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story.  Throughout each chapter, each reaction and equation used in said chapter is 

presented again, labelled uniquely for that given chapter.  This enables the reader to 
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Abstract 

This thesis is concerned with the use of a continuous flow gas phase photocatalytic 

system to produce hydrogen as a cleaner fuel source.  M/TiO2 photocatalysts (where 

M is Pt, Pd, Au and Ag) was used in a continuous flow gas phase photocatalytic 

system.  Two main reactions were examined in detail, the reaction of water and 

methanol to form carbon dioxide and hydrogen, and the water gas shift reaction, i.e. 

the reaction of water and carbon monoxide to form carbon dioxide and hydrogen.  The 

catalysts were made via a wet impregnation method, typically between 0.01 to 10 

wt.%.   

It was observed for both these reactions that as the metal loading increased so did 

the rate of reaction for hydrogen production.  This usually occurred until the metal 

loading reached a loading of around 0.2-0.5 wt.%, where after this loading, say > 0.5 

wt.% until around 1 or even 10 wt.%, the rate of reaction greatly plummets, until very 

little or no rate of hydrogen production is observed.  A theoretical rationale was 

applied and the metal support interface (MSI) model was replaced with a new 

expanding photocatalytic area overlap model (EPAO).  This model gives a good fit to 

the data reported in this thesis but also to the data reported in the literature.  A visual 

representation of this model is also provided and explored as a function of metal and 

particle or ‘dot’ size. 

Further to this, selectivity in the methanol steam reforming reaction was explored for 

various M/TiO2 photocatalysts showing differing selectivity, either towards methanol 

oxidation to CO2 or methanol degradation to CO.  The water gas reaction was probed 

further as a function of temperature, where Arrhenius kinetics are applied, and as a 

function of reactant concentration, where Langmuir-Hinshelwood kinetics are 

observed.  
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Chapter 1 Introduction 

1.1. Semiconductor photocatalysis. 

1.1.1. Basics of photocatalysis. 

Semiconductor photocatalysis can be an extremely efficient and useful method of 

accelerating a reaction with light.  TiO2 is often the semiconductor used in 

photocatalytic studies as it is abundant, chemically and biologically inert as well as 

photocatalytically active [1].  In semiconductor photocatalysis, the semiconductor 

forms an excited electron (e-) in the conduction band (CB) and a hole (h+) in the 

valence band (VB), upon absorption of a photon of UV Irradiation (hV) with an energy 

that is greater than or equal to the band gap energy (Ebg) of the semiconductor 

(process I).  When this occurs, there are two possible outcomes, either: (i) the holes 

and electrons oxidise (process IIox) and reduce (process IIred) surface substrates or 

(ii) the electron/hole pair recombine, directly or indirectly, thereby degrading the 

excitation energy in the form of heat (process III).  These processes are illustrated 

below in Figure 1.1.   
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Figure 1.1 - Schematic illustration showing the basic principles of semiconductor 

photocatalysis, namely: (I) the absorption of a photon of light resulting in formation of 

an electron-hole pair (e-/h+), (IIred) the reduction of an electron acceptor, A, by the 

photogenerated conduction band electron and, (IIox) the oxidation of an electron 

donor, D, by the photogenerated hole and (III) electron-hole pair (e-/h+) recombination 

resulting in the release of heat, , or radiation in the form of light. 

 

Early work on semiconductor photocatalysis focussed on the use of semiconductors 

not as particles, as in Figure 1.1, but as electrodes, as illustrated in Figure 1.2. Thus, 

in the classic example of a photoelectrochmical water splitting cell, reported by 

Fujishima et al. [2] illustrated in Figure 1.2, CB electrons generated from the 

absorption of an ultra-bandgap photon by the TiO2 photoanode migrate to the back 

of the semiconductor electrode and then onto the counter (dark) electrode, which is 

Pt, where they can effect the reduction of water to hydrogen.  Meanwhile, the 

photogenerated holes migrate to the surface of the semiconductor where they can 

effect the oxidation of water.   
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Figure 1.2 - Schematic showing a simplified water splitting cell as described by 

Fujishima and Honda [2]. 

 

1.1.2. TiO2 semiconductors. 

There are three distinct crystalline forms of TiO2 found; anatase, rutile and brookite 

[3].  However, throughout this project, P25 is the main form of TiO2 used as it is highly 

active, possibly because it is a mixture of anatase and rutile, i.e. a 3:1 ratio mixture 

[4].  The crystalline structures of anatase and rutile are illustrated below in Figure 1.3 

[5]  
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Figure 1.3 - Crystalline structures of anatase (A) and rutile (B) TiO2 [5].  

 

Anatase has a band gap of 3.2 eV which corresponds to a light wavelength of 388 

nm whereas rutile has a band gap of 3.0 eV which corresponds to a light wavelength 

of 413 nm.  Anatase is considered [5] by some to be more catalytically active than 

rutile because it has a larger band gap which is associated with a lower rate of 

recombination of charge separated e-/h+ pairs.  However, some studies have shown 

that when specific surfaces are taken into consideration the catalytic activities of 

anatase and rutile are very similar in many cases [3].  

As noted above, the high activity of P25, which is a mixture of anatase and rutile, has 

sometimes been attributed to the intimate mixture of these two phases.  This 

improved performance is often attributed to the combination of three main factors; (i) 

the two different bandgaps allow a wider available range of wavelengths to be 

absorbed, (ii) there is a stabilisation of charge separation at the phase boundary, as 

illustrated in Figure 1.4, which decreases the probability of recombination [6], and (iii) 
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rutile’s smaller crystalline structure, as shown in Figure 1.3, facilitates charge transfer 

between the two phases and forms catalytic hot spots at the interface [4].    

 

Figure 1.4 - (A) Proposed model of P25 photocatalysis showing charge separation 

occurring on anatase and rutile acting as an electron sink [6]. (B) Proposed model by 

Hurum et al. [4] show rutile acting as an antenna and the subsequent charge 

separation. 

 

1.1.3. Applications of semiconductor photocatalysis. 

Semiconductor photocatalysis is a rapidly expanding area in terms of commercial 

activity [7] and research [1].  Many companies have numerous products that work via 

semiconductor photocatalysis, such as self-cleaning glass, tiles and paint [8].  These 

products are largely based upon three main functions or modes of action, i.e.: 

photomineralisation (PCO), photo-sterilisation and photoinduced super hydrophilicity 

(PSH) [8].  Figure 1.5 illustrates the basic processes associated with the 

photomineralisation of organics by oxygen using a TiO2 semiconductor (PCO).    
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Figure 1.5 - Schematic illustration of the major process for photomineralisation of 

organics by oxygen mediated by a TiO2 semiconductor. Light generated electron-hole 

pairs can react with surface hydroxyl groups to generate adsorbed hydroxyl radicals 

(TiOH●+). These in turn can react with organic pollutants to form minerals. The 

photogenerated electrons can react with oxygen to form superoxide, which can be 

further reduced to eventually form water. Note that mineral acids are only formed in 

the presence of heteroatoms e.g. sulphur, nitrogen or chlorine[8].  

 

One of the reasons for the rapid commercialisation of the process shown in Figure 

1.5 is its proven effectiveness and efficiency at mineralising many organic materials 

such as alkanes, alkenes, haloalkanes, aromatics, pesticides, detergents and dyes 

[9].  More recent work has focussed on the use of semiconductor photocatalysis as 

method to remove pollutants in the gas phase. Since, volatile organic carbons, VOC’s, 

are often responsible for malodorous air, this process is sometimes referred to as 

photodeodorisation [10].   

In a similar process to the photomineralisation process, semiconductor photocatalysis 

can be used as a method to destroy bacteria, viruses, fungi and protozoa [11, 12].  



   

7 
 

This process, often referred to as photo-sterilisation, has been used to eradicate 

bacteria and viruses from water thereby rendering it safe to drink [11].    

An extremely attractive feature of TiO2 coated films is their ability to form a 

superhydrophilic surface upon UV irradiation; this process is often referred to as 

photoinduced superhydrophillicity, PSH.  The mechanism that underpins PSH is still 

the subject of debate.  It has been suggested, for example, that it is due to reversible 

changes in the surface species, as illustrated in Figure 1.6.  Alternatively, others have 

suggested that the initial hydrophobic nature of such surfaces is due to hydrophobic 

surface-adsorbed organic contaminants which are removed by PCO to yield the 

underlying, pristine, hydrophilic surface of TiO2 [7].   

 

Figure 1.6 - Proposed major processes occurring upon UV irradiation of TiO2 that 

results in a superhydrophilic surface [7]. 

 

Typically, with TiO2 coated glass, in PSH, an initial water contact angle of 60 - 40° is 

reduced to < 10°, upon UV irradiation, thereby producing a superhydrophilic surface.    

Commercial applications of the PSH include: self-cleaning and anti-fogging glass. 

Rainwater removes any dirt and PCO degradation products on the glass, so that such 

'self-cleaning' products are suitable for large buildings and our homes [13].  A simple 

diagram shown below in Figure 1.7 provides an illustration of how self-cleaning 

glassworks.    
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Figure 1.7 - A Simple diagram showing how modern-day self-cleaning glass systems 

operate. A) Shows how dirt can gather and is collected on the glass. B) Shows how 

UV irradiation can cause the degradation of organic dirt into a smaller and more 

manageable sizes via PCO. Finally C) shows how rain water can remove all the 

organic dirt present on the glass, successfully cleaning the glass [13].  

 

1.1.4. Use of metals to enhance photocatalytic processes. 

Improving the photocatalytic activity of TiO2 is an important aspect of heterogeneous 

photocatalysis. Intrinsic bulk and surface properties usually determine the activity of 

TiO2 as well as the nature of the photocatalytic reaction [9].  A method of increasing 

the activity of the TiO2 is by coating the TiO2 with a catalyst [14], such as a noble 

metals like platinum [15].  Platinum, in particular, has been shown to increase the 

photocatalytic activity of TiO2 especially with regard to; (i) the reduction of water to 

hydrogen, when using a sacrificial electron donor, and (ii) in the photocatalytic 

mineralisation of organics by oxygen [16, 17], see section 1.1.5.  The first of these 

two processes can be summarised by the following reaction equations; 

semiconductor 

Organic  +  2H2O  ⎯⎯⎯⎯⎯⎯→  minerals  +  2H2                   (1.1)    
hv ≥ Ebg 
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In the photoreduction of water, i.e. reaction (1.1) the platinum group metal (e.g. Pt) is 

necessary as it has a low overpotential for the reduction of water to hydrogen 

whereas, in contrast TiO2 does not, so that generation of hydrogen on TiO2 alone is 

unlikely upon ultra-bandgap irradiation [16].   

 

1.1.5. Photomineralisation – water and air purification. 

The photomineralisation process is particularly important as it is an effective and 

popular method of air and water purification.   

semiconductor 

Organic  +  O2  ⎯⎯⎯⎯⎯⎯→  minerals                               (1.2)    
hv ≥ Ebg 

 

In this reaction, the semiconductor photocatalyst, usually TiO2, mediates the low 

temperature combustion of organic pollutants to CO2, H2O and mineral acids (if 

heteroatoms such as S and N are present) and/or salts (if heteroatoms such as Na 

or K are present).  A lot of work has been carried out since the first clear recognition 

and implementation of organic pollutant mineralisation by Ollis et al. [18, 19] and since 

then a huge range of organic substrates have been identified as able to undergo 

photomineralisation.  Table 1.1 shows a range of organics that may be destroyed via 

this route and example organic substrate which highlights the sheer volume of 

research carried out [1, 17].  
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Much of the photomineralisation of organic substrates carried out in the aqueous 

phase and the gas phase are for water and air purification respectively.  A quick 

search of photocatalytic water and air purification on Google Scholar [20] yields a 

combined total of ca. 500,000 results.  Thus, many commercial applications of these 

processes have come to production.  Companies such as, Purifics ES Inc. [21], 

manufacture large scale water purification systems which they can deploy for 

compete water purification solutions [21].  A major issue with aqueous 

photomineralisation is the removal of the photocatalysts from the treated solution [1].  

Hence, some systems employ a filtration system to remove any TiO2 photocatalysts 

from the water after removal of organics, however, this can be averted by the use of 

fixed bed system [21, 22].  Gas phase removal of organics is also a desirable process 

commercially, with products such self-cleaning glass [13], paint [23] and tiles [24] 

removing volatile organic compounds from the air around us.  
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Table 1.1 – Classes of organics able to be photomineralised and example organic 

substrates [1, 25] 

Class Example 

Alkanes Methane, Isobutane, pentane, Heptane, cyclohexane, paraffin 

Haloalkanes Mono-, di-, tri-, and tetrachloromethane, tribromoethane, 1,1,1-

trifluoro-2,2,2-trichloroethane 

Aliphatic alcohols Methanol, ethanol, isopropyl alcohol, glucose, sucrose 

Aliphatic 

carboxylic acids 

Formic, ethanoic, dimethylethanoic, propanoic, oxalic acids 

Alkenes Propene, cyclohexene 

Haloalkenes Perchloroethene, 1,2-dichloroethene, 1,1,2-trichloroethene 

Aromatics Benzene, naphthalene 

Nitrohaloaromatics Chlorobenzene, dichloronitrobenzene 

Phenols Phenol, hydroquinone, catechol, 4-methylcatechol, resorcinol, o-, m-

, p-cresol 

Halophenols 2-, 3-, 4-Chlorophenol, pentachlorophenol, 4-fluorophenol. 3,4-

difluorophenol 

Aromatic 

carboxylic acids 

Benzoic, 4-aminobenzoic, phthalic, salicylic, m- and p-

hydroxybenzoic, chlorohydroxybenzoic acids 

Polymers Polyethylene, poly (vinyl chloride) (PVC) 

Surfactants Sodium dodecylsulphate (SDS), polyethylene glycol, sodium 

dodecyl benzene sulphonate, trimethyl phosphate, 

tetrabutylammonium phosphate 

Herbicides Methyl viologen, atrazine, simazine, prometron, propetryne, 

bentazon 

Pesticides DDT, parathion, iindane 

Dyes Methylene blue. rhodamine B, methyl orange, fluorescein 

Ethers Methyltert-butyl ether (MBTE) 

Fungicides Fenamidone 
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1.1.6. Photocatalysis and the hydrogen economy 

Photocatalysis today is dominated by titanium dioxide, which is the most well-studied 

photocatalytic material, which has found many applications, especially in the creation 

of self-cleaning surfaces such as: glass, tiles, concrete and paint.  It is also routinely 

used in water and air purification products and light-driven antifogging materials.  

