, 

which is caused by the incorporation of a second lattice.20,57,58 This should be contrasted 

against non-interpenetrated MOF-508, which is reported to show the reverse (001) to 

(002) peak intensity ratio due to the absence of destructive interference effects.20 Lower 

intensity 2θ peak values between 8⁰ and 10⁰ are attributable to a small amount of solvent-

free MOF-508b and non-orientated solvent-inclusive MOF-508a.20  

 

Figure 5.4: XRD of 200 layer MOF-508 grown onto pulsed plasma poly(1-allylimidazole) 

coated silicon wafer, collected by grazing incident XRD of the coated substrate. Peaks at 

6.3⁰ and 12.5⁰ correspond to the (001) and (002) planes, as observed in the powder XRD 

of the free MOF. [XRD data collected by G. Oswald] 

Scanning electron micrographs following 20 and 200 layer growth of MOF-508 

onto pulsed plasma poly(1-allylimidazole) coated silicon wafer showed the presence of 
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individual crystallites on the surface, Figure 5.5. Upon reaching 200 layers of MOF-508 

growth, a clear crystallite morphology is visible which is consistent with the bulk MOF-508 

triclinic unit cell.31 This confirms that imidazole linker group functionalised substrate 

surface provides seeding sites for the layer-by-layer growth of MOF-508 crystallites. 

 

Figure 5.5: SEM micrographs of MOF-508 crystallite growth onto pulsed plasma poly(1-

allylimidazole) coated silicon wafer substrate: (a–b) 20 layers; and (c) 200 layers.   

5.3.3 CO2 Gas Capture 

MOF-508 layers grown onto pulsed plasma poly(1-allylimidazole) coated quartz crystal 

microbalance (QCM) discs were studied for CO2 adsorption capacity at the equivalent of 

atmospheric CO2 partial pressures (0.3 Torr CO2 diluted in a 20:80 O2:N2 gas mixture to 

give 760 Torr total pressure)59, Figure 5.6. Adsorption of CO2 was rapid during the first 24 

h, followed by a more gradual rise over the next 10 days. The overall capacity for CO2 

adsorption correlated to the number of MOF-508 layers grown, Figure 5.6. This is 

consistent with there being deposition of a single MOF-508 layer during each liquid phase 

epitaxial growth cycle. Saturation of gas adsorption was measured by using 760 Torr 

pressure of CO2, and this showed that the maximum CO2 adsorption capacity of the 20 

layer MOF-508 was reached after 456 h, and this was only 10% greater than the amount 

of CO2 adsorbed at 0.3 Torr CO2 partial pressure (after 456 h), Figure 5.7. This relative 

insensitivity of CO2 adsorption versus CO2 partial pressure is consistent with earlier bulk 

MOF-508 studies,31 and demonstrates the high affinity of the grown MOF-508 layers 

towards CO2 gas capture across a wide range of partial pressures. Control experiments 

using pulsed plasma poly(1-allylimidazole) coated QCM discs showed a low level of CO2 

adsorption (due to adduct formation with imidazole centres),46,47 Figure 5.6. 
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Figure 5.6: Quartz crystal microbalance CO2 gas capture using 0.3 Torr partial pressure 

of CO2 gas diluted in a 20:80 O2:N2 gas mixture to give 760 Torr total pressure as a 

function of: (a) gas mixture exposure time; and (b) number of MOF-508 layers grown onto 

pulsed plasma deposited poly(1-allylimidazole).  Where cm−2 refers to the surface area of 

the quartz crystal monitor disk. [Linker layer sample prepared by S. N. Barrientos-Palomo, 

20 layer epitaxial MOF growth conducted by P. C. Stevens, 40 and 60 layer epitaxial MOF 

growth conducted by N. L. Mitchell] 
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Figure 5.7: Quartz crystal microbalance CO2 gas capture as a function of exposure time 

for 20 layer MOF-508 grown onto pulsed plasma deposited poly(1-allylimidazole) using: 

(■) 0.3 Torr partial pressure of CO2 gas diluted in a 20:80 O2:N2 gas mixture to give 760 

Torr total pressure; and (●) 760 Torr of CO2 gas. [20 layer epitaxial MOF growth conducted 

by P. C. Stevens] 

 The practical viability of the described methodology for preparing CO2 capture 

MOF materials supported on different types of substrate was demonstrated further by 

translating the developed methodology to flexible PTFE membrane films, Figure 5.8. 

PTFE supported 20 layer MOF-508 captured 148 μg cm−2 of CO2 following 480 h of CO2 

gas exposure. The rate of CO2 uptake over the first 12 h (starting from 2 min after the 

initial exposure) was 1.51 ± 0.10 μg cm−2 h-1 (which is significant given the ultrathin nature 

of the 20 layer MOF) compared to 0.51 ± 0.04 μg cm−2 h-1 for the uncoated PTFE 

membrane reference (no MOF or linker layer and just PTFE pore absorption60) — where 

cm−2 refers to the size of the piece of PTFE membrane substrate. Slower CO2 gas 

adsorption was observed for these PTFE supported MOF-508 layers compared to their 

quartz crystal microbalance counterparts. This can be attributed to a combination of a 

lower starting pressure in the volumetric adsorption system (720 Torr compared to 760 

Torr for QCM studies) in combination with a larger pressure drop over time due to the 

greater gas adsorption capacity of the PTFE membrane supported MOF-508 material, 

resulting in a longer period of time to reach equilibrium between CO2(g) versus CO2(ads),61 
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Figure 5.7 and Figure 5.8. The difference in adsorbed mass of CO2 after 456 h between 

QCM and PTFE supported materials (2.1 μg cm−2 and 145 μg cm−2, respectively) is due 

to the higher internal surface area of the porous PTFE membrane available for MOF 

crystallite growth. 

 

Figure 5.8: Mass of CO2 gas adsorbed by 20 layer MOF-508 grown onto pulsed plasma 

deposited poly(1-allylimidazole) coated PTFE membrane in a sealed CO2 atmosphere 

(initial pressure 720 Torr) as a function of exposure time (calculated from volumetric gas 

adsorption measurements). [Data collected in collaboration with S. N. Barrientos-Palomo] 

5.4 Discussion 

As discussed in Chapters 2, 3 and 5, pulsed plasmachemical functionalisation of solid 

surfaces using polymerisable functional precursors offers the advantage of substrate 

independent deposition and high levels of functional group retention,62 making it well-

suited for the deposition of functional groups onto both inorganic and organic substrates 

required for MOF templating.  Infrared spectroscopy and XPS analyses have shown that 

there is a large degree of imidazole ring retention during pulsed plasma deposition of 1-

allylimidazole  precursor—which is a prerequisite for the epitaxial growth of MOF-508 

layers, Figure 5.1 and Figure 5.2. 

MOF-508a was found to grow selectively onto the pulsed plasma poly(1-

allylimidazole) deposited layers, thereby confirming the substrate-independent nature of 
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the methodology. The crystallite morphology observed by SEM is consistent with other 

liquid phase epitaxial grown MOF layers (which display a Volmer–Weber island layer-by-

layer growth mechanism24), Figure 5.5. This indicates that the surface energy of the 

crystal-solution interface is greater than that of the substrate-solution interface, which 

leads to the growth of three-dimensional islands on the surface (rather than Frank–van 

der Merwe uniform layer-by-layer growth across the whole substrate).63 

In contrast to the previously reported growth of MOFs onto self-assembled 

monolayers (SAMs, which provide templating of non-interpenetrated MOF-508 lattice20), 

the pulsed plasma deposited layer approach gives rise to interpenetrated MOF-508 

lattices (MOF-508a) providing added benefit of an appropriate pore size for selective CO2 

adsorption (4.0 Å diameter) and lack of water uptake from ambient humidity.31,33, Also, the 

Volmer–Weber island layer-by-layer growth mechanism provides relatively less compact 

packing of the MOF-508a crystallites (higher external surface area) providing guest CO2 

molecules greater access to MOF-508a crystallite pore openings from the (100) and (010) 

faces (which are blocked for both SAM-based close-packed unidirectional and perfect 

Frank–van der Merwe (001) layer-by-layer MOF film growth modes64,65). Such orientation 

specific gas adsorption behaviours have been documented for other MOF systems.66 

Assuming complete coverage of an underlying flat substrate with a single unit cell 

thickness of interpenetrated MOF-508 layer during each epitaxial cycle, the maximum 

theoretical mass of MOF-508a grown onto the pulsed plasma deposited poly(1-

allylimidazole) layer coated quartz crystal microbalance substrates is calculated to be 16.0 

μg after 60 cycles (based on the MOF-508a unit cell dimensions measured by XRD and 

the QCM disc area). Using this value in conjunction with the experimental QCM CO2 gas 

uptake measurements, the total amount of CO2 captured per gram of MOF-508a is 

calculated to be 6 mmol g−1—in fact, the incomplete layer-by-layer coverage of the 

substrate with MOF (due to Volmer–Weber island growth mechanism) means that this 

value is an underestimate. This CO2 uptake value (6 mmol g−1) is greater compared to 

previously reported surface supported CO2 capture MOFs (1–4 mmol g−1),30,67 and is of 

the same order of magnitude as bulk MOF CO2 capture materials (1–10 mmol g-1 at 

atmospheric pressure).68 Furthermore, it appears to be on the same order of magnitude 

as theoretical maximum uptakes for other CO2 sequestration technologies, such as alkali 

metal carbonates (9.4 mmol g-1)69 and hyperbranched aminosilicas (5.5 mmol g-1).70  

Based upon this saturated QCM CO2 gas adsorption value of 6 mmol g−1, the CO2 : Zn(II) 
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ratio is calculated to be 2 : 1 for the MOF-508a film, with fast adsorption occurring up to 

50% gas uptake attributable to the interaction of CO2 with vacant Zn(II) lattice coordination 

sites.71 Gas adsorption rate slows down beyond a CO2 : Zn(II) stoichiometric ratio of 1:1, 

which is attributable to the participation of secondary weaker adsorption sites and CO2-

CO2 interactions becoming dominant.71 

 The practical viability of the pulsed plasma deposited poly(1-allylimidazole) 

templated MOF-508a layers for CO2 capture under atmospheric conditions (diluted CO2 

concentrations in O2/N2 carrier gas mixture) has been demonstrated by achieving gas 

uptake values close to those measured at the saturation adsorption limit for a pure CO2 

atmosphere, Figure 5.7. High affinity for the separation of CO2 at atmospheric 

concentrations from air has been previously reported for sodium hydroxide,72 zeolites,73 

and some bulk MOFs,74 but not for surface-anchored MOFs. By combining the 

aforementioned CO2 adsorption properties with a plasmachemical deposited flexible 

substrate linker layer, the described approach facilitates the application of MOF-508 to a 

wide variety of substrate materials and geometries (including membranes and fibres) and 

hence CO2 capture applications (for example, carbon sequestration, industrial flue gas 

scrubbers, and recirculating breathing apparatus). This is something which is not easily 

feasible using other surface-templating methods such as self-assembled monolayers 

(SAMs), metals, and metal oxides due to their inherent substrate-specificities.  