Photocatalysis has been described as a solution to many of the environmental issues 

that we face today [26].   

The world of energy is slowly moving towards renewables and clean energy sources 

[27, 28], due to the many challenges surrounding most of our fuel sources, notable 

that they are not environmentally friendly [27, 28].  Hydrogen has often been 

described as the energy of the future, distinctly because it is a high-quality energy 

carrier with an ability to provide clean energy (i.e. energy with little to no emissions of 

CO/CO2) [27, 28].  This is exemplified by the setting up of the hydrogen council in 

2017, where a number of renowned international companies came together to 

promote the use of hydrogen as a fuel for energy, transport and homes [29].  

Hydrogen may be difficult to store and transport on a global scale due to its volatility 

and therefore accessing hydrogen easily and quickly through biomass products such 

as methanol may be an appropriate method of meeting this challenge.  Many 

technologies are now being employed to generate hydrogen from renewables (such 

as biomass and water) with the most mature of these technologies being the 

reforming of hydrocarbon fuels.  To swiftly summarise this section a table of hydrogen 

production technologies and their efficiencies and maturity is shown in Table 1.2.  As 

seen from this table, reforming technologies dominate in terms of maturity and 

efficiency, however, as can be seen, these technologies operate at high temperatures 

[30, 31] and therefore there is a need to effect these processes at lower temperatures.  

This can be carried out by using sunlight to drive these reactions, which is utilised by 

photo-technologies, again described in Table 1.2, however more research needs 
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carried out with these photo-technologies as very little, if any, are used commercially 

within industry.   

 

Table 1.2 –  A summary of table of hydrogen production methods taken from Holladay 

et al.  [32] 

Technology Feed Stock Efficiency 

(%) 

Maturity 

Steam reforming Hydrocarbons 70-85 Commercial 

Partial Oxidation Hydrocarbons 60-75 Commercial 

Autothermal reforming Hydrocarbons 60-75 Near term 

Plasma reforming Hydrocarbons 9-85 Long term 

Aqueous phase reforming Carbohydrates 35-55 Med. Term 

Ammonia reforming Ammonia NA Near term 

Biomass gasification Biomass 35-50 Commercial 

Photolysis Sunlight + water 0.5 Long term 

Dark fermentation Biomass  60-80 Long term 

Photo fermentation Biomass + sunlight 0.1 Long term 

Microbial electrolysis cells Biomass + electricty 78 Long term 

Alkaline electrolyzer H2O + electricity 50-60 Commercial 

PEM electrolyzer H2O + electricity 55-70 Near term 

Solid oxide electrolysis clls H2O + electricity +heat 40-60 Med. term 

Thermochemical water splitting H2O + heat NA Long term 

Photoelectrolchemical water 

splitting 

H2O + sunlight 12.4 Long term 
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1.2. H2 forming reactions. 

1.2.1. Photocatalytic water splitting. 

Over the last five decades there has been an increase in research on photocatalytic 

systems for light mediated water splitting systems [33], this is shown below in reaction 

(1.3).   

semiconductor 

2H2O   ⎯⎯⎯⎯⎯⎯→  2H2  +  O2                             (1.3) 
hv ≥ Ebg 

Many photocatalytic materials have been investigated over the years to mediate 

reaction (1.3) although none have been utilized commercially for this purpose [34].  

Research has focused on identifying light harvesting semiconductors and co-

catalysts which can effect reaction (1.3) using UV or visible light [35].  In order to 

properly compare photocatalysts for H2 production (via reaction (1.3)), quantum 

efficiency values are given, that is, the amount of H2 produced per photon of light 

absorbed.  However, this is very difficult and consequently a very rare value cited 

within the literature [1].  Often in semiconductor photocatalysis, the phonic efficiency 

(ξ) is cited, which is defined as the rate of reaction per incident monochromatic light 

intensity.  Additionally, if polychromatic light is used, the formal quantum efficiency is 

often cited, and defined as the rate of reaction per incident light intensity [1].  Some 

examples of photocatalysts and their experimental details used for reaction (1.3) are 

given below in Table 1.3 

As can be seen from the table, many of the photocatalysts used, that exhibit notable 

quantum efficiencies absorb UV light and not visible light.  Calculations suggest that 

only photocatalytic systems that operate with a solar to chemical energy conversion 

efficiency of > 10% would offer any serious competition to solar to electricity PV cells, 

such as the silicon solar cell [35].  To date few if any such water splitting solar cells, 

which are also reproducible and stable, have been produced [34].  A key feature that 
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particulate photocatalysts should exhibit to meet this requirement is a low bandgap 

[35], however, in doing so, the photocatalysts ability to drive the overall water splitting 

reaction is reduced [35].  In terms of particulate photocatalyst water splitting systems, 

many of the UV systems appear promising, however, a significant challenge with 

these are that solar light only contains < 5% UV[8].  Thus, in order to better work 

towards a hydrogen economy, other H2 producing reactions should be explored.  

 

Table 1.3 – Photocatalyst powders  for H2 production via reaction (1.3) showing their 

quantum efficiencies and UV sources. 

Photocatalyst Light Source 
Quantum 

Efficiency 
Solution Ref 

La/KTaO3 with NiO UV, 270 nm 56% H2O [36] 

ZnS UV, > 300 nm 90% 
Aqueous 

Na2S/Na2SO3, 
[37] 

Cr/Rh-modified 

GaN/ZnO 
Visible, 420 nm 2.5% H2O [38, 39] 

Nb2O5:TiO2 UV, 325 nm 30% 
Aqueous EDTA 

and O2 rich 
[40] 

Zn-doped Ga2O3 UV, 254 nm 71% 
Aqueous CaCL2 

solution 
[41] 

SrTiO3 UV, >300 nm - H2O [42, 43] 

La2Ti2O7 with NiO UV, < 360 nm 12% H2O [44] 

TiO2 with Pt UV, < 360 nm <1% H2O [44] 

 

1.2.2. MeOH reforming. 

Aqueous phase photoreforming of methanol is a popular and well researched area of 

photocatalysis that has spanned the last forty years [45], of which the photocatalytic 

reaction is shown below in reaction (1.4), where M is typically a noble metal such as 

Pt, Pd, and Au, but not exclusively, as some studies have used less expensive metals 

such as Cu, Ni and Fe [46].  
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M/TiO2 

CH3OH  +  H2O   ⎯⎯⎯⎯⎯⎯→  CO2  +  3H2                          (1.4) 
hv 

 

Much of the photocatalytic MeOH reforming studies have been carried out in the 

aqueous phase [3, 45, 47-57], with almost all being carried out using a batch system, 

at lower temperatures ca. 40 °C , mainly due to the low boiling point of MeOH (64.4 

°C) [58].  A table highlighting some of the important literature associated with aqueous 

phase MeOH photoreforming, using a M/TiO2 photocatalyst in batch systems are 

shown in Table 1.4.  This table highlights the metal co-catalysts that are often used, 

methods of metal deposition and irradiation sources.  

Table 1.4 – A short overlook of some of the aqueous phase MeOH reforming studies 

carried out in a batch system using a M/TiO2 photocatalyst. 

Date Metal Method of deposition* Irradiation Source Refs 

1980 Pt, RuO2/Pt, 

Pd, Ru-

complex 

Chemical Impregnation 500 W Xe lamp [45] 

1984 Pt, Wet Impregnation 100 W ultra-high-

pressure Hg lamp 

[57] 

1999 Pd Wet Impregnation 400 W Xe arc lamp [47]  

2003 Pd Wet Impregnation 400 W Xe arc lamp [48] 

2007 Pt, Au, Pd Wet Impregnation 400 W Xe arc lamp [50] 

2011 Pt Photodeposition 1000 W Xe lamp [59] 

2014 Pt Photodeposition 365 nm UV LED [56] 

*Impregnation here refers to metal deposition onto the surface of the metal, i.e. a 

surface modification. 

Usually the methods of modifying the TiO2 with platinum are impregnation and 

photodeposition [14].  Other methods of impregnation have been used such as a room 

temperature chemical reduction of a platinum group metal salt in the presence of TiO2 

in aqueous solution [60].  A typical impregnation method, for platinised TiO2, begins 



   

17 
 

when chloroplatinic acid (H2PtCl2.6H2O) is dissolved in water and added dropwise 

uniformly over a sample of TiO2.  This is then stirred to form a white slurry, which is 

heated at 100 °C for two hours.  The resulting powder is then ground using a pestle 

and mortar and calcined at 500 °C for 2 hours [47].  In the photodeposition method, 

typically a platinum group metal salt is dissolved in a solution containing an electron 

donor such as methanol or ethanol under anaerobic conditions.  Upon ultra-bandgap 

irradiation the platinum group metal salt is reduced to the metal to form island deposits 

on the surface of the semiconductor [61].  In both the impregnation and 

photodeposition methods, it has been demonstrated that the platinum group metals 

can be easily deposited onto semiconductors such as TiO2 [56] and usually lead to 

an enhanced activity of the photocatalytic process [16].  Vide infra throughout this 

work, the main method of noble metal deposition employed, is an impregnation 

method.  

Batch rather than flow photoreactors are most commonly used in this work and are 

often simple stirred solutions of MeOH and H2O containing a dispersion of 

photocatalyst [47].  The sparged headspace of the reaction vessel is often then 

sampled and analysed using gas chromatography [47].  For the most part, in the 

aqueous phase studies, H2 and CO2 are the main products detected with some 

intermediates such as formic acid and formaldehyde also being identified [45, 47, 56].   

While many results have been obtained using such batch photoreactors, the 

commercial application of an aqueous phase batch system is ultimately limited as 

continuous flow gas phase systems often save time, energy and costs [62].  Methanol 

conversion to hydrogen has a much lower yield than other traditional commercial 

processes [63], for example steam-methane reforming.  Although gas phase systems 

have been studied to a lesser degree, almost all studies, except for Hardacre et al. 

[62], employ a batch or recirculation photoreactor system.  An example of a gas phase 

recirculation system is shown below in Figure 1.8.   
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Figure 1.8 - Experimental setup for gaseous photoreforming of methanol used by 

Chiarello et al [64]. It is noted that this system does not show the presence of gaseous 

water in the system however this system can be modified to contain a second 

thermostatic bubbler for water. 

 

A summary of most of the reports on gas phase MeOH photoreforming mediated by 

a M/TiO2 photocatalyst is given in Table 1.5 below, and as you can see, much of these 

studies use noble metals (e.g. Pt, Pd, Au and Ag), and use a variety of different metal 

deposition methods and metal loadings.  
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Table 1.5 – A table highlighting some of the gas phase MeOH studies, highlighting 

the M/TiO2 photocatalyst, the preparation method and the light source. 

Date Metal Preparation Loading (wt%) Irradiation Source Refs 

1983 Pt Photodeposition 2 500 W Xe lamp [65] 

1985 Pt, Rh, 
Pd 

Impregnation 5 500 W Xe lamp [66] 

2004 Pt Impregnation 1.89 Low pressure 4 W 
Hg lamp 

[67] 

2010 Pt, Au, 
Ag 

Flame-pyrolysis and 
colloid deposition 

0.5 and 1 250 W Fe 
Halide/Hg lamp 

[68] 

2011 Pt Reverse micelle 
method 

1 250 W Hg arc lamp [64] 

2011 Pt Flame-pyrolysis 0.5 250 W Fe 
Halide/Hg lamp 

[69] 

2013 Pt, Au Impregnation-
reduction  

0.7 300 W Xe arc lamp [70] 

2016 Pt Incipient Wetness 
Impregnation 

0.2 200 W Xe/Hg arc 
lamp 

[62]  

2018 Pt Flame-pyrolysis and 
reverse micelle 
method 

0.5 Deuterium and 
halogen lamp 

[71] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

20 
 

1.2.3. Water Gas Shift Reaction (WGSR). 

Another important and interesting commercial means of producing H2 is the water gas 

shift reaction (WGSR), shown below in reaction (1.5). 