Furthermore, apart from host–guest interactions, such growth of supported functional 

MOF layers could form the basis of physical or chemical responsive materials including 

phase transitions triggered by guest adsorption/desorption, or photochemical, thermal, 

and mechanical stimuli.75 

5.5 Conclusions 

Pulsed plasma deposited poly(1-allylimidazole) can be used for the substrate-independent 

epitaxial growth of microporous [Zn (benzene-1,4-dicarboxylate)-(4,4’-bipyridine)0.5] 

(MOF-508) layers.  Surface crystallite morphology is consistent with the Volmer–Weber 

island layer-by-layer epitaxial growth mechanism. High affinity for the separation of carbon 

dioxide at atmospheric concentrations in oxygen/nitrogen carrier gas mixtures is 

measured, and the total carbon dioxide capture capacity is found to correlate to the 

number of MOF-508 layers grown. 
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Chapter 6  Magnetic Recyclable P25–TiO2 

Microcomposite Photocatalysts  

6.1 Introduction 

For industrialised countries, controlling emissions of greenhouse gases such as CO2 is a 

vital step in environmentally sustainable industrial processes. However, for many 

countries a greater concern is access to clean drinking water, with approximately two 

billion people worldwide lacking this most basic resource.1 In rural regions of developing 

countries, this is often due to surface or ground water being contaminated with agricultural 

run-off.2,3 These pollutants include organic pesticides applied to arable land, travelling from 

point of application through waterways into river mouths.4,5,6 Subsequent chronic ingestion 

can lead to fatal illnesses such as non-Hodgkin’s lymphoma and Parkinson’s disease.7,8,9 

In particular, children tend to be at high risk due to toxic dosages being as low as 1% 

advised for adults.10 Industrialisation is another major source of organic molecule water 

contamination.11 Often in developing countries, chloro and aromatic compounds are 

detected in textile factory effluents.12,13,14 These environmental pollutants have been linked 

to mutagenic effects in mammals and aquatic vertebrates.15,16,17,18 

One potential solution at the local village level (point of use) involves the UV illumination 

of semiconductor band gap materials (such as TiO2) for the photocatalytic degradation of 

organic pesticide and dye pollutants,19,20,21,22,23 alongside the inherent benefit of high UV 

bactericidal activity towards E. coli and other common waterborne health risks.24,25,26,27 In 

particular, the use of TiO2 nanoparticles has been widely reported for this purpose, despite 

such hydrophilic nanoparticles posing a risk to natural ecosystems due to their high levels 

of aqueous dispersity.28,29 For instance, TiO2 nanoparticles display biological toxicity 

towards living tissues sensitive to oxidative stress, such as those containing brain 

microglia and bronchial epithelial cells.30,31  Furthermore, their small size makes them 

difficult to remove by physical means (e.g. filtration) because small pore membranes easily 

become blocked.  Therefore, larger size, cheap, and easily separable photocatalytic 

particles are sought for sustainable water purification applications in developing countries. 

TiO2-coated magnetic core particles are promising candidates for magnetically 

recoverable photocatalysts. Previous examples for local production include: agglomerated 

TiO2-coated sub-micron size iron oxide particles synthesised from ferric chloride (which is 
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toxic),32,33 micron-sized magnetic Mn-Zn ferrite photocatalysts prepared from waste 

materials (which are a cheaper variant, however their synthesis requires an extensive 

number of wet chemical steps as well as the handling and disposal of waste sulphuric 

acid)34, the combination of TiO2 particles and a magnetic component within an organic 

matrix (such as chitosan,35 poly(methyl methacrylate),36 or poly(vinyl pyrrolidone))37 to 

form micron-sized particles (these suffer from the organic host matrices themselves being 

vulnerable to photodegradation by the TiO2 photocatalysts over extended periods of 

operation38,39), and the utilisation of inorganic matrices, such as reduced graphene oxide,40 

SrFe12O19 nanofibres, 41 or hydrotalcite clays,42 ( which add significant costs). 

In this chapter, a simple, quick, and cheap strategy is described comprising the 

encapsulation of magnetically separable micron-sized steel filings with a sol-gel TiO2 

nanocomposite photocatalyst shell. Sol-gel chemistry is already widely employed for the 

large scale manufacture of silica and titania aerogels, nanopowders, and coatings.43 

Typically this involves acid hydrolysis of silica and titania precursors, followed by for 

example, substrate dipping, and a final thermal curing step.44,45  This approach offers many 

advantages, including independent scope for fine tuning particle size,43 pore size,46 and 

film hardness, either by variation of the sol-gel synthesis conditions, or by mixing additional 

particles (such as photocatalytic P25 TiO2 nanoparticles).47  Herein, micron size magnetic 

steel particles are first encapsulated within a double sol-gel silica host matrix barrier layer 

to protect against corrosion, as well as help suppress electron-hole recombination and 

electron-hole transfer between the TiO2 outer layer and the underlying steel particles .48,49  

These silica-steel microcomposite particles are then coated with a photocatalytic 

nanocomposite outer shell comprising photoactive TiO2 (P25) nanoparticles incorporated 

within a TiO2 sol-gel host matrix, Scheme 6.1.  These silica-steel microcomposite core 

with TiO2–P25 nanocomposite shell photocatalysts have been characterised by X-ray 

photoelectron spectroscopy (XPS), Raman microscopy, X-ray diffraction (XRD), UV-Vis 

diffuse reflectance spectroscopy, and BET surface area analysis. Photocatalytic 

degradation rates have been measured using aqueous methylene blue dye solution,50,51 

which is considered to be a good model pollutant for many organic pesticides and dyes 

which contain aromatic, heteroaromatic, and chloro groups.6,52,53,54,55 
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Scheme 6.1: Representation of sol-gel preparation of microcomposite silica-steel core 

with TiO2 nanocomposite shell photocatalysts. 

6.2 Experimental Section 

6.2.1 Substrate Preparation 

Quartz slides (23 mm x 10 mm x 2 mm, cut from a 75 mm diameter quartz window, UQG 

Ltd.) were cleaned with detergent and then sonicated in propan-2-ol (+99.5 wt%, Fisher 

Scientific UK Ltd.) for 15 min prior to use as control substrates.  

Small pieces of sheet steel (10 mm x 10 mm x 1 mm, ECISS grade S275 (<0.25 

wt% C, <1.60 wt% Mn, <0.04 wt% P, <0.05 wt% S, <0.05 wt% Si), SES Multi Metal Stock 

Ltd.) were used as model flat steel substrates. These were scrubbed with detergent 

followed by 15 min sonication in propan-2-ol. They were then rinsed with high purity water 

(BS 3978 Grade 1) and immersed in a 10 wt% solution of sodium hydroxide (99.2 wt%, 

Fisher Scientific UK Ltd.) in high purity water for 10 min. Next, the steel plates were rinsed 

in high purity water, and immersed in a solution comprising hydrochloric acid (32 wt% in 

water, Fisher Scientific UK Ltd.), nitric acid (70 wt% in water, Fisher Scientific UK Ltd.) 

and high purity water in a volume ratio of 1.0 : 2.0 : 17.0 for 10 min. This was followed by 

rinsing in high purity water, washing in acetone (+99.8 wt%, Fisher Scientific UK Ltd.), and 

final removal of surface contaminants by placing in a UV-Ozone cleaner (ProCleaner, 

BioForce Nanosciences Inc.) for 40 min, ready for coating.  

Micron-sized steel particles were ground from a steel rod (ECISS grade S275 

(<0.25 wt% C; <1.60 wt% Mn; <0.04 wt% P; <0.05 wt% S; <0.05 wt% Si), SES Multi Metal 

Stock Ltd.) using a horizontal belt finisher (Bandfacer, RJH Finishing Systems Ltd., 
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running at 0.75 hp) fitted with a sanding belt (180 grit, 100 mm x 915 mm linishing belt, 

Deerfos Europe Sp. z.o.o.). The obtained coarse steel particles were magnetically 

separated from any residual non-magnetic particulates. Next, they were further ground 

manually under a 2 kg mass (with a cross-sectional area of 65 cm2) for 30 min placed 

between two pieces of dry silicon carbide finishing paper (p400 grit, manufactured by 

Bibielle S.p.A., supplied by MSC Industrial Supply Co.), followed by grinding down 

between finer grade dry silicon carbide finishing paper (p1200 grit, Bibielle S.p.A., supplied 

by MSC Industrial Supply Co.) for 30 min,  then magnetically separated and rinsed in 

acetone to yield a median particle size of 2.9 µm (upper and lower quartiles of 4.2 and 2.2 

µm respectively, measured using a light microscope, Model BX40, Olympus Corp.). 

  A cylindrical glass plasma reactor (5.5 cm diameter, 475 cm3 volume) housed 

within a Faraday cage was used for plasma cleaning of the steel particles.  This was 

connected to a 30 L min-1 rotary pump via a liquid nitrogen cold trap (base pressure less 

than 2 x 10-3 mbar and air leak rate better than 6 x 10-9 mol s-1).56 A copper coil wound 

around the glass reactor (4 mm diameter, 11 turns, located 10 cm downstream from the 

gas inlet) was connected to a 13.56 MHz radio frequency (RF) power supply via an L-C 

matching network.  Prior to loading each batch of steel particles, the whole apparatus was 

thoroughly scrubbed using detergent and hot water, rinsed with propan-2-ol, oven dried at 

150 ºC, and further cleaned using a continuous wave 50 W air plasma at 0.2 mbar 

pressure for 30 min.  Next, the steel particles were placed inside the chamber and plasma 

cleaned using the aforementioned electrical discharge parameters, ready for sol-gel 

coating application. 

6.2.2 Silica Barrier Layer 

A silica barrier layer was applied to the steel particles in order to protect against rusting, 

as well as suppressing electron-hole recombination, and electron-hole transfer from TiO2 

photocatalyst overlayer to the underlying steel particles.48,49 A silica sol-gel was prepared 

by acid catalysed hydrolysis of tetraethyl orthosilicate (TEOS, +98 wt%, Sigma-Aldrich Co. 

LLC.) through mixing with ethanol (+99.8 wt%, Fisher Scientific UK Ltd.), high purity water, 

and hydrochloric acid (32 wt% in water, Fisher Scientific UK Ltd.) in a molar ratio of 1.0 : 

3.8 : 7.3 : 5.4 × 10-3 respectively and magnetic stirring at 60 °C for 60 min. The extent of 

condensation increased with time, where the solution initially consisted of a sol and was 

followed by the formation of a gel network.43 In order to produce uniform silica coatings, 



138 
 

the sol-gel solutions were used within 48 h of synthesis, whilst the sol-gel remained at its 

lowest viscosity (typically comprising particles in the nanometre size range).43 

Coating of steel particles with one layer of silica entailed immersion in the sol-gel 

followed by vigorous manual agitation every 5 min over a 60 min period in order to ensure 

uniform particle dispersion throughout the growth phase of the coating. These coated steel 

particles were then magnetically separated, rinsed with ethanol, dried in air over a hot 

plate at 80 °C for 15 min, annealed at 150 °C under vacuum (<60 mbar) for 1 h, and finally 

any large agglomerates were mechanically separated using a ceramic pestle and mortar. 

Quartz slides and steel plates were also coated using this method (however vigorous 

agitation and magnetic separation were not necessary). The coated steel plates were 

analysed by X-ray photoelectron spectroscopy (XPS) in order to check for complete 

coverage of the steel substrate by the silica layer.  Double silica barrier layers were built 

up by repeating the aforementioned procedure in order to ensure complete coverage of 

the substrate. 

6.2.3 TiO2 Coating 

A TiO2 sol-gel was prepared by stirring a solution of the following chemicals for 1 h prior 

to use: propan-2-ol, glacial acetic acid (+99 wt%, Fisher Scientific UK Ltd.), and titanium 

isopropoxide (+97 wt%, Sigma-Aldrich Co. LLC.) in a molar ratio of 45.0 : 6.0 : 1.0 

respectively. In order to produce uniform coatings of TiO2, the sol-gel solutions were used 

within 48 h of synthesis, whilst the sol-gel remained at its lowest viscosity (typically 

comprising particles in the nanometre size range).43   

Quartz slides and steel plates precoated with a double silica barrier layer (to 

ensure complete coverage of the surface) were dip coated into the TiO2 sol for 15 s and 

allowed to dry in air at 20 ºC for 30 min.  This TiO2 sol coating cycle was repeated three 

times for both substrates, in order to build up the layer, followed by air calcination at 500 

°C for 30 min using a ramp rate of 5 °C min-1.  

500–600 mg batches of steel particles precoated with a double silica barrier layer 

were dip coated by immersion into 2 mL of the TiO2 sol-gel, manually agitating for 15 s, 

followed by magnetic separation whilst decanting the excess solution.  These TiO2 sol-gel 

coated steel particles were then dried under N2 (99.998 vol%, BOC Ltd.) flow at 20 ºC for 

30 min, and any large agglomerates were mechanically separated using a ceramic pestle 

and mortar. This TiO2 sol-gel coating cycle was repeated 8 times to build up a sufficiently 
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thick layer, and finally calcined at 500 °C for 30 min using a ramp rate of 5 °C min-1 under 

a dry (<60 ppm H2O, Series 3 moisture monitor, GE Panametrics Ltd.) gas flow of O2 (99.5 

vol%, BOC Ltd., 20 cm3 min-1) and N2.  This is designated as one overall TiO2 coating 

layer, Table 6.1.  Calcination under gas flow was required due to the higher surface area 

of steel particle substrates compared to flat steel and quartz substrates.  The use of a dry 

O2/N2 gas mixture was important in order to prevent rusting of the particles. 