M/TiO2 

CO (g) + H2O (g)  ⎯⎯⎯⎯⎯⎯→ CO2 (g) + H2 (g)                         (1.5) 

hv 

Traditionally the WGS reaction, a thermal version of reaction (1.5), is carried out at 

high temperatures such as 150 – 450 °C (Low Temperature Shift; 150 – 250 °C and 

High Temperature Shift; 310 – 450 °C) [72]. This process uses a variety of catalysts 

(Cu, Ni and Fe2O3) on a variety of supports (ZnO, Al2O3, TiO2 and Cr2O3) [73].  Not 

many photocatalytic studies have been carried out on the WGS reaction, as it is often 

overlooked due to methanol steam reforming yielding more H2 than the WGSR.  

However Bowker et al. [74] and Sastre et al. [75] have reopened the door to exploring 

reaction (1.5).  Although these studies focus on the WGSR, they do not probe to any 

great extent the effect on rate of many of the key reaction parameters, such as 

temperature, metal co-catalyst (nature and wt%) or reactant concentrations.  A table 

compiling the literature for the photocatalytic WGSR using a M/TiO2 photocatalyst is 

given below in Table 1.6.   
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Table 1.6 – A summary of the photocatalytic water gas shift reaction photocatalysed 

by M/TiO2.   

Date Metal Wt.% Deposition Temp (oC) Light Source Ref 

1980-
81 

None, 
Pt 

2 Photolysis 0 - 60 200 W Hg lamp (275 nm, 
380 nm and 415 nm cuts 
used in a wavelength 
dependence study). 

[76, 77] 

1982 Pt 2 and 10 Photodeposition 
and impregnation 

27 200 W Hg lamp [78] 

1983 Pt 1.5 Photodeposition 30 - 60  400 W high pressure Hg 
lamp. 

[79] 

1983-
84 

Pt 1 and 5 Photodeposition 60 200 W Hg lamp [80, 81] 

2002 Pd 0.01, 0.1, 
0.5, 1 and 
2 

Incipient wetness. 35  400 W Xe arc lamp (Pyrex 
vessel cut off wavelengths 
below 300 nm). 

[74] 

2013 Pt, Pd, 
Cu, Au, 
Ag 

1 Deposition/precipit
ation and 
impregnation  

42 Solar light irradiation using 
a Oriel solar simulator with 
an AM1.5 filter. Visible 
light irradiation carried out 
using a 450 nm LED lamp. 

[75] 
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1.3. Scope of project. 

This thesis describes the results of a study of two important H2 producing 

photocatalystic reactions, namely the photoreforming of MeOH, i.e. reaction (1.4), 

and the WGS, i.e. reaction (1.5).  In both cases a gas phase flow reactor was used, 

and the rates optimised in terms of various key reaction parameters, such as co-

catalyst metal type and loading, temperature and reactant concentration.  A kinetic 

model is developed to provide a rationale for the observed rate vs wt% metal loading, 

which is then further testing in a study involving the photocatalysed oxidation of soot 

on TiO2 films with large (ca. 1 mm) co-catalyst metal dots.  The latter work appears 

to support the concept of ring photocatalysis which is developed in this thesis.  
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Chapter 2 Experimental. 

2.1. Materials declaration. 

Unless otherwise stated all chemicals used throughout this project were purchased 

from Sigma-Aldrich and used as received.  The P25 TiO2 used throughout this project 

was obtained from Evonik (formerly Degussa) with a specific surface area of ca. 50 

m2 g-1 and is comprised of 80% anatase and 20% rutile.  All gases were supplied by 

BOC and were certified to be 99.999% purity.   

 

2.2. General Procedures. 

2.2.1. Continuous flow reactor design. 

In the study of the photocatalysed reforming of methanol and the water gas shift 

reaction, in the gas phase, using the different M/TiO2 photocatalyst samples, a 

serpentine 'S-bend' borosilicate glass reactor [1], with internal and external diameters 

of 3.75 mm and 6 mm, respectively, was loaded with ca. 2.4 g (± 2%) of the M/TiO2 

photocatalyst powder under test.  The powder was held in place with small plugs of 

glass wool at the top and bottom of the serpentine reactor, vide infra.  

Once loaded, the 'S-bend' reactor was inserted into the centre of the heated flow 

reactor.  The heated flow reactor [1] consisted of a semi-cylindrical ceramic fibre 

heater (diameter of 14.7 cm and height of 35.7 cm) surrounded by a quartz cylinder 

(diameter of 19.7 cm and height of 38.5 cm).  The remainder of the quartz cylinder 

was packed with a thermal insulation blanket to ensure a constant reactor 

temperature (ca. 100 oC), although a small window was left so as to allow the UV 

irradiation, of the serpentine photocatalyst-containing reactor vessel at the centre of 

the flow reactor, with 365 nm UV light from a 2.8 W 365 nm narrow band UV LED; 

irradiance = 9.5 mW cm-2 as illustrated in Figure 2.1.   
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Figure 2.1 - A schematic diagram of the main body of the reactor used throughout 

this work. Typically, the serpentine reactor is filled with a M/TiO2 photocatalyst (M = 

Pt, Pd, Au or Ag) and the ceramic fibre heater was usually raised to 100 oC. 

 

Schematic diagrams, for a more detailed overview of the continuous flow apparatus, 

for the methanol reforming and water gas shift reactions are shown in Figure 2.2 and 

Figure 2.3 respectively.  Further details about the specific flow rates of reagents are 

contained in chapters 3 to 6 when relevant.  Briefly, each design controls the flow of 

two reagents, H2O and either MeOH (MeOH reforming reaction) or CO (water gas 

shift reaction).  These two flows then feed into one another before entering the main 

body of the photocatalytic reactor, where they are irradiated with photocatalyst and 

samples are injected into the GC for product analysis.   
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Figure 2.2 - Schematic flow diagram for the setup of the methanol reforming rig utilising a continuous flow system.   
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Figure 2.3 - Schematic flow diagram for the setup of the water gas shift reaction rig utilising a continuous flow system  .
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2.2.2. Catalyst Preparation. 

All M/TiO2 photocatalysts (M = Pt, Pd, Au and Ag) were prepared via an incipient 

wetness method.  Thus, for a typical catalyst, M/TiO2, metal salt was dissolved in 80 

cm3 of deionised water and the resulting solution added dropwise to 10 g of the P25 

TiO2 powder, which was agitated continuously forming a slurry.  The resulting slurry 

was dried overnight in an oven at 110 oC before being heat treated at 500 oC for 2 h.  

The resulting dried powder was sieved to an aggregate particle size between 250-

400 µm.  The resulting powder is typically the metal oxide and so was then placed in 

a tubular furnace where it was reduced in a neat stream of H2 gas (50 cm3 min-1) for 

2 h at 200 oC.  Note: these conditions are sufficient to reduce the M salt but not the 

supporting TiO2.  This procedure was repeated for the various metals and metal 

loadings (wt.%) as required.  Further details regarding how each catalyst was made 

are given in the relevant results chapters.   

2.2.3. Irradiation sources. 

In all the gas flow photoreactor work, the photocatalyst under test was irradiated using 

an LED UV lamp (2.8 W 365 nm narrow band, typical irradiance = 9.5 mW cm-2 at 5 

cm distance) (RS Components, LZ1-10UV0).  This LED UV lamp provides an 

irradiation area of 144 cm2 at this distance (5 cm), which adequately irradiates one 

serpentine reactor (45 cm2, 9 cm x 5 cm).  The UV LED is shown in Figure 2.4(a).  

The UV LED emission spectrum is given in Figure 2.4, λmax = 365 nm and the full 

width half maximum (FWHM) = 9 nm.  The irradiation source used throughout was 

homemade.  A UV LED was attached to heatsink to avoid overheating and irradiance 

fluctuations.  Two wires were then soldered to the face of the UV LED.  These wires 

were then connected to a power supply with crocodile clips.  The resistance on the 

power supply could be varied providing different irradiance values while maintaining 

a fixed UV LED position from the reactor. 
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(a) 

 

(b) 

Figure 2.4 – (a) Digital images of 2.8 W 365 nm narrow band UV LED with a 10 cm 

heat sink [2].  (b) Emission spectrum of the 2.8 W narrow band LED UV lamp, this 

was recorded using an OL 756 spectroradiometer supplied by Gooch and Housego. 
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2.2.4. Gas Chromatography (GC). 

Throughout this work, gas chromatography was carried out using a Clarus Arnel 580 

GC as the main analytical technique for both the methanol reforming reaction and the 

water gas shift reaction.  Typically, a sample, ca. 1 μl, gas sample is injected into the 

GC using a Valco valve [3].  The sample is carried along in a stream of Ar (40 cm3 

min-1) through a Porapak D column, where each component is separated.  The 

separation column is housed in an oven, maintained at 40 oC, and a typical separation 

of products (H2, CO and CO2) takes ca. 12 minutes, were the retention time for H2, 

CO and CO2 are 1.9, 2.3 and 6.7 minutes respectively.  After the products have been 

separated by the column in the GC, they are split into two outlets, one going to the 

flame ionisation detector and the other going to the thermal conductivity detector.  A 

simple schematic of the GC is shown in Figure 2.5 [4].  The error of the GC was < 5 

% and all products sampled were within the detectable range of the GC.  The TC Nav 

software identified the peaks for each product and sample after calibration.   

 

Figure 2.5 – A simple schematic of the Perkin Elmer Clarus Arnel 580 GC fitted with 

a Porapak D column.  This shows how the sample moves through the column into the 

detectors, flowing from the inlet to the outlet.   
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2.2.5. Methanizer - Flame Ionisation Detector (FID) detection system 

After the products have been separated by the column in the GC, a sample enters 

the methanizer – FID system.  In this work, an methanizer – FID system was used for 

the analysis of CO and CO2.  The detector is often heated, and here, it was heated to 

200 oC.  In the methanizer – FID system the sample is mixed with fuel and an oxidant, 

H2 and O2 (in the form of air) and passed over a catalytic converter in the methanizer 

in order to convert any CO and/or CO2 present to CH4.  This conversion of products 

is carried out using a Ni catalyst [4] and the key reaction equations are as follows,  

CO2  +  2H2  ⎯⎯⎯⎯⎯⎯⎯→  CH4  + O2                               (2.1) 

2CO  +  4H2  ⎯⎯⎯⎯⎯⎯⎯→  2CH4  +  O2                            (2.2) 

Any CH4 generated then passes into the FID where it is burnt and the carbon species 

emitted detected by a tubular electrode, commonly described as the collector plate.  

At the collector plate a potential difference is measured as a function of since 

injection, resulting in a series of peaks for CO and CO2.  An FID with a catalytic 

converter (methanizer) is shown below in Figure 2.6(a) and an example 

chromatogram is shown also in Figure 2.6(b).   
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(a) 

 

(b) 

Figure 2.6 – (a) A schematic diagram of the FID-methanizer and (b) a typical 

chromatogram showing peaks for CO and CO2 at retention times of 2.3 and 6.7 

minutes respectively.   
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2.2.6. Thermal Conductivity Detector (TCD). 

In addition to the FID, the GC was equipped with a TCD which was used for the 

detection of H2.  Figure 2.7(a) shows a schematic of a TCD, displaying a Wheatstone 

Bridge circuit design.  A fixed, yet unknown resistance, is measured from the column 

at R4.  Resistors at R1, R2 and R3 are known, and the resistance at R3 is adjustable.  

The resistance at R3 is adjusted until there is a balanced signal and no current flows 

through the galvanometer.  At a signal of zero, the ratio between R2 and R1 matches 

that of R3 and R4, and thus the resistance of the carrier gas with and without the 

separated sample gases can be calculated from the column.  The resistors at 4 (R4) 

can thus measure the change in the thermal conductivity of the carrier gas with and 

without the separated sample gases which can be plotted as a response against 

elution time.  The TCD can detect a large range of gases, however, the peaks are 

usually much smaller, i.e. the TCD less sensitive, compared to that of the FID [5].  In 

contrast, TCD is the preferred method of detection for H2 due to its very low thermal 

conductivity compared to most carrier gases, including Ar used in this work and a 

typical chromatogram for a H2 peak is shown in Figure 2.7(b). 
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(a) 

 

(b) 

Figure 2.7 – (a) TCD schematic showing a Wheatstone bridge circuit design 

encompassing four resistors (Rx) and (b) showing a typical chromatogram with a H2 

peak at a retention time of 1.9 minutes.  
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2.2.7. Calibrations (H2, CO and CO2). 

Throughout the work on the photocatalytic gas flow reactor the GC detection of the 

main products, H2, CO and CO2 were regularly subjected to calibration to ensure that 

measured amounts produced via reactions (MeOH reforming and WGS) are accurate 

and reliable.  In this work, known amounts (volume %) of calibrant gases were 

introduced into the continuous flow system and, through an empty serpentine reactor 

(i.e. no catalyst), into the GC.  The GC trace was recorded for each analyte at different 

concentration, i.e. different volume %, and a calibration plot constructed of volume % 

vs. peak area.  A typical calibration curve for H2, CO and CO2 are shown in Figure 

2.8.  The total flow of the calibrant gases was maintained at 10 cm3 min-1 and the 

remaining gas volume was made up with Ar.   
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Figure 2.8 - A typical set of calibration curves for H2, CO and CO2 (from top to bottom).   
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2.2.8. Calculation of %H2 and r(H2). 

The system was calibrated by varying the amount of H2 in a stream of Ar, e.g. a 10 

v/v% H2/Ar gas mixture was produced by combining a stream of H2 (1 cm3 min-1) with 

9 cm3 min-1 of Ar.  For each different gas mixture, a GC trace was recorded and the 

area under the H2; peak measured.  A plot of peak area vs %H2 yielded an excellent 

straight line with a gradient 2980 ± 146, i.e ± 4.9%.  A similar calibration curve was 

generated for CO and CO2.  The gradients of these calibration plots were used to 

convert peak areas, recorded each time the exiting reactor gas stream was sampled 

(typically, every 30 minutes), to the associated %H2 and %CO2 values at that 

reaction/sampling time, t.  From any %H2 (or %CO2 and/or CO) value it was then 

possible to calculate the rate of H2 (or CO2 and/or CO) generation in the serpentine 

reactor cell at time, t.   

For example, in one experiment using the gas flow photocatalytic reactor the peak 

area generated at t = 2 h for H2 using a 0.2 wt% Au/TiO2 catalyst, with I = 9.5 mW cm-

2 at 125 oC, was 3171.2.  Therefore, using the calibration line gradient noted above, 

the value of [H2] (units: %H2) was then determined as 1.06% using the following 

expression, 

    Peak area  =  2980  x  [H2]                                    (2.3) 

As noted earlier once a value [H2] (units: % H2) has been calculated it, in turn, can be 

used to calculate the rate of hydrogen evolution from the photocatalytic reactor, r(H2) 

(units: mol h-1) using the following expression, 

r(H2 or CO)  =  [H2] (or [CO]).f.P/100RT                        (2.4) 

where T is the reactor exit gas temperature (typically 292.5 K), f is the gas flow rate 

(60x10-5 m3 h-1), P is the pressure (1 atm = 101325 Pa).  Thus, continuing from the 
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calculation of [H2] =1.06% at t = 2h, using eqn (2.4), the associated value of r(H2) can 

be calculated, i.e. 

 

r(H2)  =  1.06x60x10-5x101325/100x8.315x292.5 

r(H2)  =  26.6x10-5 mol h-1 

This point is highlighted in red in Figure 2.9.   

Through regular sampling of the gas stream emerging from the photocatalytic reactor 

a plot of [H2] against reaction time can be generated, as illustrated in Figure 2.9, which 

is a precursor plot of the data in the form of the rate of H2 evolution,  r(H2), vs t.  Note 

the data point in red highlights the example used above to calculate the value of %H2 

at t = 2 h in a typical run.  

 

Figure 2.9 - A typical plot of [H2] against time for the Au/TiO2 photocatalyst, with the 

reactor run at 125 oC and I = 9.5 mW cm-2, 365 nm. The data point highlighted in red 

was used in the example calculations reported in this section. The horizontal broken 

lines represent the average [H2] for UV and non-UV conditions. Here the UV portion 

of the data is between 1 and 3 hours, i.e. data points at 1.5, 2 and 2.5 h. 
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2.2.9. Digital photography. 

Throughout this work digital photography was used to characterise and capture 

important images for analysis.  All digital photographs were taken using a digital 

camera (700D, Canon) fitted with a macro lens (24-70 mm macro0.38m/1.3ft, Canon) 

and a HiraLite 14 W full spectrum Daylightlamp (colour temperature (CT): 5000 K) as 

the illumination source, since, for good colour reproduction, all photography needs to 

be carried out in a well white light lit environment.  Before each photographic session 

the Custom White Balance (CWB) feature of the camera was activated on the camera 

using a white card, so that the camera locked into the colour temperature of the white 

light lamp from the light reflected from the card.   

 

2.2.10. Transmission electron microscopy (TEM). 

To characterise each M/TiO2 photocatalyst (M = Pt, Pd, Au and Ag) by particle size, 

TEM was carried out using a JEM-1400, Jeol.  TEM was used to measure particle 

sizes of both TiO2 and their noble metal island deposits.  In order to prepare the 

sample for TEM analysis, 50 mg of a typical M/TiO2 photocatalysts was dispersed in 

20 cm-3 of MeOH using a sonic bath at 30 oC for 20 minutes.  After obtaining a 

dispersion, 1 µL of the dispersion was added onto a holey carbon film 200-mesh 

copper TEM grid purchased from Agar Scientific.  An example TEM micrograph is 

shown in Figure 2.10. 
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Figure 2.10 – A typical TEM micrograph showing TiO2 (P25) powder with deposited 

Pd metal islands.  

Analysis by TEM allowed for the accurate particle sizes for TiO2 and each metal 

island, usually Pt, Pd, Au and Ag.  The average particle size is discussed in detail in 

the results and discussion chapters. 

 

2.2.11. Scanning electron microscopy (SEM) and energy dispersive spectroscopy 

(EDS). 

Electron micrographs of the surface of photocatalysts were obtained using an 

Environmental SEM (FEI Quanta FEG) and energy dispersive spectroscopy (Oxford 

Ex-Act) running in high vacuum mode using the Everhart-Thornley Detector (ETD) 

detector.  Elemental analysis is also available using EDS which provides accurate 

characterisation of a samples surface.  Before a sample can be micrographed, the 

powder is placed onto an SEM stub and held in place using carbon tape, the mounted 

sample was then coated with a thin layer (ca. 10 nm) of gold, in order to render the 

sample conductive, using a sputter coater (Q150R S, Quora).  An example 

micrograph for a Au sputtered TiO2 (P25) sample is highlighted in Figure 2.11.   
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Figure 2.11 - (a) A typical SEM image showing the surface of a TiO2 (P25) powder. 

The average particle size is ca. 15 nm in radius.  

 

2.2.12. Catalyst Characterisation. 

The weight loadings of each prepared catalyst were confirmed using an Agilent 5110 

Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES); the error 

associated with each weight loading was estimated to be  5%.  The photocatalyst 

powders were also analysed using: (i) X-ray powder diffraction (XRD) (Panalytical 

XRD, Micromeritics Tristar 3020) in order to confirm the crystal structure of the TiO2 

and (ii) Brunauer-Emmett-Teller (BET) surface area of each catalyst.  In the cases of 

both (i) and (ii) the TiO2 appeared to be an 80:20 mix of anatase and rutile with a 

specific surface area, SA, of 50 m2 g-1, before and after metal deposition and 

annealing.  All these procedures were carried out by analytical services (ASEP) at 

Queen’s University Belfast (QUB).   
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Chapter 3 Modelled kinetics of the rate of hydrogen evolution as a function of 

metal catalyst loading in the photocatalysed reforming of methanol by Pt (or 

Pd)/TiO2 

 

3.1. Introduction. 

As the concern with global warming increases, there is renewed interest in a hydrogen 

economy in which hydrogen, rather than hydrocarbons, is the fuel for transport and 

homes [1].  In addition, unlike hydrocarbons, hydrogen works very well as a fuel in 

polymer electrolyte fuel cells to provide electricity efficiently and largely free of 

pollutants [2].  As a reflection of the increasing interest in hydrogen as a fuel for the 

future, in 2017 a number of renowned international companies associated with 

energy, transport and industry, formed the Hydrogen Council to promote the use of 

hydrogen [3].  However, although a versatile fuel, the economic storage of hydrogen 

on a large scale continues to pose a major challenge and, as a result, there is a 

considerable effort to explore other, easier to store, fuels, like methanol, MeOH, which 

can act as an indirect source of hydrogen, e.g. in the case of MeOH, via the reforming 

reaction: 

CH3OH  +  H2O  ⎯⎯⎯⎯⎯→  CO2  +  3H2
                      (3.1)  

Unfortunately, most catalysts for reaction (3.1) are only effective above 200 oC [4, 5] 

and so there is a need for a process that can effect reaction (3.1) at much lower 

temperatures.  One such process is semiconductor photocatalysis and, as a result, 

numerous studies of its application to reaction (3.1) have been conducted in recent 

years, mainly in aqueous solution using TiO2 particles as the photocatalyst, decorated 

with a fine (usually < 5 nm diameter) distribution of islands of a platinum group metal, 

such as Pt or Pd [6-14].  In this process, it is usually suggested that the metal acts as 

a sink for the photogenerated electrons, as it has a lower Fermi level than the 
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conductance band of the TiO2, and has a low overpotential for the reduction of water 

[15, 16].   

Interestingly, despite the growing research efforts in the photocatalysed reforming of 

methanol via reaction (3.1), the effect of %wt metal loading on the rate has not been 

well studied or modelled, with the notable exception of the work of the Bowker and 

his group [9-12, 17], who proposed a Metal-Support Interface (MSI) kinetic model to 

explain the striking rate of hydrogen evolution, r(H2),  vs wt% Pd profile they observed 

for reaction (3.1) photocatalysed by Pd/TiO2 and which is illustrated in Figure 3.1.  In 

this work, 0.2 g of a Pd/TiO2 photocatalyst, with various metal loadings (0.001 – 5 

wt%) prepared by the incipient wetness method, were dispersed in a 27 mM aqueous 

methanol solution, which were then exposed to UV irradiation using a 400 W Xe arc 

lamp.  Only H2 and CO2 generation were observed in the headspace [11, 17], 

suggesting that reaction (3.1) provides an adequate description of the overall 

photocatalytic process.   

The MSI kinetic model [11, 17] is based on a number of assumptions including: 

a) the metal is uniformly distributed as hemispherical islands of radius, r¸ across 

the surface of the semiconductor photocatalyst particles, each spaced a 

distance, R, apart, where the distance depends upon their packing (hexagonal 

or square packed;   

b) the rate of hydrogen generation due to the photocatalysed reforming of MeOH, 

r(H2), is proportional to the total perimeter length, PT’, per m2; 

c) the perimeter around each metal island is described by a circle of radius, r; 

d) the increase in r(H2) with wt% metal (the increasing rate stage) is due to an 

increase in r and so in PT’;  

e) when r(H2), is at a maximum the metal islands touch so that r = rtouch; 
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f) the sudden and striking loss in rate above a maximum wt% metal is due the 

metal islands gradually merging into each other, thereby causing PT’ to 

decrease (the decreasing rate stage) 

This model continues to be cited in recent reviews on the sacrificial production of 

hydrogen over TiO2- based photocatalysts [18-21]. The variation in rate with Pd (or 

Pt) metal loading does not appear to be related to plasmonic effects [18], given that 

the surface plasmon resonances of these metals are below 300 nm [22] and no visible 

light photocatalysis has been reported for this system [18] 

However, Bowker et al. [11, 17] subsequently revised this model because they 

correctly noted that for most studies, including the ones reported by Bowker et al. [11, 

17] and here, it is simply not possible for metal particle overlap to occur even at the 

maximum %wt metal levels usually employed in such studies (typically 1-10 wt% 

maximum).  Indeed, even if Pd atoms, say, (radius = 163 pm) were employed as a 

hexagonal-packed monolayer on the P25 (specific surface area (SA) = 50 m2 g-1), 

rather than the usual 1-2 nm diameter particles that decorate the TiO2 powder 

particles, a loading of ca. 11.8 % would be required to achieve complete coverage.  

This figure rises to a heady 72 wt% of Pd, if hexagonal-packed, 2 nm hemispherical 

particles of Pd square are used to cover the same surface.  As we shall see, electron 

microscopy of the Pd and Pt decorated TiO2 particles discussed in this work confirms 

that even at a loading 10 wt% of Pt or Pd, where the photocatalyst appears very dark 

grey, much of the surface of the TiO2 remains metal deposit free.   

The above observations suggest that the reason for the often observed sudden 

decrease in photocatalytic activity at high metal wt% loadings is not due to blocking 

of the incident UV light by the metal islands as often suggested [23-25] nor overlap of 

the metal islands [11, 17], and that there must be another cause.  In order to address 

the latter concern, Bowker et al. [11] subsequently made an additional assumption to 

their initial model, namely: 
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g) that in both (d) and (f), i.e. during the increasing and decreasing rate stages, 

the radius of the activity perimeter extends beyond that of the metal islands 

themselves, so that the effective radius is rz, where rz >> r, and rz = r + d, 

where d is the width of the extended zone.   

This simple revised model was then used by Bowker et al. [11] to fit their observed 

variation of r(H2) vs. wt% Pd data derived from a study of reaction (3.1) 

photocatalysed by Pd/TiO2, as illustrated in Figure 3.1.  As illustrated in Figure 3.1, 

Bowker et al. [11] reports the average rates after 2 and 5 h, presumably to identify 

any marked difference in values and profile shape, due to catalyst conditioning say. 

A brief inspection of the results suggest that while there is some non-systematic 

variation in values there is little in profile shape. 

 

Figure 3.1 - Plot of rate of hydrogen evolution due to the photocatalysed reforming of 

MeOH by Pd/TiO2 with different metal loadings (open and closed circles refer to 

measured rates at 2 and 5 h respectively).  The solid line has been generated using 

the revised metal-support interface kinetic model proposed by Bowker et al. [11, 17]. 

 

A brief inspection of Figure 3.1, suggests that the fit of this simple model to the data 

is encouraging but the model could be improved and Bowker et al. [11] suggest that 

the two model assumptions that may be behind this lack of good fit, namely that the 

metal particles are: (i) all of the same shape and number and invariant with wt% metal 
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loading and (ii) distributed in an ordered (square planar or hexagonal) arrangement 

on the surface, whereas electron microscopy suggests that (i) is not true at all wt% 

vales and that the particles are randomly distributed.  However, given these obvious 

simplifications, the fit of the MSI kinetic model appears promising although, in order 

to get the fit illustrated in Figure 3.1, Bowker et al. [11, 17] had also to assume that, 

at the maximum rate of H2 evolution, the extended zone exists ca. 15 nm from the 

edge of the 2 nm diameter Pd particles, for a 0.5 wt% Pd/TiO2 photocatalyst, i.e. very 

far away (7.5x’s the Pd particle diameter) from the actual metal-support interface.  