Table 6.1: TiO2 coated substrates (all precoated with a double silica barrier layer). 

Sample Code Substrate 
Outer Coating 

Matrix Material 

Number of TiO2 

coating layers 

TiO2(Q) Quartz Slide Sol-Gel TiO2 1 

TiO2(1) Steel Particles Sol-Gel TiO2 1 

6.2.4 Nanocomposite TiO2 Coatings 

3.6 wt% Aeroxide® P25 TiO2 nanoparticles (anatase : rutile ratio 80 : 20 wt%, BET surface 

area 50 m2 g-1, Acros Organics)57 were added to a freshly prepared TiO2 sol-gel comprising 

a solution of propan-2-ol, glacial acetic acid and titanium isopropoxide in molar ratios of 

45.0 : 6.0 : 1.0 respectively, which had been stirred for 1 h prior to use. 

Quartz slides coated with a double silica barrier layer were dip coated into the 

TiO2–P25 nanocomposite sol-gel for 15 s followed by drying in air at 20 ºC. This cycle was 

repeated three times followed by air calcination at 500 °C for 30 min, using a ramp rate of 

5 °C min-1. 

500–600 mg batches of steel particles coated with a double silica barrier layer were 

dip coated by immersion into 2 mL of the TiO2–P25 nanocomposite sol-gel and manually 

agitated for 15 s, followed by magnetic separation whilst decanting the excess solution.  

These TiO2–P25 nanocomposite sol-gel coated steel particles were then dried under N2 

flow at 20 ºC for 30 min, and any large agglomerates were mechanically separated using 

a ceramic pestle and mortar. This TiO2–P25 nanocomposite sol-gel coating cycle was 

repeated 8 times to build up a sufficiently thick layer, and finally calcined at 500 °C for 30 

min using a ramp rate of 5 °C min-1 under a dry (<30 ppm H2O) gas flow of O2 (20 cm3 

min-1) and N2 (80 cm3 min-1). This is designated as one overall TiO2–P25 nanocomposite 

coating layer, Table 6.2. 
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Table 6.2: TiO2–P25 nanocomposite coated substrates (all precoated with a double silica 

barrier layer). Total coating thicknesses measured by: (†) optical microscopy; and (‡) 

Raman microscopy. 

Sample 

Code 
Substrate 

Matrix 

Material 

Filler 

Nanoparticles 

Number of 

TiO2–P25 

Nanocomposite 

Coating Layers 

Total 

Coating 

Thickness /  

µm 

P25(Q) 
Quartz 

Slide 

Sol-Gel 

TiO2 
P25 TiO2 1 2.75 ± 0.25† 

P25(1) 
Steel 

Particles 

Sol-Gel 

TiO2 
P25 TiO2 1 6 ± 2‡ 

P25(3) 
Steel 

Particles 

Sol-Gel 

TiO2 
P25 TiO2 3 10 ± 4‡ 

P25(5) 
Steel 

Particles 

Sol-Gel 

TiO2 
P25 TiO2 5 27 ± 8‡ 

6.2.5 Characterisation 

Silica adhesion layer thicknesses on quartz slides were determined by cryo-fracturing 

coated slides using liquid nitrogen, and subsequent analysis by scanning electron 

microscopy (SEM, VEGA3 LMU, Tescan Orsay Holding, a.s.) at 25 kV, with sample cross 

sections orientated 10° from parallel to the beam path. 

TiO2 coating thickness on quartz slides was measured by confocal laser scanning 

microscopy (LSM 880 with Airyscan, Carl Zeiss AG) by analysing 22 µm x 22 µm areas of 

coating. Reflectance of the TiO2 sol-gel and TiO2–P25 nanocomposite sol-gel coatings 

under laser light (wavelength of 405 nm, transmitted by the quartz substrate and silica 

barrier layer) was captured in cross-sections parallel to the coating’s surface. Image stack 

acquisition was started from above the surface of the coating and then moving in 0.29 µm 

steps along the direction perpendicular to the coating, using a 0.60 µm thickness optical 

section. Image stacks were rotated to yield the coating cross-section, and the average 

thickness of the film was then calculated by measuring the cross-sectional area (ImageJ, 

Java-based image processing program) and dividing it by the section length.  
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Surface elemental compositions were measured by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer equipped with a non-

monochromated Mg Kα1,2 X-ray source (1253.6 eV) and a concentric hemispherical 

analyser. Photoemitted electrons were collected at a take-off angle of 20° from the 

substrate normal, with electron detection in the constant analyser energy mode (CAE, 

pass energies of 20 and 50 eV for high resolution and survey spectra respectively). 

Experimentally determined instrument sensitivity factors were taken as C(1s) : O(1s) : 

Si(2p) : Fe(3d) equals 1.00 : 0.35 : 0.97 : 0.09 respectively.  

Raman spectra were acquired on a confocal microscope laser Raman system 

(model Labram 1B, Instruments S. A. (UK) Ltd.) equipped with a 15 mW He-Ne laser (6328 

Å) excitation source and an air-cooled CCD detector (model SpectrumOne CCD 2000). 

For Raman spectroscopy, coated steel and reference particle samples were compressed 

and levelled into a glass sample cell (10 mm diameter and 2 mm depth). Spectral 

background subtraction utilised a 6th degree polynomial. For Raman microscopy analysis, 

samples were set into epoxy resin (5 : 2 mixture of Epoxy resin L : Hardener S, R&G 

Faserverbundwerkstoffe GmbH Composite Technology) at 1 wt%, cured for 24 h at room 

temperature (20 °C), then cross sectioned using sequential polishing with dry silicon 

carbide finishing paper (p400 and p1200 grit, manufactured by Bibielle S.p.A., supplied by 

MSC Industrial Supply Co.) and alumina metal polish (Solvol®, Autosol LLC.). Raman 

microscopy spectra were taken at 1 µm intervals along a linear trace through the centre 

of each analysed particle using a 1800 g/mm grating; subsequently, Raman microscopy 

profiles were generated from the area of the anatase Eg TiO2 (594–691 cm-1) and 

haematite Fe2O3 (262–310 cm-1) signals. A TiO2 coating thickness for each analysed 

particle was calculated by averaging the distance measured between the outer and inner 

boundaries of the anatase Eg signal on each edge of the cross-sectioned particle. 

X-Ray diffractograms were obtained across 5°–80° 2θ range with 0.02° step size 

using a powder diffractometer (model d8, Bruker Corp.). The copper anode X-ray source 

was operated at 40 kV and 40 mA emitting Cu Kα 1.5418 Å wavelength radiation. 

UV-Vis absorbance spectra of coated quartz slides were acquired using a custom 

built centre-mount low density PTFE integrating sphere with an internal diameter of 100 

mm. Illumination was provided from a deuterium tungsten-halogen fibre optic source 

(model DH-2000-S, Ocean Optics Inc., 215–2500 nm range), and the reflected light was 
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analysed by a fibre coupled CCD spectrophotometer (200–850 nm range, model USB-

2000+, Ocean Optics Inc.). 

Particle sizes were measured using a light microscope (Model BX40, Olympus 

Corp.).  Particle surface area was determined using the BET method58 (model BET-201 

sorptometer, PMI Inc.). Prior to recording nitrogen adsorption isotherms, the samples 

(100–200 mg) were degassed under vacuum (<0.05 mbar) at 200 ºC for 3 h.  

6.2.6 Photocatalytic Testing of Coated Steel Particles 

TiO2 photocatalyst coated silica-steel microcomposite core particles (solution 

concentration of 2.0 ±  0.3 mg mL-1) were tested in a 100 mL volume cylindrical borosilicate 

glass reaction vessel (fitted with a quartz window for UV irradiation) filled with 90 mL of a 

4.0 μM aqueous solution of methylene blue dye (+70 wt%, TCL UK Ltd.), Figure 6.1. 

Particles were agitated using a vertically mounted magnetic stirrer hot plate (IKAMAG 

RCT, IKA®-Werke GmbH & Co. KG) in contact with the back face of the reactor, and 

oxygen dissolution was maintained via a glass diffuser bubbling oxygen at a flow rate of 5 

cm3 min-1 at 1.5 Bar pressure. A Hg-Xe short arc lamp (model 6136, 200 W rated, 

operating at 26 V and 7 A, Oriel Newport Corp.) positioned 15 cm away from the reactor 

quartz window provided an incident UV flux of 7.4 ± 1.4 mW cm-2 onto the solution 

(measured with a thermopile and digital voltmeter, model 5300, Applied Photophysics 

Ltd.). A contact thermometer was used as part of a feedback loop to the stirrer hot plate 

in order to maintain the reaction vessel temperature at 28 ± 2 °C. Prior to UV irradiation, 

the photocatalyst coated steel particles were allowed to equilibrate in the methylene blue 

dye solution for 1 h in order to determine the extent of methylene blue dye adsorption onto 

the coated steel particles. 1 mL aliquots, filtered through a 0.22 μm polyethersulfone 

syringe filter (Gilson Scientific Ltd.), were taken prior to the addition of photocatalyst, and 

at 10 min intervals during UV illumination for UV-Vis absorption spectroscopy analysis of 

methylene blue dye concentrations at λmax = 660 nm (model UV4, Unicam Lda.).59 Dye 

photodegradation rate constants were calculated from absorbance readings taken over 1 

h of UV exposure assuming first order kinetics (over this period dye degradation did not 

reach a point where mass transfer and other effects caused a deviation from linearity of 

the plots).50,51 UV degradation of methylene blue dye in the absence of coated steel 

particles served as a control (the measured rate constant of 5.9 ± 1.5 x 10-3 min-1 was 

subtracted for each set of photocatalysis experiments). The calculated rate was then 
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normalised to the surface area of the photocatalyst coated steel particles. Finally, the ease 

of recycling was demonstrated by using a hand magnet to separate coated steel particles 

aqueous solution between consecutive photocatalytic cycles.  

 

 

Figure 6.1: Schematic of borosilicate glass photoreactor fitted with a quartz front window 

and magnetic hot plate stirrer.  

6.3 Results 

6.3.1 Silica Barrier Layer 

Wide scan XPS survey spectra of uncoated steel plates indicated the presence of only 

iron, oxygen, and carbon species at the surface (1–2 nm sampling depth),60,61 Figure 6.2. 

The O(1s) envelope could be fitted to two different oxygen atom environments 

corresponding to bulk lattice Fe2O3 (530.7 ± 0.1 eV),62,63 and surface hydroxyl groups 

(532.3 ± 0.1 eV), Figure 6.3.62,64 Deposition of a double silica barrier layer was found to 

be necessary to achieve complete coverage of the steel substrate, as confirmed by the 

disappearance of the iron XPS features in conjunction with the emergence of signals from 

silicon-containing species. This included the appearance of a higher binding energy O(1s) 

component (533.1 ± 0.1 eV) characteristic of silica lattice and silanol groups.65,66  
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Figure 6.2: XPS wide scan survey spectra of: (i) clean uncoated steel plate; (ii) single 

silica barrier layer (60 min deposition) coated steel plate; and (iii) double silica barrier layer 

(2 x 60 min deposition) coated steel plate. 
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Figure 6.3: XPS O(1s) spectra of steel plates: (i) clean uncoated; (ii) single silica barrier 

layer (60 min deposition); and (iii) double silica barrier layer (2 x 60 min deposition). 
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Cross-section SEM analysis of the double silica barrier layer deposited onto quartz 

slides indicated a coating thickness of 92 ± 8 nm, Figure 6.4, whilst the particle size 

measured using an optical microscope after double silica barrier layer coating of steel 

particles (median 17.7 µm) was an order of magnitude larger compared to uncoated steel 

particles (median 2.9 µm). This is consistent with individual double silica barrier layer 

coated steel particles agglomerating to form larger (more easily handleable) composite 

particles, Scheme 6.1. 

 

Figure 6.4: Cross sectional SEM micrograph of a quartz slide coated with a double silica 

barrier layer taken at 10° from parallel to the electron beam path. 