The latter assumption appears hard to rationalise in theory and has prompted us to 

explore an alternative model described below.  

Despite the concerns noted above, the MSI kinetic is not without merit, since there is 

evidence of spill-over and extended reaction zones from other photocatalytic studies 

of metal-deposited photocatalytic films [11, 26, 27].  In particular, in a recent paper 

from this group on the photocatalysed oxidation of soot by a TiO2 film with a 

photodeposited line, or ‘wire’, (ca. 1 mm) of Pt on its surface [27] clear evidence of an 

extended zone of photocatalytic activity around the Pt ‘wire’ was present.  More 

importantly, as we shall see, this extended zone appeared to develop gradually as a 

whole, rather than as a perimeter of activity growing out from the edge of the Pt ‘wire’.  

These findings suggest that it is the area, rather than the perimeter, of the extended 

zone that is the photocatalytically active zone and that a modified version of the initial 

Bowker kinetic model [11, 17], based on area, rather than perimeter, growth, and 

overlap, may be more appropriate to interpret the kinetic data illustrated in Figure 3.1, 

for the photocatalysed reforming of MeOH in aqueous solution, using a Pd/TiO2 

photocatalyst.  Thus, in order to test this hypothesis, in this chapter an area model of 

photocatalysis of reaction (3.1) is developed, along the same lines used by Bowker 

et al. [11, 17]  in the development of their perimeter model, and used to fit not only 

the results illustrated in Figure 3.1, for the photocatalysed reforming of MeOH in 
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aqueous solution using a Pd/TiO2 photocatalyst, but also those arising from a study 

of the same reaction, with the MeOH and water in the liquid and gas phase and 

Pt/TiO2 as the photocatalyst. 

 

3.2. Experimental. 

3.2.1. Photocatalyst preparation. 

All Pt/TiO2 photocatalysts were prepared using the incipient wetness method [11, 23].  

Thus, for the typical photocatalyst Pt/TiO2 (0.2 wt% Pt), 58 mg of the metal salt 

(H2PtCl6.6H2O) were dissolved in 80 cm3 of water and the solution then added 

dropwise to 10 g of the P25 TiO2 powder which was agitated continuously.  The 

resulting dispersion was dried at 110 oC overnight before being calcined at 500 oC for 

2 h, then sieved to an aggregated particle size between 250-400 μm, before being 

reduced at 200 oC for 2 h in a tubular furnace under a steady flow of H2 (50 cm3 min-

1) thereby yielding the 0.2 wt% Pt/TiO2 photocatalyst.  Samples of Pt/TiO2 with a range 

of different loadings of platinum (0.0001- 10 wt% Pt) were also made using this 

method.   

3.2.2. Photocatalyst Characterisation. 

The weight loadings of each prepared catalyst were confirmed using an Agilent 5110 

Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES).  The 

photocatalyst powders were also analysed using: (i) X-ray powder diffraction (XRD) 

(Panalytical XRD, Micromeritics Tristar 3020) in order to confirm the crystal structure 

of the TiO2 and (ii) Brunauer-Emmett-Teller (BET) surface area of each catalyst.  In 

the cases of both (i) and (ii) the TiO2 appeared to be an 80:20 mix of anatase and 

rutile with a specific surface area, SA, of 50 m2 g-1, before and after metal deposition 

and annealing. 
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A series of digital photographs were taken of the Pt/TiO2 photocatalysts with different 

Pt loadings and the results of this work are illustrated in Figure 3.2(a).  The latter 

images show that as the Pt loading is increased the synthesised Pt/TiO2 

photocatalysts appear increasingly dark grey, understandably suggesting significant 

UV screening of the surface, even though this is NOT borne out by electron 

microscopy studies, vide infra.  In addition, the same powders were analysed using 

Transmission Electron Microscopy (TEM), with a JEM-1400plus TEM (Jeol) and 

typical micrographs arising from his work are shown in Figure 3.2(b).  All three images 

reveal an average TiO2 particle radius of 15 nm, which is consistent with a measured 

BET specific surface area, SA, of ca. 50 m2 g-1.  In addition, the Pt particle radius 

appears about 0.5 and 1.5 nm for the 0.2 and 10 wt% Pt loaded photocatalysts.  Note: 

as we shall see, the former paired data set, i.e. 0.5 nm Pt particles for the 0.2 wt% Pt 

loaded TiO2 photocatalyst, is the paired r and wt% metal value set (always shown in 

bold and used to highlight experimentally determined values) required in the kinetic 

model presented here, and the MSI kinetic model, to calculate the number of metal 

sites, N, and subsequently the distance between these sites, R.  The electron 

micrographs illustrated in Figure 3.2(b) show that despite the dark appearance of the 

10 wt% Pt/TiO2 photocatalyst, much of the surface of the TiO2 remains unoccupied 

by Pt islands, as noted earlier and as expected based on simple calculations.  For 

example, assuming a Pt hemispherical particle radius of 1.5 nm at 10 wt% and square 

packing, it can be shown that the fraction of the 50 m2 g-1 surface occupied is only 9.3 

%. 
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(a) 

 

(b) 

Figure 3.2 - (a) photographs of the Pt/TiO2 photocatalyst powders with different 

loadings of Pt, namely: from left to right: 0, 0.001, 0.001, 0.003, 0.01, 0.03, 0.05, 0.1, 

0.2, 0.5, 1, 4 and 10 wt% Pt; (b) TEM images of three typical photocatalyst powders 

with (from left to right) 0, 0.2 and 10 wt% Pt.  The red circle highlights a typical Pt 

particle which had a radius, r, of ca. 0.5 and ca. 1.5 nm for the 0.2 and 10 wt% loaded 

Pt/TiO2 powders, respectively. 

Each Pt/TiO2 photocatalyst made was by the incipient wetness method and 

photographed in Figure 3.2 (a) was then tested for activity, with regards to sensitising 

reaction (1), both in aqueous solution and in the gas phase.   

 

3.2.3. Photocatalytic activity testing: in aqueous solution. 

In aqueous solution, 12.5 mg of Pt/TiO2 under test were dispersed in 25 cm3 solution 

of a 50:50 v/v mixed solvent of methanol and water, so that [MeOH] = 12.4 M, and 

placed in a 54 cm3 cylindrical borosilicate glass reactor fitted with a screw on cap 

containing a suba seal (for sampling the head space).  This solution was then argon 

purged for 20 min and irradiated using a 365 nm narrow band UV LED (20 mW cm-

2).  The headspace (29 cm3) above the reaction solution was sampled periodically 
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during the irradiation and analysed using a GC fitted with a thermal conductivity 

detector.  Some of the [H2] vs irradiation time profiles generated arising from this work 

are illustrated in Figure 3.3. 

 

Figure 3.3 - Typical set of [H2] vs irradiation time profiles generated upon irradiation 

of a TiO2 photocatalyst with different loadings of Pt with 365 nm light (20 mW cm-2).  

The wt% Pt levels used here were (from top to bottom): 0.2, 1.0, 0.05, 0.01, 10, 0.001 

and 0 (TiO2 P25), respectively. 

Note that in the absence of light, no H2 evolution was detected. 

 

3.2.4. Photocatalytic activity testing: in gaseous phase. 

In the study of reaction (1) in the gas phase, using the different Pt/TiO2 photocatalyst 

samples, a serpentine 'S-bend' borosilicate glass reactor [23], shown in Figure 3.3, 

with internal and external diameters of 3.75 mm and 6 mm, respectively, was loaded 

with ca. 2.4 g (± 2%) of the Pt/TiO2 photocatalyst powder under test; the powder was 

held in place with small plugs of glass wool at the top and bottom of the serpentine 

reactor, as shown in Figure 3.3.  Once loaded, the 'S-bend' reactor was inserted into 

the centre of the heated flow reactor. The heated flow reactor [23] consisted of a semi-

cylindrical ceramic fibre heater (diameter of 14.7 cm and height of 35.7 cm) 

surrounded by a quartz cylinder (diameter of 19.7 cm and height of 38.5 cm). The 
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remainder of the quartz cylinder was packed with a thermal insulation blanket to 

ensure a constant reactor temperature (ca. 100 oC), although a small window was left 

so as to allow the UV radiation, of the serpentine photocatalyst-containing reactor 

vessel at the centre of the flow reactor, with 365 nm UV light from a 2.8 W 365 nm 

narrow band UV LED; irradiance = 9.5 mW cm-2.  

 

Figure 3.4 – A photograph showing 2.4 g of 0.2 wt% Pt/TiO2 sealed within a typical 

serpentine 'S-bend' reactor, with an internal volume of 3.3 cm3. 

In a typical reaction run, a stream of Ar containing H2O (10 % by volume, 4.16 mM) 

and MeOH (5 % by volume, 2.08 mM) was passed over the photocatalyst bed for 4.5 

hours, at a flow rate of 15 cm3 min-1.  After the first 1.25 h, the Pt/TiO2 photocatalyst 

sample under test was irradiated for 2 hours, and then left in the dark for the remaining 

1.25 h.  The gas stream was sampled every 0.5 h during this 4.5 h period and 

subjected to analysis using a gas chromatograph (Perkin Elmer) fitted with a Porapak 

D column with a TCD, for the analysis of H2.  At the start of each photoreaction, the 

serpentine reactor was flushed with Ar and thermostatted to 100 oC, before being 

exposed to the H2O/MeOH reactant feed and subsequent illumination.  The reactant 

residence time was calculated as: 13.2 s, given the volume of the serpentine reactor 

was 3.3 cm3 and the flow rate 15 cm3 min-1.  Three H2 vs irradiation time profiles were 

generated in series for each of the Pt/TiO2 photocatalysts tested using the above 

system, and an average value for the rate of hydrogen evolution, r(H2), was then 
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calculated from the [H2] vs irradiation time data.  For example, the three r(H2) vs 

irradiation time profiles generated, for a 0.05 wt % Pt loaded TiO2 catalyst, are 

illustrated in Figure 3.5, from which a value of r(H2), of 142 μL min-1 was determined.   

 

Figure 3.5 - Typical set of three r(H2) vs irradiation time profiles recorded using the 

gas phase photocatalytic system, with a 0.05 wt% Pt/TiO2 photocatalyst.  The average 

value of r(H2), 142 μL min-1, determined using this data is illustrated by the broken red 

horizontal red line.   

 

3.3. Results and Discussion. 

3.3.1. The Expanding Photocatalytic Area and Overlap kinetic model (EPAO model). 

The expanding photocatalytic area and overlap, i.e. EPAO, model developed here 

to describe the kinetics of reaction (3.1) photocatalysed by a metal-decorated 

semiconductor sensitiser is based on a similar set of assumptions made by Bowker 

et al. in their metal support interface model [11, 17], but with area replacing perimeter.  

Thus the main assumptions are as follows:  

i. the metal is uniformly distributed as hemispherical islands of radius, r¸ across 

the surface of the semiconductor photocatalyst particles, each spaced a 

distance, R, apart, where the distance depends upon their packing (hexagonal 

or square packed as shown in Figure 3.1(a); 
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ii. the rate of hydrogen generation due to the photocatalysed reforming of MeOH, 

r(H2), is proportional to the total photocatalytically active area, AT’, per m2; 

iii.  the area of the active zone around each metal island has a radius, rz, where 

rz is a simple linear function of r, the radius of the metal island; 

iv.  the increase in r(H2) with wt% metal (in the increasing rate stage) is due to 

the increase in rz and so in AT’; 

v.  when r(H2) is a maximum, r(H2)max, so is AT’, i.e. AT’(max), i.e. the 

photocatalytic area does not increase any further with r, although a 

deactivating zone of influence does, and at this point the photocatalytically 

active areas are just touching so that rz = rtouch.  A possible reason for this 

deactivation zone is given later; 

vi.  the sudden and striking loss in rate above the wt% metal associated with 

r(H2)max, i.e. wt%(max), where rz > rtouch, is due overlap of the expanding 

deactivation zones overlapping with the photocatalytically active areas, 

thereby reducing the value of AT’, for all metal islands with increasing rz above 

rtouch, ; this is the decreasing rate stage. 

 

Figure 3.6 (b) provides a schematic illustration of the EPOA kinetic model for two 

hemispherical metal particles, a distance R apart, in their increasing rate stage (in 

which the photocatalytically active zones are expanding – highlighted in red hatching 

– due to increasing wt% metal loading), up to the maximum rate, at which point they 

are touching and wt% metal = wt%(max), and after, as their deactivation zones 

expand and overlap (highlighted in grey) with the photocatalytically active zone and 

so reduces the value of AT’ from an initial value of AT’(max).   
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(a) 

 

(b) 

Figure 3.6 – (a) a schematic showing square packing as opposed to hexagonal 

packing. (b) A pair of metal particles (black dots) radius r, on the surface of a 

semiconductor photocatalyst, with zones of photocatalytic activity (red hatched) areas 

or radius rz, in the following rate of H2 evolution stages (from left to right): (i) 

increasing, (ii) maximum and (iii) decreasing.  The grey hatched areas identify areas 

of overlap of the expanding deactivation zones, when rz > rtouch, which reduces the 

size of the photocatalytic activity (red hatched) areas. R is the distance between metal 

particles, r is the radius of the metal particles and rz is the radius of the active zone.  

 

Given the above assumptions it follows that:  

r(H2) = k AT’                                                    (3.2) 

where, in the growing rate stage: 
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AT’  =  N.rz
2                                                   (3.3) 

where N is the number of metal islands per m2, separated from each other by a 

distance R and rz is the radius of the extended zone.  The value for N is calculated 

from a knowledge of the wt% of metal and metal particle size, i.e. a paired set of data, 

r and wt% metal, since: 

 N  =  wt% metal/(100.SA.)/Vp                              (3.4) 

where SA = the specific surface area of the semiconductor photocatalyst (units: m2/g), 

 the density of the metal (units: g/m3) and Vp  = volume of the hemi-spherical metal 

particles, radius r, i.e. 2r3/3.  For example, Bowker et al. [11, 17] report that for 0.5 

wt% loading of Pd (on P25 TiO2, SA = 50 m2/g) the Pd particles had a radius of 1 nm.  

Using this paired r, wt% metal data set, and eqn (3.4), a value of N = 3.97x1015 metal 

sites per m2 can be calculated.  Once a value for N has been determined, from a r, 

wt% metal data set, it can then be used to calculate a value for R, the distance 

between metal sites, depending on whether the sites are hexagonal R = {2/(N.3)}0.5, 

or square packed (R = (1/N)0.5; thus, for the assumed Pd metal hemispheres in the 

Pd/TiO2 system reported by Bowker et al. [11, 17], a value of R = 17.1 nm, can be 

derived, assuming they are hexagonally packed.  The calculated values for N and R, 

are essential parameters used by both the MSI and EAOP models to fit the all r(H2) 

vs. wt% metal data reported here; thus the above values of N and R are used in the 

model fits of the data illustrated in Figure 3.1.  In this initial increasing r(H2) stage, it 

is assumed that the value of rz, = rz(incrs), is directly related to the metal particle 

radius, r, by the following simple expression: 

rz(incrs) = a  +  br                                                 (3.5) 

where, a and b are constants; this function is similar to that used by Bowker et al. [11, 

17] to describe the variation in the radius of the extended zone in their perimeter 

model. The active circular area 'a' suggests that even very small metal particles are 
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able to act as a very effective sink for electrons, photogenerated in the surrounding 

semiconductor area, thereby implying that the electric field that exists between the 

two, vide infra, is largely independent of metal mass. 

Eventually the activation zones, which expand with increasing wt% metal, and thus 

with increasing value of r, touch, as illustrated in Figure 3.6, at which point r(H2) is a 

maximum, as is AT’, i.e. AT’(max).  This point has associated with it a series of values 

that help characterise the system, namely those for: (i) wt% metal loading, i.e. 

%wt(max) (note: the use of bold highlights the fact that this is an experimentally 

determined value), (ii) metal particle radius, r*,a value for which can be readily 

calculated from the value of %wt(max) and (iii) rtouch,  = R/2, which we have seen is 

determined from the paired data set: r and wt% metal.   

In this model the subsequent decrease in rate with increasing wt% metal above the 

maximum rate, is due to the decrease in AT’ from its peak value of AT’(max), when rz 

= R/2, as the extended and now deactivation zones of the neighbouring metal islands 

overlap – as illustrated by the grey zones in Figure 3.6.   

It can be shown that [28] for two overlapping circles of radii r1 (here = rz(decrs), vide 

infra) and r2 (here = R/2), the centres of which are separated by a distance d (here = 

R), the overlapping area, A, is given by the following expression: 

A = r1
2cos-1(d1/r1) – d1(r1

2 - d1
2) + r2

2cos-1(d2/r2) – d2(r2
2 – d2

2)            (3.6) 

where d1 = (r1
2 – r2

2 + d2)/2d and d2 = d - d1.  In this work it is assumed that rz(decrs)'s 

dependence upon r, although still proportional to r, may less marked than that of 

rz(incrs) and is described by the expression: 

rz(decrs)  = R/2  +  b'(r – r*)                                     (3.7) 

where b' is a constant.   

It follows from the above, that in the decreasing r(H2) stage, the overall photocatalytic 

active area available per m2 of surface is given by: 
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AT’  =  πN(rz
2 – f.A)                                           (3.8) 

Where f is a packing factor (= 4 or 6 for square or hexagonal packing, respectively).  

This very simple EPAO kinetic model, can then be used to describe the kinetics of 

the photo-catalysed reaction (3.1) by a metal/semiconductor photocatalyst.   

Table 3.1 contains the values of: (i) the paired data set %wt metal, r, used to calculate 

N and R, (ii) %wt(max), and the fitting parameters: a, b, and b', used in the above 

model to create the solid line fits to the various r(H2) vs wt% metal plots reported 

below.  It is worth noting that the values of a and b are related to one another via the 

expression:   

-a  =  R/2 - br*                                              (3.9) 

where, R and r* are known constants, derived from the experimental parameters of 

the system, %wt metal, r and %wt(max), the determination of which is described 

above.  
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Table 3.1 - Key parameters and data used in the EPAO kinetic model to fit the r(H2) vs log(wt% metal) data, reported by Bowker et. al. [11, 17] 

and here, for the photocatalysed reforming of methanol in aqueous solution and the gas phase* 

Parameter Units Key equation MeOH(aq), [11, 17] 
MeOH(aq), MeOH + 

steam 

Number of metal island sites per unit 
area, N 

Sites 
m-2 N = wt% metal/(100.SA.(metal))/Vp 3.97x1015 7.12x1014 7.12x1014 

Distance between metal 
sites,(hexagonal or square packed), R m R = (2/3.N)0.5 or (1/N)0.5 

1.71x10-8  

(hex packed) 

1.18x10-8 

(square 
packed) 

1.18x10-8 

(square 
packed) 

Volume of hemispherical particles,Vp m3 Vp = 2r3/3 2.09x10-27 2.62x10-28 2.62x10-28 

Particle radius, r m 
 Determined from TEM for the wt% metal 
value below 1x10-9 5.0x10-10 5.0x10-10 

% wt loading of metal, wt% metal %  0.5 0.2 0.2 

% wt loading of metal when r(H2) is a 
maximum, %wt(max) %  0.3 

0.2 
0.01 

rz(incrs) parameters (a, b) m rz(incrs)  =  a  + br 5.5x10-9, 3.6 
1.5x10-9, 

8.85 
1.5x10-9, 

24.1 

Radius of metal islands when the 
extended fields touch, r* m 

r* = (R/2 – a)/b or 

r* = 

{1.5xwt%(max)/(100.SA.(metal).N.)}1/3 0.843x10-9 

0.5x10-9 

0.184x10-9 

rz(decrs) parameter (b') m rz(decrs)  =  R/2 +  b'(r – r*) 3.6** 2.9 2.8 

*: (Pt) and (Pd) = 21.5 and 12.02 g cm3, respectively; Specific surface area of TiO2 = 50 m2/g; values marked in bold are those for the metal 
particle radius,r, (determined using TEM) at a known wt% metal, the paired data set, and the known wt% metal when r(H2) is a maximum, 
wt%(max) ;  **: in this case, it can also be shown that rz(incrs) = rz(decrs) =  a  + br, i.e. the rate of increase in rz doesn't change after the zones 
overlap. 
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3.3.2. Model fits to MeOH reformation in aqueous solution. 

As noted earlier, the paired data set: %wt metal, r in Table 3.1, namely 0.5 wt%, 1 

nm, respectively, reported by Bowker et al [11, 17] were used to determine values for 

N and R using the equations in Table 3.1.  In the EPAO kinetic model a value of 0.3 

wt% for wt%(max), was determined from the plot of the r(H2) vs. wt% Pd data 

reported by Bowker et al [11, 17] and illustrated in Figure 3.7, and used to determine 

the value for the radius of the Pd particles when the rate was at a maximum, i.e. r* of 

0.843 nm (see Table 3.1 also for key equation used in this calculation), which – in 

turn – was used in the calculation of values for rz(decrs) via eqn (3.7).  The values of 

%wt metal, r, %wt(max), a, b, and b', used in the area model to create the solid line 

in Figure 3.7, are given in Table 3.1, along with the other model useful calculated 

values, R and N. 

 

Figure 3.7 - Plot of rate of hydrogen evolution vs wt% Pd data reported by Bowker et 

al [11, 17], (open and closed circles refer to measured rates at 2 and 5 h respectively).  

The solid line has been generated using the MSI model and a broken line has been 

generated using the EPAO model and the values of: the wt% metal, r, a, b and b' 

values reported in Table 3.1. 
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A comparison between the solid line fits of the MSI model and the broken line fit of 

the EPAO model to the data (and illustrated in Figure 3.7) suggests that the latter 

provides a better description of the r(H2) vs wt% metal profile for the 

Pd/TiO2/reaction(3.1) system. 

Other work was then carried out to test this model further using different metal co-

catalysts to probe whether the observed profile seen by Bowker et al. [8, 11, 17], in 

their study of reaction (3.1) in aqueous solution sensitised by Pd/TiO2, was a feature 

in general of M/TiO2 photocatalysts or a unique feature of Pd/TiO2 photocatalysts.  

Thus, as described in the Experimental section, a series of Pt/P25 TiO2 photocatalyst 

powders were prepared with loadings that spanned the range 0.0001 to 10 wt%.  

These powders were then tested as photocatalyst sensitisers of reaction (3.1) in 

aqueous solution ([MeOH] = 12.4 M; reaction solution volume = 25 cm3; [Pt/TiO2] = 

12.5 mg; irradiance = 20 mW cm-2) and involved recording the variation in 

photogenerated H2 concentration vs. irradiation time profile for all the Pt/TiO2 

photocatalysts, some of the results for which are illustrated in Figure 3.3.  The 

complete set of these [H2] vs time profiles allowed the calculation of a series of initial 

r(H2), wt% Pt data points which were then used to construct the plot illustrated in 

Figure 3.8; also shown in this figure is the EPAO model solid line fit to the data, based 

on the experimental and optimised parameters: %wt metal, r, %wt(max), a, b, and 

b' in Table 3.1.  The model fit to the data is very good and has a similar shape to the 

r(H2) vs wt% Pd plot illustrated in Figure 3.7.  This is possibly not surprising given the 

similarity of the systems, i.e. the same photocatalysed reforming reaction, although 

using a different metal, but deposited using the same method (i.e. the incipient 

wetness method [29]).  As a result, key experimental values for the Pd/TiO2 and 

Pt/TiO2 systems, such as %wt metal, r, %wt(max), are similar, making the key model 

values: N, R and r* similar.  For example, for the Pd/TiO2 (and Pt/TiO2) systems the 

values of R and r* are 17.1 (11.8) nm and 0.84 (0.5) nm, respectively. 
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Figure 3.8 - Plot of rate of hydrogen evolution vs wt% Pt data for the photocatalysed 

reforming of methanol, i.e. reaction (3.1) in the aqueous phase.  The solid line was 

generated using the EPAO model, with the values of: the wt% Pt, r, wt% Pt(max), a, 

b and b' values reported in Table 3.1.  This reaction was carried out in gas tight cell 

with a rubber septum for sampling the headspace gas.  

 

3.3.3. Model fits to MeOH reformation in the gas phase. 

The same Pt/TiO2 powders were used as photocatalysts to probe the kinetics of H2 

evolution via reaction (3.1) sensitised by Pt/TiO2 at 100 oC in a gas stream, comprising 

a carrier gas of Ar (85 v/v %) with MeOH (5 v/v %) and water (10 v/v %); flow rate = 

15 cm3 min-1.  Initial work showed that, unlike the aqueous solution study, in the gas 

phase study the rate of hydrogen evolution was not negligible in the absence of light 

(r(H2) using pure TiO2 is ca. 7 µL/min), and that this was especially so at very high Pt 

loadings. Thus, in the gas phase study of the Pt/TiO2 photocatalysed reaction (3.1), 

r(H2) vs wt% Pt data for reaction (3.1) with and without (i.e. in the dark) UV irradiation, 

i.e. r(H2)illum and r(H2)dark values, were determined for each Pt/TiO2 photocatalyst and 

the results of this work are illustrated in Figure 3.9. 
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Figure 3.9 – An XY scatter of r(H2) vs P wt % Pt loading, recorded using the gas 

phase photocatalytic system with (grey circles) and without UV irradiation (black 

circles).  

A brief inspection of the values of r(H2) determined in the dark, due to the thermal 

catalysis of reaction (3.1), revealed that they are significant, especially as the metal 

loading approached 10 wt%.  The EPAO model assumes that r(H2) is just due to 

photocatalysis, rather than photo- plus thermal-, catalysis, thus, in order to model the 

photocatalytic data it is assumed here that for each Pt/TiO2 photocatalyst, the average 

value of r(H2) determined for the illuminated system is the sum of the r(H2) due to 

photocatalysis and that due thermal catalysis, i.e.  