The Raman spectrum of clean steel particles displayed signals characteristic of 

haematite (Fe2O3) and magnetite (Fe3O4),67 Figure 6.5 and Table 6.3. An attenuation of 

these features was observed following application of the double silica barrier layer, 

accompanied by the emergence of silica peaks (993 cm-1, 1353 cm-1, and a broad band 

at around 3000 cm-1).68,69,70 The sampling depth of visible light Raman spectroscopy 

(which ranges from 3 μm for pure silicon to over 20 μm for some metal oxides)71,72 is of 

the same magnitude as the double silica barrier layer-steel composite particle sizes 

(median 17.7 µm), resulting in both the silica coating and underlying steel particles being 

detected. 
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Figure 6.5: Raman spectra of steel particles: (i) uncoated; and (ii) double silica barrier 

layer coated. Significant peaks labelled: haematite Fe2O3 (†), magnetite Fe3O4 (‡), and 

silica (♦).  For coating nomenclature see Table 6.1 and Table 6.2. 
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Table 6.3: Assignment of Raman bands for uncoated and coated steel particles. 

Uncoated Silica Double Barrier Layer 

Peak Position / 

cm-1 
Assignment73 

Peak Position / 

cm-1 
Assignment73,74,75 

213 Haematite Fe2O3 210 Haematite Fe2O3 

281 Haematite Fe2O3 279 Haematite Fe2O3 

395 Haematite Fe2O3 495 SiO2 Defect peak 

593 Haematite Fe2O3 1005 SiO2 

645 Magnetite Fe3O4 1365 SiO2 

1252 Haematite Fe2O3   

TiO2(1) P25(5) Coated Steel Particles 

Peak Position / 

cm-1 
Assignment73,76,77 

Peak Position / 

cm-1 
Assignment76,77 

141 Anatase Eg 148 Anatase Eg 

291 Haematite Fe2O3 398 Anatase B1g 

397 Anatase B1g 516 Anatase A1g or B1g 

517 Anatase A1g or B1g 638 Anatase Eg 

637 Anatase Eg   

P25 TiO2 Nanoparticles  

Peak position / 

cm-1 
Assignment76,77   

148 Anatase Eg   

394 Anatase B1g   

513 Anatase A1g or B1g   

636 Anatase Eg   
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6.3.2 TiO2 Coating 

Prior to calcination of sol-gel coated TiO2(1) silica-steel microcomposite core particles, 

Raman spectroscopy indicated that the coating was non-crystalline, with an absence of 

anatase or rutile Raman signals,78,79,80,81 Figure 6.6.  Following calcination of TiO2(1) 

coated steel particles, Raman spectroscopy and powder XRD displayed strong anatase 

TiO2 features,78,79 Figure 6.7 and Figure 6.8. Rutile TiO2 phase was not detected by XRD, 

which is consistent with the lack of asymmetry in the Raman B1g at 386 cm-1 and Eg at 621 

cm-1 anatase signals.78,80,81 Optical particle size analysis showed that the TiO2 coating 

steps did not lead to agglomeration. 

 

Figure 6.6: Raman spectra of uncalcined TiO2(1) particles. The absorbance at 448 cm-1 

can be assigned to disordered TiO2,82,83 (any adsorbed water librational bands typically 

appear around the 450 cm-1 region84). The peak at 182 cm-1 may be due to overlapping 

Raman active modes (including hydrogen bonded water vibrational bands at 175 cm-1,84 

and bridging hydroxyl group vibrational bands around 265 cm-1 in sheet silica85).  The 

signal at 2966 cm-1 stems from residual acetic acid present in the film from the dip coating 

solution.86 
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Figure 6.7: Raman spectra of: (i) TiO2(1) coated silica-steel microcomposite core 

particles; (ii) P25(5) coated silica-steel microcomposite core particles; and (iii) P25 TiO2 

nanoparticles. Significant peaks labelled: haematite Fe2O3 (†), and anatase TiO2 (*). Insets 

correspond to magnification of the 200–800 cm-1 region.  For coating nomenclature see 

Table 6.1 and Table 6.2. 
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Figure 6.8: Powder XRD of: (a) TiO2(1) coated silica-steel microcomposite core particles; 

(b) P25(5) coated silica-steel microcomposite core particles; and (c) P25 TiO2 

nanoparticles. Significant diffraction peaks labelled: α-Fe (▲); haematite Fe2O3 (†); 

magnetite Fe3O4 (‡); anatase TiO2 (*); and rutile TiO2 (•). 
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6.3.3 Nanocomposite TiO2 Coatings 

Powder XRD analysis of P25 TiO2 nanoparticles showed anatase and rutile polymorph 

peaks at 2θ values of 25.3° (101) and 27.5° (110), respectively, Figure 6.8..87,88 The [IRutile] 

/ [IAnatase] peak height intensity ratio of 0.10 (corrected for linear background subtraction) 

was used to calculate an anatase weight fraction (WAnatase) of 0.86 using Equation 6.1,89 

which is comparable with the previously reported value of WAnatase = 0.8 for P25 TiO2 

material.57  Additional lower intensity anatase peaks include 2θ values of: 37.8°, 48.0°, 

53.9°, 62.7°, 68.7°, and 74.9°.87,88 Powder XRD analysis of P25(5) coated silica-steel 

microcomposite core particles detected strong anatase TiO2 peaks as well as weak signals 

from α-Fe, haematite (Fe2O3), magnetite (Fe3O4), and rutile TiO2. 87,88,90,91 This is 

consistent with there being P25 TiO2 nanoparticles embedded within the TiO2(1) shell 

coating, Figure 6.8.  For the P25(5) coated silica-steel microcomposite core particles, the 

sol-gel TiO2 : P25 TiO2 nanoparticle ratio is estimated to be 1.0 : 2.5, by calculating the 

remaining sol-gel TiO2 contribution to [IAnatase] after subtracting the P25 TiO2 nanoparticle 

contribution (calculated by using the [IRutile] intensity, which is taken to be solely due to P25 

TiO2, in combination with the previously calculated anatase weight fraction (WAnatase = 

0.86) for P25 TiO2 nanoparticles). 

         WAnatase = 1 / [1 + (1.26[IRutile] / [IAnatase])]                                    Eq. 6.1 

Raman spectroscopy of P25 TiO2 nanoparticles displayed strong bands 

associated with anatase TiO2 at 148 cm-1, 394 cm-1, 513 cm-1, and 636 cm-1,78,79 Figure 6.7 

and Table 6.3. The lack of any TiO2 rutile signal is consistent with previous Raman 

studies.92,93 This is most likely due to the inherently low proportion of rutile (around 10 

wt%, as shown by XRD) and the overlap of the Raman rutile Eg and A1g peaks with the 

anatase B1g and Eg peaks.78,79,80,81 In the case of P25(5) nanocomposite coated silica-steel 

microcomposite particles, characteristic anatase TiO2 Raman signals were observed, 

whilst the lack of any significant haematite Fe2O3 peaks,67 corroborated a thicker coating 

compared to TiO2(1), Figure 6.7 and Table 6.3. The absence of any TiO2 rutile Raman 

signal for P25(5), is consistent with the aforementioned reference spectrum of P25 TiO2 

nanoparticles. However, powder XRD enabled a clear distinction to be made between the 

rutile and anatase phases for P25(5) nanocomposite coated silica-steel microcomposite 

core particles through the easily resolvable rutile diffraction peak at a 2θ value of 27.5º, 
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Figure 6.8. Raman microscopy of cross-sectioned silica-steel microcomposite core with 

TiO2–P25 nanocomposite shell coating particles confirmed the presence of multiple 

(agglomerated) steel particles within the core silica host matrix, Figure 6.9. In contrast, to 

the earlier double silica barrier layer coating step of the steel particles (median 17.7 µm) 

which resulted in agglomeration, the sol-gel TiO2 nanocomposite coating step did not 

cause agglomeration of the silica-steel microcomposite core particles, Figure 6.9. 

 

Figure 6.9: Raman microscopy signal across a cross-sectioned P25(1) coated silica-steel 

microcomposite core particle: anatase TiO2 Eg signal (594–691 cm-1, solid line); and 

haematite Fe2O3 signal (262–310 cm-1, dotted line). Note haematite signal shows the 

incorporation of more than one steel particle within the silica-steel microcomposite core. 

Inset shows the optical micrograph of the particle analysed. 

UV-Vis absorption spectra of TiO2(Q) and P25(Q) coated quartz slides display 

distinct band gaps with negligible absorbance at wavelengths exceeding 400 nm into the 

visible region, Figure 6.10.  The measured band gap of 3.15 eV (393 nm) for TiO2(Q) 

coating is consistent with anatase TiO2 phase (literature band gap of 3.15–3.20 eV).87,94 

In the case of P25(Q) coating, the lower band gap of 3.08 eV (402 nm) is in good 

agreement with previous reported values for P25 TiO2 nanoparticles (3.1 eV),87,95 which 

correlates to the larger rutile content measured by powder XRD analysis for P25(5) 

compared to TiO2(1), Figure 6.8.  Furthermore, this incorporation of P25 TiO2 
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nanoparticles into TiO2 sol-gel coatings (P25(Q)), enhances absorbance at shorter 

wavelengths (energies greater than the band gap), and slightly attenuates absorbance at 

longer wavelengths (energies below the band gap) compared to TiO2(Q), Figure 6.10. The 

former can be attributed to a greater amount of absorbing species from a thicker TiO2 layer 

(2.75 ± 0.25 µm for P25(Q) compared to 0.79 ± 0.08 µm for TiO2(Q) measured by optical 

microscopy).96 The latter may stem from differences in band tailing defect states.97 

 

Figure 6.10: UV-Vis absorbance spectra of coated quartz slides: sol-gel TiO2 coating 

(TiO2(Q), dashed line); and sol-gel TiO2 containing P25 nanoparticles (P25(Q), solid line).  

The low surface area of 0.13 ± 0.02 m2 g-1 measured for uncoated steel particles 

is in good agreement with the estimated theoretical surface area of 0.27 m2 g-1 calculated 

from the optical particle size distribution (assuming spherical particles and an 

experimentally determined mild steel density of 7.53 ± 0.25 g m-3), Table 6.4. TiO2 sol-gel 

coating of the silica-steel microcomposite particles (TiO2(1)) increased the overall surface 

area, whilst corresponding TiO2–P25 nanocomposite shell coated steel-silica 

microcomposite particles yielded the highest values, with an enhancement factor of over 

100 compared to uncoated steel particles being achieved for P25(3) and P25(5) variants, 

Table 6.4. This shows that the TiO2 layer is porous. 

  



155 
 

Table 6.4: Coated steel particle TiO2 shell thickness values measured by cross-section 

Raman microscopy and BET isotherm surface areas.  

Steel Particle Coating TiO2 Coating 
Thickness / µm 

Surface Area / m2 g-1 

Uncoated - 0.13 ± 0.02 

TiO2(1) 5 ± 6 4.39 ± 1.32 

P25(1) 6 ± 2 10.3 ± 1.9 

P25(3) 10 ± 4 14.7 ± 1.5  

P25(5) 27 ± 8 16.3 ± 1.7  

 

6.3.4 Magnetic Recycling 

Following immersion of TiO2 coated silica-steel microcomposite particles into solution, a 

preliminary drop in detected methylene blue dye concentration was observed in darkness, 

Figure 6.11.  This can be attributed to surface adsorption of dye reaching a plateau over 

a period of about 1 h.  Subsequent UV illumination led to photocatalytic dye degradation. 

For recycling studies, the TiO2-silica-steel multicomposite particles were magnetically 

removed from the solution between each UV exposure cycle. For instance, the first order 

rate constant for UV photodegradation of the dye was measured to be 2.31 ± 0.14 x 10-2 

min-1 for the P25(3) photocatalyst during its fifth UV exposure recycle run; this value 

dropped to 0.73 ± 0.23 x 10-2 min-1 following magnetic removal of the photocatalyst 

particles (which is the same within error as measured in the control experiment using no 

TiO2-silica-steel multicomposite particles (0.59 ± 0.15 x 10-2 min-1), thereby ruling out 

photocatalyst leaching into solution).  No visible change or rust was seen on these 

samples (with the silica double barrier layer) after 5 cycles. Control experiments showed 

that uncoated steel particles display a photocatalytic dye degradation rate constant of 0.43 

± 0.15 x 10-2 min-1, which lies within the error range of background UV photodegradation 

(rate constant of 0.59 ± 0.15 x 10-2 min-1 in the absence of any particles). Furthermore, 

TiO2 or TiO2–P25 nanocomposite shell coated silica-steel microcomposite photocatalysts 

prepared without the interfacial silica double barrier layer led to rapid delamination of the 

photocatalyst coating upon immersion into methylene blue dye solution, culminating in the 

formation of rust visible to the naked eye. 
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Figure 6.11: UV photocatalytic degradation profile of methylene blue dye solution (4 µM) 

using P25(3) coated silica-steel microcomposite particles (2.0 ± 0.3 mg mL-1 loading) 

during the fifth recycle run. Photocatalyst was magnetically removed after 30 min UV 

exposure, and the resulting methylene blue dye solution was exposed to UV for a further 

60 min in the absence of photocatalyst. Error bars are the standard deviation of three 

repeat experiments. 