 

r(H2)photo  =  r(H2)illum  -  r(H2)dark                                (3.10) 

 

whereas in the dark just r(H2)dark is measured.  This assumption allowed the 

calculation of values for r(H2)illum for each wt% Pt using the data in Figure 3.9 and a 

plot of the results is illustrated in Figure 3.10.   
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Figure 3.10 - Plot of the rate of hydrogen evolution due to reaction (3.1) 

photocatalysed by Pt/TiO2 in the gas phase (at 100 oC) as a function wt%Pt, where 

r(H2)photo was calculated using eqn (3.10) using the values of r(H2)illum and r(H2)dark in 

Figure 3.9. 

 

Note that in the EPAO model fit to the gas phase data in Figure 3.10, illustrated by 

the solid line, the values of r, wt% metal are the same (thus, so too are the values of 

N and R) as those used to fit the aqueous solution data illustrated in Figure 3.8.  What 

is strikingly different between these two different data sets are the respective values 

for wt%(max), i.e. in the gas phase study the value is 20 times lower (i.e. 0.01 wt% 

rather than 0.2 wt%) than that found in aqueous solution, cf. Figure 3.8 and Figure 

3.10.  Why this should be the case is not clear, although the model suggests that it is 

related to the value of b, which controls the fractional increase in the active zone with 

increasing r, via eqn (3.5).  Thus, the model fits to the data in Figure 3.8 and Figure 

3.10 suggest that this fractional increase, a measure of which is the value of b, is ca. 

2.7 x's greater in the gas phase compared to the liquid phase.  However, the many 

differences between the two systems, such as: diffusion coefficients, reactant 
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concentrations, [photocatalyst] and temperature, makes it impossible at present to 

identify a specific underlying cause for this factor of 2.7.   

 

3.3.4. A theoretical rationale. 

As we have seen, the EPAO model is based on the concept of an extended reaction 

area around Pt and Pd deposits on TiO2.  This can be rationalised in terms of theory 

if, as is often reported, the Pt metal islands aid the separation of the photogenerated 

electron-hole pairs by acting as a sink for photogenerated electrons and a catalyst for 

their subsequent reduction reaction with water to generate H2 [16].  Interestingly, 

although many assign the electron ‘sink’ role to Pt deposits on TiO2 the theory of 

metal/semiconductor (i.e. Schottky) junctions actually predicts that the 

photogenerated holes should flow to the Pt, not the electrons, given that the work 

function of Pt and electron affinity of TiO2 are 5.2 and 4.0 eV, respectively [30].  

However, the electron sink role of Pt, assumed by so many and here in the EPAO 

model, can be rationalised in terms of a metallised semiconductor model, in which 

the Pt forms an ohmic junction with TiO2 [30].  As it is also known that methanol forms 

a Schottky junction with bare TiO2 [31], it follows that the EPAO model, in which a 

large area around each metal deposit is activated by the metal, suggests that the 

electric field, which must exist between the Pt deposits and the surrounding TiO2, is 

sufficiently strong, that – in effect – the Pt 'hoovers' up the conductance band 

electrons photogenerated by the surrounding, naked, TiO2, surface over a large (>> 

r) distance from each metal deposit.  At the same time, it can be envisaged that the 

remaining photogenerated holes migrate to the surface of the naked TiO2 surrounding 

each metal ‘island’ and there oxidise the surface adsorbed methanol to CO2 and acid.  

A schematic illustration of this reaction is illustrated in Figure 3.11.  The EPAO kinetic 

model and the theoretic model schematic in Figure 3.11 suggests that the area of the 

photocatalytically active zone associated with a metal island will be a function of the 
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initial metal particle size and limited in size by the surrounding metal islands and the 

strength of the electric field pulling the photogenerated electrons to the metal island.  

In addition, the schematic illustrated in Figure 3.11 suggests that when the 

photocatalytic active zones overlap, as illustrated in Figure 3.6, this may be 

associated with the metal particles becoming so large that the electric fields 

associated with their extended zones overlap and interfere with each other so as to 

reduce markedly the efficacy of separation of photogenerated electron-hole pairs in 

these areas of overlap, thereby reducing the efficiency of the overall photocatalytic 

process. 

 

Figure 3.11 - Schematic illustration of the electron scavenging nature of the Pt metal 

deposits (Ohmic junction) on TiO2, which act as a sink for photogenerated electrons 

in the surrounding naked TiO2, and the concomitant hole scavenging nature (Schottky 

junction) of the methanol. 

 

3.3.5. Visualisation of the extended zone.   

If the extended area model is a common feature of Pt (or Pd)/TiO2 photocatalysts, or 

metal/semiconductor photocatalysts in general, then it might be possible to actually 

observe it via a study of the photocatalysed mineralisation of a coloured, solid, but 

gas permeable, oxidisable pollutant deposited onto a TiO2 photocatalytic film with just 

one large (say 1-2 mm) island of Pt.  The ideal pollutant has to be coloured, so its 

destruction can be observed and very gas permeable, i.e. porous, so as to allow 

ambient O2 access to the surface of the Pt ‘dot’, where it can be reduced by the 
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photogenerated ‘hoovered up’ conductance band electrons to water.  In addition, this 

ideal pollutant must be readily oxidised by the photogenerated holes at the surface of 

the surrounding, metal free TiO2.  One possible contender for this role as solid 

pollutant is soot, which when deposited using a candle, tends to form a brown 

coloured very porous layer of carbon which is oxidisable by holes photogenerated on 

TiO2 [26, 27, 32, 33].  The overall reaction can be summarised as follows: 

Pt/TiO2 

C  +  O2   ⎯⎯⎯⎯⎯→  CO2                                     (3.11) 
UV 

 
 
If the extended zone concept presented here is applicable to reaction (3.11) and is 

appropriate on such a macro scale then according to the original perimeter MSI kinetic 

model the soot will be destroyed initially at the edge of the Pt 'dot' and the area of 

visible soot removal will slowly expand away from the edge of the Pt ‘dot’ with 

increasing irradiation time. In contrast, if the extended area model is applicable, then 

the soot in a set area – the extended zone - around the Pt 'dot' will slowly disappear 

with irradiation time and the size of the extended zone will be proportional to the size 

of the Pt ‘dot’. 23 In order to test this hypotheses, a very active anatase sol-gel TiO2 

film (2 m thick) was prepared and a small (2.7 mm), but still easily observed Pt ‘dot’, 

was deposited onto its surface using an ink containing chloroplatinic acid and glycerol 

[22]. After Pt deposition the remaining ink was washed off and the Pt ‘dot’, and 

surrounding TiO2 then covered with a 3.5 m layer of brown-coloured soot, using a 

candle. The soot formed a candy-floss-like, highly porous layer on top of the TiO2 film, 

which was typically ca. 3.5 m thick. The soot covered film was then irradiated with 

UV light (365 nm LED, 20 mW cm-2) and photographed at regular intervals and the 

results of this work are illustrated in Figure 3.12. These images show that with UV 

irradiation a soot free zone around the Pt ‘dot’ gradually emerges as expected if 

reaction (3.11) is described by the EPAO kinetic model. The results of other work 
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suggest that the eventual size of the soot free, extended zone, even after prolonged 

irradiation, is directly proportional to the initial size of the Pt ‘dot’, which again is 

consistent with the EPAO model. Although the results of this initial study are 

promising but obviously not conclusive, clearly more work is required to establish 

beyond doubt the relevance of an EPAO kinetic and the theoretical rationale 

presented here. 

 

Figure 3.12 - Photographs of a Pt dot (d = 2.7 mm) covered in a layer of soot (ca. 3.5 

m thick) after 0, 24, 48, and 84 h of irradiation under a UVA lamp (2 mW cm-2, 352 

nm). 

 

3.4. Conclusions. 

The incipient wetness method is used to deposit a fine dispersion of metal (Pd or Pt) 

nanoparticles (typically 0.5-1 nm in radius) on the surface of P25 TiO2 powder 

particles with the size of the metal particles depending on the wt% of metal deposited.  

However, even at high wt% loadings (up to 10%) much of the TiO2 remains free.  

When used to mediate the steam reforming of MeOH, all the photocatalysts tested 

exhibited a rate of hydrogen vs wt% metal profile with similar features, namely a 

smooth if slightly tapering off increase in r(H2) with wt% metal until a maximum rate 

is obtained, at which point the further increase in wt% metal is accompanied by the 
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rapid deactivation of the photocatalyst.  In modelling the kinetics of this system it is 

assumed that the radius of the extended photocatalytically active zone is proportional 

to that of the metal island.  At a critical metal island size, the extended active zones 

touch and r(H2) is a maximum and above this size the rate decreases with wt% metal 

due to the overlap of the extended zone areas.  The extended area model provides 

reasonable fits to the r(H2) vs wt% metal profiles determined for the photocatalysed 

reduction of water and concomitant oxidation of MeOH in aqueous solution exhibited 

by Pd and Pt/TiO2 photocatalysts in aqueous solution.  The model also provides a 

good fit to the r(H2) vs wt% for the same reaction mediated by Pt/TiO2, but with the 

reactants in the gas phase at 100 °C.  The kinetic model is rationalised in theory by 

assuming that each metal island forms an electric field with the surrounding TiO2 so 

as to effectively hoover up the photogenerated electrons in the surrounding TiO2, 

thereby allowing it to effect the reduction of water, leaving the remaining 

photogenerated holes to oxidise the methanol adsorbed on the TiO2. The efficacy of 

this process reduces rapidly as the electric fields (i.e. extended zones), associated 

with each metal deposit, increasingly overlap with increasing loading above a critical 

level, wt%(max).  Some support for the simple kinetic model is provided by the results 

arising from a study of the oxidation of soot deposited on and around a Pt dot on a 

sol-gel TiO2 film.  Upon UV irradiation of this system the zone of photocatalytic activity 

is revealed by the gradual disappearance of the soot around the Pt ‘dot’, the radius 

of which appears to be proportional to the radius of the metal dot, which is as might 

be expected with the area kinetic model proposed here.  Much more work is required 

to test the validity of the expanding photocatalytic area and overlap (EPAO) model 

proposed here, but these initial results are encouraging and if found to be a general 

phenomenon the model will provide a better understanding of how catalyst deposits 

can act on the surface of photocatalyst powders and films. 



79 
 

3.5. References 

[1] S. Singh, S. Jain, V. Ps, A.K. Tiwari, M.R. Nouni, J.K. Pandey, S. Goel, Hydrogen: 

A sustainable fuel for future of the transport sector, Renew. Sust. Energ. Rev., 51 

(2015) 623-633. 

[2] R. Borup, J. Meyers, B. Pivovar, Y.S. Kim, R. Mukundan, N. Garland, D. Myers, 

M. Wilson, F. Garzon, D. Wood, P. Zelenay, K. More, K. Stroh, T. Zawodzinski, J. 

Boncella, J.E. McGrath, M. Inaba, K. Miyatake, M. Hori, K. Ota, Z. Ogumi, S. Miyata, 

A. Nishikata, Z. Siroma, Y. Uchimoto, K. Yasuda, K.-i. Kimijima, N. Iwashita, Scientific 

Aspects of Polymer Electrolyte Fuel Cell Durability and Degradation, Chem Rev, 107 

(2007) 3904-3951. 

[3] Hydrogen Council, http:/ /hydrogencouncil.com/, (Accessed Sept. 2020). 

[4] J.M. Ogden, Prospects for building a hydrogen energy infrastructure, Annu. Rev. 

Energ. Environ., 24 (1999) 227-279. 

[5] J. Wei, E. Iglesia, Isotopic and kinetic assessment of the mechanism of reactions 

of CH4 with CO2 or H2O to form synthesis gas and carbon on nickel catalysts, J. Catal., 

224 (2004) 370-383. 

[6] T. Kawai, T. Sakata, Photocatalytic hydrogen-production from liquid methanol and 

water, J Chem Soc Chem Comm, (1980) 694-695. 

[7] H. Harada, T. Ueda, Photocatalytic activity of ultra-fine rutile in methanol-water 

solution and dependence of activity on particle size, Chem. Phys. Lett., 106 (1984) 

229-231. 

[8] L.S. Al-Mazroai, M. Bowker, P. Davies, A. Dickinson, J. Greaves, D. James, L. 

Millard, The photocatalytic reforming of methanol, Catal. Today, 122 (2007) 46-50. 

[9] M. Bowker, Sustainable hydrogen production by the application of ambient 

temperature photocatalysis, Green Chem, 13 (2011) 2235-2246. 



80 
 

[10] M. Bowker, H. Bahruji, J. Kennedy, W. Jones, G. Hartley, C. Morton, The 

Photocatalytic Window: Photo-Reforming of Organics and Water Splitting for 

Sustainable Hydrogen Production, Cat. Lett., 145 (2015) 214-219. 

[11] M. Bowker, D. James, P. Stone, R. Bennett, N. Perkins, L. Millard, J. Greaves, 

A. Dickinson, Catalysis at the metal-support interface: exemplified by the 

photocatalytic reforming of methanol on Pd/TiO2, J. Catal., 217 (2003) 427-433. 

[12] M. Bowker, C. Morton, J. Kennedy, H. Bahruji, J. Greves, W. Jones, P.R. Davies, 

C. Brookes, P.P. Wells, N. Dimitratos, Hydrogen production by photoreforming of 

biofuels using Au, Pd and Au–Pd/TiO2 photocatalysts, J. Catal., 310 (2014) 10-15. 

[13] T.A. Kandiel, R. Dillert, L. Robben, D.W. Bahnemann, Photonic efficiency and 

mechanism of photocatalytic molecular hydrogen production over platinized titanium 

dioxide from aqueous methanol solutions, Catal. Today, 161 (2011) 196-201. 