First order rate constants (normalised to surface area) for the photodegradation of 

methylene blue dye solution during 1 h UV illumination were compared across the range 

of TiO2 coated silica-steel microcomposite particle photocatalysts, Figure 6.12.  TiO2(1) 

shell coating displayed a lower rate constant compared to the TiO2–P25 nanocomposite 

shell photocatalysts, with the highest rate constant being observed for triple coated sample 

(P25(3), 1.55 ± 0.25 x 10-2 min-1 m-2 leading to 92 ± 5% dye degradation after 1 h UV 

irradiation (82 ± 4% after 30 min)).  Additional TiO2–P25 nanocomposite coating layers led 

to no further gain in photocatalytic activities. This can be explained in terms of the limited 

penetration depth of UV photons into TiO2 (140 nm),98 which is significantly less than the 

coating thicknesses measured for all of the TiO2–P25 nanocomposite shell photocatalysts, 

Table 6.4. The surface area normalised rate constants indicate that there is a definite 

enhancement in the photocatalytic activity through the incorporation of P(25) TiO2 

nanoparticles into the sol-gel TiO2 shell coatings, whilst the total surface area appears to 

be the main factor contributing to dye photodegradation rates (within error) between the 

P25(1), P25(3), and P25(5) TiO2 nanocomposite coatings, Table 6.4 and Figure 6.12. 
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Figure 6.12: UV degradation of methylene blue dye solution (4 µM) using TiO2 

photocatalyst coated silica-steel microcomposite core particles (loadings of 2.0 ± 0.3 mg 

mL-1): (a) percentage of dye degraded after 30 min continuous UV irradiation; and (b) dye 

degradation rate normalised to surface area (the large error values are due to propagation 

of error from surface area measurements). All photodegradation rates of the methylene 

blue dye solution were measured following an initial equilibration period in the dark for 1 

h (see Figure 6.11). The background UV degradation rate (0.59 ± 0.15 x 10-2 min-1) of 

methylene blue dye measured in the absence of any photocatalyst particles has been 

subtracted prior to surface area normalisation in all cases. For reference, dispersed P25 

TiO2 nanoparticles gave a surface area normalised dye photodegradation rate of 18.7 ± 

2.0 x 10-2 min-1 m-2 (however, the use of P25 TiO2 nanoparticles alone for water purification 

suffers from problems of environmental leaching and difficulty for reuse). Error bars are 

the standard deviation of three repeat experiments. 
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Magnetic separation recycling experiments were conducted on the most promising 

TiO2 nanocomposite coated silica-steel microcomposite core particles (P25(3) and 

P25(5)). These did not display any change in photocatalytic activity (surface area 

corrected rate constant) over four recycle iterations, Figure 6.13. Percentage degradation 

of the methylene blue dye after 30 min of UV exposure for each photocatalyst during 

recycling displayed a similar trend.  Thereby demonstrating the viability of these TiO2–P25 

nanocomposite coated silica-steel microcomposite core particles as magnetically 

recyclable photocatalysts. 

6.4 Discussion 

TiO2 photocatalytic degradation of organic pollutants is widely understood to proceed via 

two predominant reaction pathways: firstly, by highly reactive hydroxyl radicals (originating 

from photoinduced lattice holes) reacting with pollutant molecules, and secondly by direct 

electron transfer between pollutant molecules and holes, Scheme 6.2. In competition with 

these photodegradative chemical processes, concurrent charge recombination and 

hydroxyl radical quenching to hydroxide anions takes place (e.g. by photogenerated 

electrons).99,100 Adsorbed molecular oxygen also contributes to the overall 

photodegradation quantum yields.101 This encompasses electron-hole pairs generated 

following the onset of UV illumination either undergoing recombination within the bulk, or 

electrons being trapped by defects and adsorbed surface species (such as molecular 

oxygen).102,103,104 The hindering of surface charge recombination through electron trapping 

by adsorbed molecular oxygen increases hole formation, which in turn enhances reactive 

hydroxyl radical production.99,105 
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Figure 6.13: Magnetic separation recycling study using silica-steel microcomposite core 

with TiO2–P25 nanocomposite shell photocatalyst particles (loading of 2.0 ± 0.3 mg mL-1) 

for UV degradation of methylene blue dye solution (4 µM): (a) percentage of dye degraded 

after 30 min continuous UV irradiation; and (b) dye photodegradation rate normalised to 

surface area (the large error values are due to propagation of error from surface area 

measurements). All photodegradation rates of the methylene blue dye solution were 

measured following an initial equilibration period in the dark for 1 h (see Figure 6.11).  The 

background UV degradation rate (0.59 ± 0.15 x 10-2 min-1) of methylene blue dye 

measured in the absence of any photocatalyst particles has been subtracted prior to 

surface area normalisation in all cases. Error bars are the standard deviation of three 

repeat experiments.  
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Scheme 6.2: Important reaction pathways during TiO2 photocatalyst degradation of 

organic molecules (R).106,107,108,109 

In the case of the present organic dye degradation study using silica-steel 

microcomposite core with TiO2 shell photocatalyst, any direct interaction between steel 

particle surface iron oxides and the TiO2 shell could potentially diminish photocatalytic 

activity in at least two ways. Firstly, by electron-hole recombination processes through 

transfer of photogenerated electrons and holes from the TiO2 coating to the respective 

conduction and valence bands of the interfacial iron oxide (the smaller band gap of iron 

oxides compared to TiO2 accelerates the recombination rate, and thus attenuates 

photocatalytic activity49).110 Secondly, photogenerated electrons in the TiO2 layer can 

migrate towards the underlying interface and reduce lattice Fe3+ ions to form the more 

soluble Fe2+ ions, thereby triggering photodissolution of TiO2 coatings.49 Such dissolved 

Fe2+ species are then able to react with hydroxyl radicals leading to a quenching of 

photocatalytic activity.111  These unfavourable interactions between the steel particle iron 

oxide surface layer and the TiO2 shell coating can be blocked by utilising a silica interfacial 

barrier layer.48,49  A double silica barrier layer was found to be sufficient to block 

photocatalyst dissolution, as evidenced by the photocatalyst stability over extended 

magnetic recycling studies, Figure 6.13. 

Despite rutile being the thermodynamically more stable bulk phase, sol-gel 

processing tends to favour the anatase phase.112 This can be attributed to the lower 

surface energy of anatase driving its preferential formation due to the large surface area 
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to bulk volume ratio of the small particles typically formed during sol-gel 

processing.113,114,115,116 Additional factors, such as the precursors employed and reaction 

conditions can also influence TiO2 crystal growth.117,118 The predominance of anatase TiO2 

in the sol-gel coatings employed in the present study (only a small amount of rutile 

polymorph found in P25(5)) is consistent with previous sol-gel TiO2 calcination studies 

carried out at below 700 °C,45 and TiO2–P25 nanocomposite coatings deposited onto glass 

and flat steel substrates.47,119  

The high photocatalytic activity reported for P25 TiO2 nanoparticles is understood 

to be due to a combination of a large anatase (more photocatalytically active) to rutile ratio 

plus an inherent grain boundary structure.120,121 This chapter describes the incorporation 

of P25 TiO2 nanoparticles into the host TiO2 sol-gel coating to form TiO2–P25 

nanocomposite shell coatings, which enhances photocatalytic activity for dye degradation, 

with the added benefit of easy magnetic separation and recycling, Figure 6.13. The 

measured high mass normalised dye degradation rates equal or exceed previously 

reported values for magnetically separable micron size photocatalytic particles tested 

under comparable reaction conditions.33,34,36,37,40,42 Furthermore, the present magnetically 

separable photocatalysts are much cheaper, simpler to prepare, and readily scalable. All 

of these factors make them suitable for local manufacture and adoption in developing 

countries for sustainable water purification. 

6.5 Conclusions 

TiO2 nanocomposite coated silica-steel microcomposite core particles have been 

synthesised by a cheap and easily scalable sol-gel method. These photocatalysts display 

high organic dye molecule degradation activities as well as ease of recyclability by 

magnetic separation from aqueous solution. A synergistic effect upon photocatalytic 

activity has been found involving level of TiO2 nanoparticle loading and surface area of 

the TiO2 nanocomposite shell coating. 
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Chapter 7  Metal Oxide TiO2 Photocatalytic Composite 

Macrospheres 

7.1 Introduction 

Water purification methods such as Solar Disinfection (SODIS)1 and metal oxide 

photocatalytic purification has been demonstrated to be highly effective for the destruction 

of common water-borne pathogens.2,3,4,5 As discussed in Chapters 1 and 6. one of the 

most common materials for photocatalytic purification is TiO2,6,7,8,9,,10 due to its band gap 

of 3.2 eV for anatase and 3.0 eV for rutile,11 which is suited for the generation of hydroxyl 

radicals and oxidation of organic molecules. However, the absorption of TiO2 is limited to 

the UV region of daylight, therefore only 3–5 % of sunlight can be utilised for 

photocatalysis. 

 To overcome this inefficiency, attempts have been made to decrease the band gap 

by doping with anions and transition metals. However, the latter has yet to show promise 

for significantly changing the band gap and typically suffers from thermal instability of the 

doped material.12,13 Whilst many studies achieve band tailing resulting in a slight increase 

in photocatalytic efficiency, few achieve significant band gap modification. Experimental 

results show that nitrogen doping of TiO2 can increase the absorption range to include 

visible light by reducing the band gap by 0.6 eV for rutile,14 and 0.5 eV for anatase.15 Urea, 

amine, hydrazine and thiourea are common sources of nitrogen for doping TiO2,16  

however none provide a significant reduction in band gap.  

Ammonia plasma treatment has proved to be one of the most successful methods 

for doping nitrogen, demonstrating band gap tuning from 3.10–1.52 eV, therefore 

absorbing light up to around 800 nm.17 The reductions in band gap correlated well with an 

increase in nitrogen content in the film. Other successful methods have included ball 

milling,18  oxidation of titanium nitride19,20 and surface alloying of TiO2 to stainless steel.21 

Fluorine doping has been demonstrated to significantly increase the photocatalytic 

activity of TiO2 due to promoted separation of photo-generated electrons and holes,22 

however the use of fluorine-containing reagents may reduce the widespread applicability 

of this method due to environmental concerns.23 Sulphur has also showed potential for 

TiO2 doping, however its large ionic radius hinders incorporation into the ionic lattice.24,25   
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Carbon doping has proved to be effective for band gap reduction, generated from 

titanium carbide and titanium metal-derived oxides, however the flame oxidation method 

tends to yield predominantly rutile phase, along with little controllability over 

morphology.26,27 One of the benefits of using carbon doping is that the carbon source can 

be a titanium organic precursor, resulting in in situ doping, reducing the number of 

experimental steps. Chemical vapour deposition,28 and templating on polymers and 

carbon black,29,30,31 have all been demonstrated to show significant band gap reductions 

and visible light absorption through in-situ doping. Direct comparison of many of these 

materials is challenging as photocatalytic testing is carried out under a wide range of 

conditions. 

Currently reported doping of TiO2 is often focussed on nano or microscale 

particles, which require post reaction filtration.  Whilst this may be practicable in an 

industrial scenario, for point of use drinking water purification simple catalyst separation 

is of vital importance. In addition, any material designed for this purpose must be low cost, 

with simple processing requirements and as few synthetic steps as possible. To this end, 

any doping of the TiO2 photocatalyst must be carried out in situ with the synthesis steps. 

Visible light photocatalytic TiO2 has been prepared using intrinsic carbon within the 

alkoxide precursors of sol gels through calcinations,32,33 as well as hydrolysis with bases.34 

Sol-gel chemistry is already widely employed for the large scale manufacture of silica and 

titania aerogels, nanopowders, and coatings.35 Typically this involves acid hydrolysis of 

titania precursors, substrate coating via various methods including dip coating and 

followed by a final thermal curing step.36 Chitosan has previously been used for improving 

the photocataytic activity of TiO2,37,38 as well as facilitating synthesis of pure TiO2 

spheres.39,40,41  

 In this chapter, a simple in situ synthesis of doped and undoped P25-TiO2 

composite macrospheres is described, comprising chitosan viscosity modulation of a TiO2 

sol-gel and loading of P25 filler powder before formation and curing of spherical particles. 

Synthesised macrospheres were then dried and calcined under different gas conditions to 

yield carbon doped and undoped photocatalysts. These P25-TiO2 composite 

macrospheres have been characterised by BET surface area analysis, UV-Vis diffuse 

reflectance spectroscopy and Raman microscopy. Photocatalytic degradation rates under 

UV and visible light illumination and absorption properties have been measured using 

aqueous methylene blue dye solution.42,43  
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7.2 Experimental Section 

7.2.1 Synthesis of P25-TiO2 Composite Macrospheres 

Composite macrospheres were synthesised using a modified sol-gel precipitation route. 

A TiO2 sol-gel solution was prepared by stirring a solution of 33 wt% hydrochloric acid  (32 

wt% in water, Sigma-Aldrich Co. LLC.) in ethanol (+99.8 wt% Fisher Scientific UK Ltd.), 

followed by the addition of titanium isopropoxide (+97 wt%, Sigma-Aldrich Co. LLC.) in a 

molar ratio to ethanol of 1:5. Once mixed, 5 wt% of Aeroxide® P25 TiO2 nanoparticles 

(anatase : rutile ratio 80 : 20 wt%, BET surface area 50 m2 g-1, Acros Organics)44 was 

added and the solution was stirred for 1 h. The sol-gel solutions were used within 48 h of 

synthesis, whilst the sol-gel remained at its lowest inherent viscosity (typically comprising 

particles in the nanometre size range).35 A separate solution comprising 1.9 wt% chitosan 

(medium molecular weight, Sigma-Aldrich Co. LLC.) in 5 vol% aqueous acetic acid (>99 

wt%, Fisher Scientific UK Ltd., diluted in high purity water) was stirred for 1 h before use. 

The prepared TiO2 sol-gel solution was added dropwise to the chitosan solution with 

continual stirring to prevent agglomeration, until the solution comprised 62 wt% TiO2 sol-

gel solution. The resultant solution was used immediately for macrosphere synthesis. 

Gelation of the chitosan — TiO2 sol-gel solution was carried out using an 80:20 (v:v) 

high purity water and ammonia solution (35 wt% in water, Fisher Scientific UK Ltd.). The 

viscous solution was added dropwise via a 50 mL plastic syringe to approximately 500 mL 

of ammonia solution at a height of 15 cm and a rate of one droplet per second. Upon 

contact with the ammonia solution, the external surface of the droplet gelled, retaining the 

spherical shape. The newly formed P25-TiO2 composite macrospheres were allowed to 

gel for 1 h in the ammonia solution before draining and washing with high purity water. 

The wet spheres were dried for 16 h at room temperature, during which time their size 

reduced significantly. Further drying steps were carried out at 80 ⁰C in air followed by 

heating at 60 °C under vacuum (60 Torr) for 2 h. 

Calcination of the P25-TiO2 composite macrospheres was carried out in a cylindrical 

quartz tube furnace at 600 °C for 3 h using a ramp rate of 10 °C min-1 up to 450 °C and 5 

°C min-1 up to 600 °C under a dry (<60 ppm H2O, Series 3 moisture monitor, GE 

Panametrics Ltd.) gas flow of O2 (99.5 vol%, BOC Ltd., 20 cm3 min-1) and N2 (99.998 vol%, 

BOC Ltd., 80 cm3 min-1), herein referred to as MS(N2/O2). Alternatively, the calcination 
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was carried out under the same temperature conditions but under N2 flow (100 cm3 min-1), 

herein referred to as MS(N2). 

7.2.2 Characterisation of P25-TiO2 Composite Macrospheres 

Particle sizes were measured using a light microscope (Model BX40, Olympus Corp.). 

Particle surface area was determined using the BET method45 (model BET-201 

sorptometer, PMI Inc.). Prior to recording nitrogen adsorption isotherms, the samples 

(100–200 mg) were degassed under vacuum (<0.05 mbar) at 200 ºC for 3 h.  

UV-Vis absorbance spectra of coated quartz slides were acquired using a custom 

built centre-mount low density PTFE integrating sphere with an internal diameter of 100 

mm. Illumination was provided from a deuterium tungsten-halogen fibre optic source 

(model DH-2000-S, Ocean Optics Inc., 215–2500 nm range), and the reflected light was 

analysed by a fibre coupled CCD spectrophotometer (200–850 nm range, model USB-

2000+, Ocean Optics Inc.). 

Raman spectra were acquired on a confocal microscope laser Raman system 

(model Labram 1B, Instruments S. A. (UK) Ltd.) equipped with a 15 mW He-Ne laser (6328 

Å) excitation source and an air-cooled CCD detector (model SpectrumOne CCD 2000). 

Samples were set into epoxy resin (5 : 2 mixture of Epoxy resin L : Hardener S, R&G 

Faserverbundwerkstoffe GmbH Composite Technology) at 1 wt%, cured for 24 h at room 

temperature (20 °C), then cross sectioned using sequential polishing with dry silicon 

carbide finishing paper (p400 and p1200 grit, manufactured by Bibielle S.p.A., supplied by 

MSC Industrial Supply Co.) and alumina metal polish (Solvol®, Autosol LLC.). 

7.2.3 Photocatalytic Testing 

P25-TiO2 composite macrospheres (solution concentration of 5.0 mg mL-1) were tested 

under UV illumination in a 100 mL volume cylindrical borosilicate glass reaction vessel 

(fitted with a quartz window) filled with 90 mL of a 2.0 μM aqueous solution of methylene 

blue dye (+70 wt%, TCL UK Ltd.), Figure 7.1. Particles were agitated using a vertically 

mounted magnetic stirrer hot plate (IKAMAG RCT, IKA®-Werke GmbH & Co. KG) in 

contact with the back face of the reactor and stirrer bar. Oxygen dissolution was 

maintained via a glass diffuser bubbling oxygen at a flow rate of 5 cm3 min-1 at 1.5 Bar 

pressure. A Hg-Xe short arc lamp (model 6136, 200 W rated, operating at 26 V and 7 A, 

Oriel Newport Corp.) positioned 15 cm away from the reactor quartz window provided an 
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incident UV flux of 7.4 ± 1.4 mW cm-2 onto the solution (measured with a thermopile and 

digital voltmeter, model 5300, Applied Photophysics Ltd.). A contact thermometer was 

used as part of a feedback loop to the stirrer hot plate in order to maintain the reaction 

vessel temperature at 28 ± 2 °C. Prior to UV irradiation, the P25-TiO2 composite 

macrospheres were allowed to equilibrate in the methylene blue dye solution for 5 min in 

order to determine the extent of methylene blue dye adsorption onto the macrospheres. 1 

mL aliquots, filtered through a 0.22 μm polyethersulfone syringe filter (Gilson Scientific 

Ltd.), were taken prior to the addition of photocatalyst, and at 10 min intervals during UV 

illumination for UV-Vis absorption spectroscopy analysis of methylene blue dye 

concentrations at λmax = 660 nm (model UV4, Unicam Lda.).46 Dye photodegradation rate 

constants were calculated from absorbance readings taken over 1 h of UV exposure 

assuming first order kinetics (over this period dye degradation did not reach a point where 

mass transfer and other effects caused a deviation from linearity of the plots).47,48 UV 

degradation of methylene blue dye in the absence of macrospheres served as a control 

(the measured rate constant of 5.9 ± 1.5 x 10-3 min-1 was subtracted for each set of 

photocatalysis experiments). 

 Visible light irradiation was studied using a custom made horizontal bed continuous 

flow reactor, Figure 7.1, comprising a shallow cylindrical reaction chamber (100 x 20 mm) 

through which the methylene blue dye solution (20 μM, 400 mL) was pumped from a sump. 

The solution was separated by an overflow into a run-off tray and returned to the sump for 

recirculation. The solution was circulated through the system for 1 h prior to catalyst 

addition to equilibrate the adsorption onto the pump and reactor walls. Visible light 

illumination was provided by a halogen bulb with a similar spectral distribution to natural 

sunlight without the UV component (Decostar 51, 50 W, Osram GmbH), mounted 150 mm 

from the reactor quartz window with an incident flux of 0.8 mW cm-2 onto the solution 

(measured with a thermopile and digital voltmeter, model 5300, Applied Photophysics Ltd.) 

through an infrared filter (UQG Ltd.). Under flow, the macrospheres (0.50 g) were 

suspended in the dye solution providing even illumination of the catalyst. Dye degradation 

was measured in the same manner as for UV illumination studies, however samples were 

taken from the sump at 30 min intervals rather than 5 min. 
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. 

 

Figure 7.1: Schematic of: (a) borosilicate glass photoreactor fitted with a quartz front 

window and magnetic hot plate stirrer used for UV photodegradation studies; and (b) 

acrylic horizontal bed reactor fitted with a glass top window and recycling system used for 

degradation studies in the presence and absence of visible light. 

7.3 Results 

7.3.1 Synthesis of P25-TiO2 Composite Macrospheres 

Particle size analysis on post-calcination P25-TiO2 composite macrospheres shows that 

calcination environment did not affect the size of the spherical particles, Table 7.1. 

However, the BET surface area of the composite macrospheres varied significantly 

between the two calcination environments, with a pure nitrogen atmosphere resulting in a 

4.3 times higher surface area. Synthesis of macrospheres without the addition of P25 TiO2 

resulted in a disruption of the spherical shape and poor mechanical properties of the 

calcined macrospheres.   
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Table 7.1: P25-TiO2 composite macrosphere (MS) particle sizes and surface areas 

calcined under different gas flows (100 cm3 min-1). 

Sample 

Code 

Calcination 

Gas 

Average Particle 

Size / mm 

Surface Area 

/ m2 g-1 

MS(N2/O2) 80:20 N2:O2 1.0 ± 0.2 28 ± 1 

MS(N2) N2 0.9 ± 0.2 121 ± 5 

 

The UV-Vis absorption spectrum of N2/O2 calcined P25-TiO2 composite 

macrospheres displays a distinct band gap typical of a semiconductor material, with an 

uncharacteristic absorbance at wavelengths in the visible region, Figure 7.2. The 

measured band gap of 415 nm (2.98 eV) for N2/O2 calcined macrospheres is consistent 

with both measured and previous reported values for P25 TiO2 nanoparticles (3.08 

eV),49,50 Figure 7.2. Tailing of the absorbance beyond the band gap is likely due to the 

incorporation of carbon from the organic precursors forming some band gap defect 

states.51 Calcination with N2 produced P25-TiO2 composite macrospheres without a 

distinct band gap, absorbing light across the whole measured UV-Vis spectrum, Figure 

7.2, indicating a high proportion of carbon within the macrospheres. 

 

Figure 7.2: UV-Vis absorbance spectra of: P25 TiO2 nanoparticles (solid line); MS(N2/O2) 

(dashed line); and MS(N2) (dotted line). 
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Raman microscopy indicated that the N2/O2 calcined P25-TiO2 composite 

macrospheres contained anatase TiO2, with strong bands at 148 cm-1, 394 cm-1, 513       

cm-1, and 636 cm-1, Figure 7.3.52,53 Rutile Raman signals were not detected due to their 

overlapping Raman signals with anatase and the low proportion of rutile present in the 

P25 starting material.54,55 Comparatively, the N2 calcined P25-TiO2 composite 

macrospheres showed only a weak anatase TiO2 band at 148 cm-1, consistent with the 

undetected band gap and strong visible absorbance measured by UV-Vis spectroscopy, 

Figure 7.2. A broad signal comprising the carbon D and carbon G Raman bands at 1340 

cm-1 and 1580 cm -1 respectively is indicative of a mix of graphitic and amorphous carbon.56 

 

Figure 7.3: Raman spectra of: (a) MS(N2/O2); and (b) MS(N2). Significant peaks labelled: 

anatase TiO2 (*); carbon D line (†); and carbon G line (‡). Inset corresponds to the 200–

800 cm-1 region. 
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7.3.2 Photocatalytic Testing 

UV illumination of N2/O2 calcined P25-TiO2 composite macrospheres in methylene blue 

solution led to photocatalytic dye degradation, with almost complete conversion after 30 

min, Figure 7.4. Photocatalytic degradation rates displayed near first order kinetics, with 

a rate of 7.9 x 10-3 min-1 m-2 (compared to 1.9 ± 0.2 x 10-1 min-1 m-2 for dispersed P25 TiO2 

nanoparticles).  

 

Figure 7.4: UV photodegradation profile of methylene blue dye solution (2 µM in high 

purity water, +70 wt%, TCL UK Ltd.) using MS(N2/O2) (5.6 ± 0.1 mg mL-1), following an 

initial equilibration period in the dark for 5 min. Inset shows the pseudo first-order kinetic 

profile with linear best fit, with a calculated photodegradation rate of 7.9 x 10-3 min-1 m-2. 

Both N2 and N2/O2 calcined macrospheres were tested for their photocatalytic 

activity under visible light illumination in a recirculating horizontal bed reactor. N2/O2 

calcined macrospheres did not show any activity above the dark reference over the 8 h 

period of illumination, Figure 7.5. However, N2 calcined macrospheres displayed activity 

for dye degradation both under illumination and in the dark reference, indicating a portion 

of the activity may be due to adsorption of the dye on the internal surface of the 

macrosphere. To study the degradation kinetics, the reaction of methylene blue over N2 

calcined macrospheres was plotted as a pseudo-first or pseudo-second order reactions, 

Figure 7.6. A good linear fit was found for the pseudo-first order reaction, whereas there 

was significant deviation from linearity in the case of the pseudo-second order fit.  
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Figure 7.5: Degradation profiles of methylene blue dye solution (20 µM in high purity 

water, +70 wt%, TCL UK Ltd.): MS(N2/O2) in the presence of visible light (▲); MS(N2) in 

the presence of visible light (■); MS(N2) in the absence of visible light (□); in the presence 

of visible light without TiO2 composite macrospheres (●); and in the absence of visible light 

without TiO2 composite macrospheres (○). Macrosphere loadings when present were 12.5 

± 0.1 mg mL-1. Error bars are the standard deviation of three repeat experiments. Tend 

lines have been added only as a guide. 

 

Figure 7.6: Visible light photodegradation of methylene blue dye solution by MS(N2) 

kinetic profiles: pseudo first-order (●); and pseudo second-order (■). Error bars are the 

standard deviation of three repeat experiments. Trend lines have been added as a guide 

to show deviation from linearity. 
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Rate constants for the degradation of methylene blue over composite 

macrospheres show an almost twofold increase during upon illumination of the N2 calcined 

macrospheres compared with the dark reference (0.22 to 0.43 h-1 m-2), Figure 7.7. After 8 

h of illumination, the N2 calcined macrospheres removed 87% of the methylene blue dye 

(compared to 66% without illumination), indicating that visible light promoted degradation 

of the dye. Recycling studies of the N2 calcined macrospheres with and without visible 

light showed that the additional activity in the presence of light was lost after the first use, 

with the subsequent 8 h period showing no improvement over the dye degradation in the 

dark, Figure 7.8. Therefore, whilst the N2 calcined macrospheres displayed some visible 

light photocatalytic activity, it is quenched within the first 8 h of use. 

7.4 Discussion 

Synthesis of the N2/O2 calcined P25-TiO2 composite macrospheres resulted in anatase 

TiO2, consistent with previous sol-gel TiO2 calcination studies carried out at below 700 

°C,57 and TiO2–P25 nanocomposite coatings deposited onto glass and flat steel 

substrates.58,59 Whilst rutile is the thermodynamically more stable bulk phase, sol-gel 

processing tends to favour the anatase phase.60 This is attributed to the lower surface 

energy of anatase driving its preferential formation due to the large surface area to bulk 

volume ratio of the small particles typically formed during sol-gel processing.61,62,63,64 

Additional factors, such as the precursors employed and reaction conditions can also 

influence TiO2 crystal growth.65,66  The lack of any discernible rutile signal in the Raman 

spectrum is also consistent with the high weight fraction of anatase in the P25 TiO2 filler 

material.44 

Calcination under a nitrogen atmosphere resulted in a large amount of carbon 

present in the macrospheres, due to the lack of oxygen for combustion of the chitosan 

viscosity modifier. TiO2 was present in the material in the form of anatase, but the high 

visible light absorbance by the carbon meant that a band gap was not detectable by UV-

Vis diffuse reflectance spectroscopy. The high carbon content did not affect the physical 

properties of the spheres and they were used for photocatalysis as per the N2/O2 calcined 

macrospheres with no attrition. 
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Figure 7.7: Degradation of methylene blue dye solution (20 µM in high purity water, +70 

wt%, TCL UK Ltd.) using TiO2 composite macrospheres (loadings of 12.5 ± 0.1 g L-1) in 

the absence and presence of visible light: (a) degradation rate normalised to surface area; 

and (b) percentage of dye degraded after 8 h of contact with TiO2 composite 

macrospheres. Error bars are the standard deviation of three repeat experiments. 
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Figure 7.8: Recycling study for the degradation of methylene blue dye solution (20 µM in 

high purity water, +70 wt%, TCL UK Ltd.) using MS(N2) (loadings of 12.5 ± 0.1 g L-1) in the 

absence and presence of visible light: (a) degradation rate normalised to surface area; 

and (b) percentage of dye degraded after 8 h of contact with TiO2 composite 

macrospheres. 
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Photocatalytic activity of the N2/O2 calcined macrospheres under UV light was not 

as effective as P25 TiO2 powder after surface area correction (7.9 x 10-3 min-1 m-2 

compared to 1.9 ± 0.2 x 10-1 min-1 m-2). This is not unexpected as the dispersion of P25 

into the dye solution was considerable due to the small particle size increasing mass 

transfer to the active surface area. However, the macrospheres were easily separable by 

decanting the solution from the reactor. Visible light photocatalysis was not observed for 

the N2/O2 calcined macrospheres above the baseline degradation without any 

macropsheres, indicating that the slight tailing of the TiO2 band edge observed in the UV-

Vis diffuse reflectance did not transfer to absorption of light available for photocatalysis.   

N2 calcined macrospheres displayed good removal of the methylene blue dye 

under visible light, as well as removal with no illumination. This is indicative of carbon 

absorption due to the high carbon content and considerably increased surface area of the 

N2 calcined macrospheres compared to the N2/O2 calcined samples. The increase in 

degradation under illumination indicates that the degradation is partly photocatalytic, with 

the material able to utilise the lower energy visible light compared to N2/O2 calcined 

macrospheres. 

The enhanced visible light photocatalysis may be due to several factors. Given the 

high surface area of the macrospheres, it is possible that the methylene blue dye was 

adsorbed onto the surface in close proximity to the TiO2, which allowed for a measurable 

rate of photocatalysis due to the increased surface area.67 However, if this were the case, 

then the surface area corrected photocatalytic rates after background subtraction would 

be the same for N2/O2 and N2 calcined macrospheres. As this is not the case, the 

enhanced photocatalytic activity cannot be purely a surface area affect. 

Doping of the TiO2 particles within the N2/O2 calcined macrospheres could occur 

through exchange of the lattice titanium atoms with carbon at the surface of the P25 TiO2 

nanoparticles, as well as more complete doping of TiO2 formed from the sol-gel 

precursors.67 Formation of carbonate type species has been suggested to occurr during 

carbon doping,68 along with formation of substitutional anion and interstitial cation sites.69 

Any additional dopant levels in the band structure may result in either the formation of an 

increased number of radicals for photocatalytic destruction of the methylene blue dye,38 

or direct photooxidation by holes in the mid-band dopant levels.32 High calcination 

temperatures tend to favour the formation of graphitic carbon,70 therefore it is likely that  

some of the carbon is in this form; this is consistent with Raman microscopy results, Figure 
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7.3. Synergistic effects between carboxylic acid sites on activated carbon and electrons 

generated during photoexcitation of TiO2 have been shown to enhance photocatalytic 

activity,71 which may be another factor in the improved photocatalytic activity given the 

presence of both graphitic carbon and amorphous material. The large total carbon content 

present in the N2/O2 macrospheres made identification of the doped species and band 

structure impractical.  

Recycling demonstrated that the N2/O2 calcined macrospheres were unstable 

under the reaction conditions, losing the photocatalytic benefit after a single use, Figure 

7.8. It is likely that saturation of the surface due to adsorption of methylene blue by the 

carbonaceous material resulted in deactivation of the active sites. Further investigation 

involving washing, UV illumination and heat treatments may elucidate the mechanism for 

deactivation, along with highlighting a possible route for regeneration of the photocatalytic 

activity.  

7.5 Conclusions 

P25-TiO2 composite macrospheres have been prepared from a chitosan modified sol gel 

and P25 TiO2 nanoparticles for visible light removal and degradation of organic pollutants. 

Their size and shape allows for use in flat photocatalytic rectors with recycling systems, 

ideal for utilisation of sunlight, without the need for post use catalyst separation. Further 

work on optimising the photocatalytic activity through additional dopant materials and 

other filler materials aside from P25 may result in viable photocatalysts for point of use 

water purification. 
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Chapter 8  Conclusions and Future Work 

Pulsed plasma deposition is a powerful tool for tailored surface functionalisation due to 

the retention of key monomeric functional groups. Chapters 3 and 4 demonstrate how this 

concept can be applied to making catalytic films through anchoring of active palladium 

centres to a plasma polymer. Poly(1-allylimidazole) is particularly effective due to the high 

density of nitrogen donors for association with palladium(II). As demonstrated in Chapter 

3, surface bound palladium catalyses the formation of new carbon-carbon bonds via 

Suzuki, Sonogashira and Heck reactions with iodo-, bromo- and chloro- containing 

reagents. These reusable dip catalysts circumvent the problem of post reaction separation 

typical of homogeneous and powdered heterogeneous catalysts. The main advantage of 

pulsed plasma deposition is that it can be applied to a wide range of substrate materials. 

Therefore, development of these catalytic technologies can be envisaged thorough 

deposition of catalytically active films onto more complex reactor systems. Additionally, 

although some other palladium(II)-seeded plasma polymers were trialled for their catalytic 

activity, further design of the surface moieties using other polymers may allow for mimicry 

of ligand environments in specific homogeneous catalysts. 

In Chapter 4, poly(vinylbenzyl chloride) was demonstrated for catalytic application 

as a quaternised imidazolium containing film. Palladium(II) coordination within the 

poly(ionic liquid) film yielded reusable catalytic surfaces on PTFE substrates. These were 

demonstrated for their use as catalytic membranes for room temperature sonochemical 

Suzuki coupling with in-situ separation of product from reaction solvent. The proof of 

concept work reported herein could be developed further to investigate the applicability to 

larger scale carbon-carbon coupling reactions and other metal catalysed reactions. In 

addition, deposition of different poly(ionic liquid) films is entirely possible given the wide 

range of polymerisable monomers and quaternisable functional groups. Further work on 

developing poly(ionic liquid) membranes may provide a variety of analogues to 

homogeneous catalysts which can be anchored to a permselective flow membrane. 

 Further demonstrating the flexibility of pulsed plasma deposited films, poly(1-

allylimidazole) was also used for growth promotion and anchoring of metal organic 

frameworks (MOFs) to silicon, gold and PTFE substrates in Chapter 5. Using liquid phase 

epitaxy a MOF tailored for CO2 capture comprising zinc, 4,4’-bipyridine and terephthalic 

acid was grown onto the pulsed plasma functionalised surfaces. This material was 
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successfully tested for CO2 uptake at atmospheric concentrations (where more traditional 

materials have limited absorbances), demonstrating its applicability for CO2 sequestration 

which could be used to reduce greenhouse gas emissions from indutrial processes. 

Increasing MOF film thickness increased the total CO2 capture, indicating that the material 

could be improved further with increased deposition times. Tailoring of the MOF linkers 

may yield higher CO2 uptake through additional free nitrogen moieties or metal centers. 

Although out of the scope of this work, it is envisaged that multifunctional surfaces are 

possible, which may provide capture of CO2 alongside catalytic conversion to useful 

feedstocks such methanol and syngas. 

 CO2 sequestration provides a potential solution for greenhouse gas emissions, 

which unless checked, are likely to rise with increased industrial growth. Such growth will 

undoubtedly place an even greater strain on freshwater resources in areas where there is 

currently insufficient clean drinking water. One potential solution is point of use 

photocataltyic water purification. To this end, photocatalytic materials were synthesised 

through two routes in Chapters 6 and 7. Firstly, a sol-gel of TiO2 and P25 TiO2 

nanoparticles was used to coat steel particles that had been encapsulated with a silica 

barrier layer to form microcomposite particles. P25 TiO2 remained primarily in the anatase 

polymorph, with complete coating of the steel particles, evidenced by repeated use without 

corrosion of the steel core. These microcomposite particles were catalytically active for 

the destruction of methylene blue dye under UV illumination and were separable and 

reusable due to their magnetic steel cores. It is envisaged that these particles could be 

used for point of use water purification as an enhancement to Solar Disinfection (SODIS) 

technology. An alternative method for preparation of separable photocatalysts is the 

synthesis of macrospheres, demonstrated in Chapter 7 through combination of a P25 TiO2 

sol-gel and a chitosan viscosity modifier. The synthesised macrospheres were active 

under UV illumination for the degradation of methylene blue when calcined in a synthetic 

air mix but gained visible light photoactivity when calcined under nitrogen. This was 

attributed to carbon from the chitosan, which produced a carbon doped TiO2 material, as 

well as a high surface area for adsorption of the dye. Photocatalytic testing was carried 

out in a continuous flow reactor, which was illuminated using a daylight bulb. However, 

the system was designed for use under solar irradiation, which would be of interest going 

forward. In addition, further development of the calcination parameters to optimise the 

photocatalytic activity is possible. 
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Not included within this thesis is the investigation into plasma modification of TiO2 

photocatalysts. Some initial promising results were found however these did not transfer 

directly into enhanced photocatalytic activity. Despite this, doping of the TiO2 surface using 

plasma may be possible; further work in this area may enhance the activity of the 

separable materials outlined in Chapters 6 and 7. 

A fundamental study was started on the factors that govern the photocatalytic 

activity of P25 TiO2, with the aim to use surface functionalisation to tune the catalytic sites 

on the surface. Some initial results are presented in Appendix 1. It was found that 

photocatalytic activity did not change linearly with calcination temperature and was not a 

function of the percentage anatase in the bulk of the crystallites. Elucidating the surface 

of P25 TiO2 at different calcination temperatures would require a systematic study using 

1H solid state NMR to determine surface hydroxyls sites and TEM or a similar technique 

to map the distribution of crystal phases in the particles.  

Throughout this thesis, it has been demonstrated that a functional surface 

approach can yield tailored catalytic materials for practical applications such as catalysis, 

photocatalysis and CO2 sequestration. Emphasis has been placed on producing materials 

that are effective, reusable and cheap to manufacture to reduce the environmental impact 

of anthropogenic activities.
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Appendix 1. P25 TiO2 Photocatalysis 

A1.1 Introduction 

Inorganic oxides are used in a wide variety of applications, such as solid-state gas 

sensors,1,2 memory applications,3,4 photocleaning surfaces,5 light emitting diodes and 

solar cells.6,7,8 As with photocatalysis, many of these applications rely on energy 

generated from the harvesting of light, therefore increasing the efficiency of this 

process is paramount in developing new materials and enhancing productivity. 

By far the most studied photocatalytic inorganic oxide is TiO2. Possessing a 

wide band gap; 3.2 eV for anatase and 3.0 eV for rutile,9  photoexcitation by UV light 

causes the formation of electron-hole pairs. The presence of adsorbed oxygen at the 

surface causes trapping of these photo excited electrons as O2
-
(ads) species;10,11,12 

resulting in an electrostatic repulsion between the surface and the remaining CB 

electrons, thus there is a self-limiting concentration of O2
-
(ads). The negatively charged 

surface attracts holes in the valence band, and the combination with O2
-
(ads) leads to 

dissociation of O2 and formation of surface vacancies.148,13,14 The equilibrium between 

dissociation and re-adsorption of O2 dictates the concentration of electrons in the 

CB.150  

 Proceeding photoexcitation, the exact route to oxidation of organic compounds 

is widely debated. Two pathways for reactant oxidation are commonly accepted: one 

via hydroxide radicals generated from photoinduced holes, the second via direct 

electron transfer between reactant and hole.15 Competing with these processes are 

not only charge recombination, but also quenching of the reactive hydroxide radicals 

by superoxide anions and directly by photogenerated electrons.16 Adsorbed molecular 

oxygen plays a key role in determining the quantum yields from photodegradation.17 

During normal activity of a photocatalytic system, the concentration of hydroxide 

radicals reaches a steady-state, and the role of adsorbed molecular oxygen differs 

depending on whether the system is pre steady-state or steady-state.16  Immediately 

after illumination, the formation of electron-hole pairs is followed by either 

recombination in the bulk or trapping of the electrons and holes. 

There are still many questions to be answered relating to the exact nature of 

the oxidative species. Firstly, assuming hydroxide radicals are formed on the surface, 

can these radicals dissociate from the surface, or do they require the reactant 

molecules to also be bound to the surface for oxidation? If the latter is the case, then 
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does direct oxidation occur preferentially? More importantly, an understanding of the 

photocatalytic trends as a function of calcination temperature is required for studies on 

TiO2 materials that involve a calcination step.  

A1.2 Experimental Section 

A1.2.1 Sample Preparation 

Aeroxide P25 TiO2 powder was supplied by Acros Organics, with a surface area of 35–

65 m2 g-1 and an average particle size of 21 nm. 0.25 g of as supplied P25 TiO2 powder 

was loaded into a length of 12 mm quartz tubing, using quartz wool to aid loading of 

the powder. The furnace setup is schematically represented in Figure A1.1. N2 and O2 

feed gases were passed through a sulphuric acid bubbler, P2O5 column and 3A 

molecular sieve column. System moisture content was monitored via a MCM 

hygrometer. Gas flow into the tube furnace was below 10 ppm by volume H2O at all 

times. The quartz tubing was connected to the gas flow and a down-stream isolatable 

sample chamber. The whole system was purged for 15 minutes with heating of all 

exposed glassware to remove adsorbed water. Once purged, the sample chamber was 

isolated from the system. Heating rate was controlled to 10 °C min-1 in all cases. 

Different dwell temperatures were used spanning 200–800 °C at 1 h dwell times. All 

samples were calcined under a flow of 80 cm3 min-1 N2 and 20 cm3 min-1 O2. 

 

 

Figure A1.1: Schematic of calcination system. 
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A1.2.2 Sample Characterisation 

X-Ray diffractograms were obtained across 5°–80° 2θ range with 0.02° step size using 

a powder diffractometer (model d8, Bruker Corp.). The copper anode X-ray source was 

operated at 40 kV and 40 mA emitting Cu Kα 1.5418 Å wavelength radiation. 

A1.2.3 Photocatalytic Testing 

TiO2 photocatalysts were tested in a 100 mL volume cylindrical borosilicate glass 

reaction vessel (fitted with a quartz window for UV irradiation) filled with 90 mL of 34.5 

± 0.1 μM aqueous methylene blue dye solution (+70 wt%, TCL UK Ltd.), Figure 6.1. 

Powder was agitated using a vertically mounted magnetic stirrer hot plate (IKAMAG 

RCT, IKA®-Werke GmbH & Co. KG) in contact with the back face of the reactor, and 

oxygen dissolution was maintained via a glass diffuser bubbling oxygen at a flow rate 

of 5 cm3 min-1 at 1.5 Bar pressure. A Hg-Xe short arc lamp (model 6136, 200 W rated, 

operating at 26 V and 7 A, Oriel Newport Corp.) was positioned at varying distance 

from the reactor. Flux was measured with a thermopile and digital voltmeter (model 

5300, Applied Photophysics Ltd.). A contact thermometer was used as part of a 

feedback loop to the stirrer hot plate to maintain the reaction vessel temperature at 28 

± 2 °C. Prior to UV irradiation, the photocatalyst was allowed to equilibrate in the 

methylene blue dye solution for 10 min in order to determine the extent of methylene 

blue dye adsorption onto the nanopowder. 1 mL aliquots, filtered through a 0.22 μm 

polyethersulfone syringe filter (Gilson Scientific Ltd.), were taken prior to the addition 

of photocatalyst, and at 5 min intervals during UV illumination for UV-Vis absorption 

spectroscopy analysis of methylene blue dye concentrations at λmax = 660 nm (model 

UV4, Unicam Lda.).18 Dye photodegradation rate constants were calculated from 

absorbance readings taken over 30 min of UV exposure assuming first order 

kinetics.50,51   

A1.3 Results 

A1.3.1 Optimisation of Photocatalytic Conditions 

The optimum distance between the arc lamp and reaction vessel was found to be 300 

mm. Shorter distances resulted in complete degradation of the dye at timescales of 

less than 15 minutes, even at catalyst loadings of 5 mg. In addition, deviation from first 
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order kinetics was pronounced at a distance of 50 mm, but had no effect at 300 mm. 

The corresponding flux at 300 mm was 2.4 ± 0.2 mW cm-2. Catalyst loadings were 

varied between 5 and 25 mg, with higher loading resulting in complete degradation at 

around 20 minutes. A linear trend was observed in rate constant as a function of 

catalyst loading, implying turbidity was not a contributing factor at the masses chosen. 

A mass of 10 mg was chosen for all further experimental as it did not degrade the dye 

fully over 30 minutes allowing for all data points to be utilised for rate calculation. 

A1.3.2 Effect of Calcination Temperature 

Rate constants for the degradation of methylene blue for samples calcined at different 

temperatures are given in Figure A1.2. There is a general decreasing trend observed 

as the calcination temperature increases, resulting in a 50% reduction in rate constant 

at 700 oC.  Superimposed on this decreasing trend is an increase in rate constant at 

around 350 oC, although this is still within error of the uncalcined sample.  

 

Figure A1.2 Effect of calcination temperature on the rate of methylene blue 

degradation. Error bars are the standard deviation of three repeat experiments. [Data 

collected in collaboration with J. Dawson] 

A1.3.3 Bulk Analysis 

The phase composition of the calcined samples was analysed by XRD. The 

characteristic peaks of anatase (101) at 2θ = 25.4° and rutile (110) at 2θ = 27.5° can 

be used to track the composition of the bulk TiO2.19,20 The intensity of each peak was 
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subtracted from the baseline to give the intensity ratio IR/IA. From this the weight fraction 

of anatase was then determined by Equation 6.1, which has proven to be accurate to 

within 4% (the majority of error arising due to instrumental error, approximately 2%).20 

Table A1.1 gives the proportion anatase at selected temperatures used for 

photocatalytic experiments. The decrease in anatase percentage is most pronounced 

above 550 oC and negligible below 350 oC. It is worth noting that this method does not 

consider amorphous TiO2. 

Table A1.1 Percentage composition of anatase derived from powder XRD. 

Calcination 

temperature / oC 

Proportion 

anatase / wt% 

Uncalcined 86 

200 87 

350 86 

550 84 

700 39 

 

A1.5 Conclusions and Future Work 

The photocatalytic results provide an insight into the efficiency of the photocatalyst for 

waste water purification. The observed decreasing trend in rate constant occurred at 

lower calcination temperatures than the bulk phase change to rutile. This indicates that 

bulk phase has less of an impact on catalytic activity then is often suggested. In 

addition, a deviation from the decreasing trend was observed for samples calcined 

around 350 oC, indicating that a combination of factors affects the activity. 

Further work is required to improve upon these initial results and to atudy the 

effects of the TiO2 surface. Initial work on the hydroxyl environments was carried out 

using 1H NMR, however substantial further work would be needed to determine if this 

is a contributing factor to the photocatalytic activity trends. HRTEM could be used to 

build a picture of the surface of the particles at different calcination temperatures and 

gas physisorption could be used to study the effects of surface area.  
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