[14] T.A. Kandiel, I. Ivanova, D.W. Bahnemann, Long-term investigation of the 

photocatalytic hydrogen production on platinized TiO2: an isotopic study, Energ 

Environ Sci, 7 (2014) 1420-1425. 

[15] U. Siemon, D. Bahnemann, J.J. Testa, D. Rodrı́guez, M.I. Litter, N. Bruno, 

Heterogeneous photocatalytic reactions comparing TiO2 and Pt/TiO2, J. Photochem. 

Photobiol. A: Chem., 148 (2002) 247-255. 

[16] G.L. Chiarello, M.H. Aguirre, E. Selli, Hydrogen production by photocatalytic 

steam reforming of methanol on noble metal-modified TiO2, J. Catal., 273 (2010) 182-

190. 

[17] A. Dickinson, D. James, N. Perkins, T. Cassidy, M. Bowker, The photocatalytic 

reforming of methanol, J. Mol. Catal. A: Chem., 146 (1999) 211-221. 

[18] L. Gomathi Devi, R. Kavitha, A review on plasmonic metal-TiO2 composite for 

generation, trapping, storing and dynamic vectorial transfer of photogenerated 

electrons across the Schottky junction in a photocatalytic system, Appl. Surf. Sci., 360 

(2016) 601-622. 



81 
 

[19] L. Clarizia, D. Russo, I. Di Somma, R. Andreozzi, R. Marotta, Hydrogen 

Generation through Solar Photocatalytic Processes: A Review of the Configuration 

and the Properties of Effective Metal-Based Semiconductor Nanomaterials, Energies, 

10 (2017) 1624. 

[20] A.V. Puga, Photocatalytic production of hydrogen from biomass-derived 

feedstocks, Coord. Chem. Rev., 315 (2016) 1-66. 

[21] M. Yasuda, T. Matsumoto, T. Yamashita, Sacrificial hydrogen production over 

TiO2-based photocatalysts: Polyols, carboxylic acids, and saccharides, Renew. Sust. 

Energ. Rev., 81 (2018) 1627-1635. 

[22] S. Jung, K.L. Shuford, S. Park, Optical Property of a Colloidal Solution of 

Platinum and Palladium Nanorods: Localized Surface Plasmon Resonance, J. Phys. 

Chem. C, 115 (2011) 19049-19053. 

[23] G.R. Bamwenda, S. Tsubota, T. Nakamura, M. Haruta, Photoassisted hydrogen 

production from a water-ethanol solution: a comparison of activities of Au/TiO2 and 

Pt/TiO2, J. Photochem. Photobiol. A: Chem., 89 (1995) 177-189. 

[24] S. Sakthivel, M.V. Shankar, M. Palanichamy, B. Arabindoo, D.W. Bahnemann, 

V. Murugesan, Enhancement of photocatalytic activity by metal deposition: 

characterisation and photonic efficiency of Pt, Au and Pd deposited on TiO2 catalyst, 

Water Res., 38 (2004) 3001-3008. 

[25] J. Yu, L. Qi, M. Jaroniec, Hydrogen Production by Photocatalytic Water Splitting 

over Pt/TiO2 Nanosheets with Exposed (001) Facets, J. Phys. Chem. C, 114 (2010) 

13118-13125. 

[26] S.-K. Lee, S. McIntyre, A. Mills, Visible illustration of the direct, lateral and remote 

photocatalytic destruction of soot by titania, J. Photochem. Photobiol. A: Chem., 162 

(2004) 203-206. 

[27] C. O’Rourke, N. Wells, A. Mills, Photodeposition of metals from inks and their 

application in photocatalysis, Catal. Today, https 

://doi.org/10.1016/j.cattod.2018.09.006 (2018). 



82 
 

[28] Intersection area of two circles, https: 

//diego.assencio.com/?target=mathematics, (Accessed Sept. 2020). 

[29] A. Caravaca, H. Daly, M. Smith, A. Mills, S. Chansai, C. Hardacre, Continuous 

flow gas phase photoreforming of methanol at elevated reaction temperatures 

sensitised by Pt/TiO2, React. Chem. Eng., 1 (2016) 649-657. 

[30] G.A. Hope, A.J. Bard, Platinum/titanium dioxide (rutile) interface. Formation of 

ohmic and rectifying junctions, J. Phys. Chem, 87 (1983) 1979-1984. 

[31] M. Kaneko, H. Ueno, J. Nemoto, Schottky junction/ohmic contact behavior of a 

nanoporous TiO2 thin film photoanode in contact with redox electrolyte solutions, 

Beilstein J. Nanotechnol., 2 (2011) 127-134. 

[32] M.R. Hoffmann, S.T. Martin, W.Y. Choi, D.W. Bahnemann, Environmental 

applications of semiconductor photocatalysis, Chem Rev, 95 (1995) 69-96. 

[33] A. Mills, J. Wang, M. Crow, Photocatalytic oxidation of soot by P25 TiO2 films, 

Chemosphere, 64 (2006) 1032-1035. 

 



 

 

 

 

 

 

 

 

Chapter 4 
Photonic efficiency and selectivity study of M (M = Pt, Pd, Au and Ag)/TiO2 

photocatalysts for methanol reforming in the gas phase 

M. Bingham, A. Mills, J. Photochem. Photobiol. A: Chem., 389, 2020, 112257 

 



84 
 

Chapter 4 Photonic efficiency and selectivity study of M (M = Pt, Pd, Au and 

Ag)/TiO2 photocatalysts for methanol reforming in the gas phase 

 

4.1. Introduction.   

There is a growing interest in a hydrogen economy in which hydrogen, rather than 

hydrocarbons, is the fuel for transport and homes [1].  Unfortunately, although 

hydrogen is a very versatile fuel, an economic way to store it on a large scale has still 

to be identified.  As a consequence, a great deal of research has been directed 

towards other, easier to store, fuels, like alcohols, many of which can be produced 

from biomass and are envisaged to be the major target fuels generated by future bio-

refineries [1].  These bio-alcohols are renewable, CO2 neutral, energy rich and have 

the same handling advantages as gasoline.  Although all alcohols can yield hydrogen 

via steam reforming, the simplest of the alcohols, methanol, MeOH, has attracted 

particular attention since the steam reforming reaction is straightforward and 

generates a very simple set of products, i.e.  

CH3OH  +  H2O  ⎯⎯⎯⎯⎯→  CO2  +  3H2                        (4.1) 

In the thermal catalysis of reaction (4.1), most catalysts are only effective above 200 

oC [2, 3] and the need for such an elevated temperature reduces the overall energy 

efficiency of the system.  In contrast, reaction (4.1) can be promoted via 

semiconductor photocatalysis at ambient temperatures and so numerous 

photocatalytic studies of reaction (4.1) have been carried out in recent years.  Most 

of these studies have been conducted in aqueous solution and in a batch reactor, 

using TiO2 particles as the photocatalyst, decorated with a fine (usually < 5 nm 

diameter) distribution of islands of a platinum group metal, such as Pt or Pd [4-12].  

In these studies it is believed that the metal acts as a sink for the photogenerated 

electrons, as it has a lower fermi level than the conductance band of the TiO2, and 
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has a low overpotential for the reduction of water [13, 14].  Such batch photocatalytic 

reactions require a photocatalyst powder recovery step, which makes it a less 

attractive process when it comes to scaling up.   

In contrast to the above, many industrial catalytic processes are run as continuous 

gas phase flow operations for reasons of time, energy and cost.  Interestingly, there 

have been few studies of the semiconductor photocatalysed reaction (4.1) in a gas 

flow system and, of those, most have been conducted using a less industrially 

relevant closed recirculating system [14-22].  As an alternative, this group has more 

recently used a continuous gas phase flow system to study reaction (4.1) over a range 

of temperatures, i.e. 100-200 oC, using a Pt/TiO2 photocatalyst [23].  This work 

revealed that the photocatalysed rate of reaction decreased markedly with increasing 

temperature and, at all temperatures, a significant level of CO was produced via the 

thermal (i.e. dark) decomposition of MeOH: 

CH3OH  ⎯⎯⎯⎯⎯→  CO  +  2H2                                 (4.2) 

The latter reaction is highly undesirable in that CO is a well-recognised poison of 

electrochemical cells and its presence in H2 would limit severely the latter's use in 

producing electricity using a fuel cell [24].  Following on from the previous chapter 

[23], this paper explores the photonic efficiency and selectivity of a number of different 

M/TiO2 photocatalysts, where M (the co-catalyst) is Pt, Pd, Au and Ag, for reaction 

(4.1) at 100 oC in a continuous gas phase flow reactor. 
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4.2. Experimental. 

4.2.1. Photocatalyst preparation. 

All M/TiO2 photocatalysts, whereby M = Pt, Pd, Au and Ag, were prepared using the 

incipient wetness method [9, 23, 25, 26]. Thus, for the typical photocatalyst Pt/TiO2 

(0.2 wt% Pt), 58 mg of the metal salt (H2PtCl6.6H2O) were dissolved in 80 cm3 of water 

and the resulting solution then added dropwise to 10 g of the P25 TiO2 powder which 

was agitated continuously.  The resulting dispersion was dried at 110 °C overnight 

before being calcined at 500 °C for 2 h and then sieved to an aggregated particle size 

between 250-400 μm.  The powder was subsequently reduced at 200 °C for 2 h in a 

tubular furnace under a steady flow of H2 (50 cm3 min-1), thereby yielding the 0.2 wt% 

Pt/TiO2 photocatalyst.  The above method was also used to prepare the other M/TiO2 

photocatalysts, where M = Pd, Au and Ag, at 0.2 wt%, using the following metal salts: 

PdCl, HAuCl4.3H2O and AgNO3, respectively. 

4.2.2. Photocatalyst Characterisation.  

The photocatalyst powders were also analysed using: (i) X-ray powder diffraction 

(XRD) (Panalytical, X’Pert) to confirm the crystal structure of the TiO2 and (ii) 

Brunauer-Emmett-Teller (BET) (Micromeritics, Tristar 3020) surface area of each 

catalyst.  In the cases of both (i) and (ii) the TiO2 appeared to be an 80:20 mix of 

anatase and rutile with a specific surface area of ca. 50 m2 g-1, before and after metal 

deposition and annealing. 

A digital photographic image was obtained of each of the M/TiO2 photocatalysts as 

well as images and the results are illustrated in Figure 4.1.  Thus, the 0.2 wt% M/TiO2 

photocatalyst powders were: dark grey, light grey, blue and dark red/brown for the Pt, 

Pd, Au and Ag metals deposited powders, respectively.   
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Figure 4.1 - A series of digital images of the 0.2 wt% metal deposited TiO2 

photocatalyst powders. 

 

The same powders were analysed using Transmission Electron Microscopy (TEM) 

(Jeol, JEM-1400) and typical micrographs were obtained for each 0.2 wt% M/TiO2 

photocatalysts, the results are illustrated in Figure 4.2, with examples of the metal 

islands highlighted by a red ring.  All the images obtained by TEM reveal an average 

TiO2 particle size of ca. 15 nm, which is consistent with a measured BET surface area 

of ca. 50 m2 g-1.  In contrast, the size of the metal particles, although largely consistent 

for each metal, varied significantly from metal to metal.  Thus, from the TEMs, the 

average metal particle size (diameter) for the 0.2 wt% M/TiO2 photocatalysts were:  1 

nm, 6 nm, 4 nm and 3 nm for M = Pt, Pd, Au and Ag, respectively.  

 

 

Figure 4.2 - TEM images for the 0.2 wt% M/TiO2 photocatalysts, where M is (from left 

to right): nothing, Pt, Pd, Au and Ag.  Examples of the metal islands are highlighted 

by the red ring and the average metal particle size (diameter) determined from this 

and other images were: 1, 6, 4 and 3 nm for M = Pt, Pd, Au and Ag, respectively. 
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4.2.3. Photocatalytic activity testing: in the gaseous phase. 

The same experimental set was used as described in the previous sections in full 

detail, briefly it is described below for ease of access.  In the study of reactions (1) 

and (2) in the gas phase, using different metal/TiO2 photocatalyst samples, a 

serpentine ‘S-bend’ borosilicate glass reactor with internal and external diameters 

3.75 mm and 6 mm, respectively, was loaded with ca. 2.4 g (± 2%) of each 

photocatalyst powder under test; the powder was held in place with small plugs of 

glass wool at the top and bottom of the serpentine reactor.  Once loaded the 'S-bend' 

reactor was inserted into the centre of the heated flow reactor. The heated flow 

reactor [23, 26] consisted of a semi-cylindrical ceramic fiber heater (diameter: 14.7 

cm; height: 35.7 cm) surrounded by a quartz cylinder (diameter: 19.7 cm; height of 

38.5 cm).  The remainder of the quartz cylinder was packed with a thermal insulation 

blanket to ensure a constant reactor temperature (ca. 100 °C), although a small 

window was left so as to allow the UV radiation, of the serpentine photocatalyst-

containing reactor vessel at the centre of the flow reactor, with 365 nm UV light from 

a 10 W 365 nm narrow band UV LED (RS Components, LZ1-10UV00). Unless stated 

otherwise, the irradiance was fixed at 9.5 mW cm-2 generated using an applied 

voltage of 0.7 V 10 cm from the reactor. The irradiance was confirmed using a 

spectroradiometer (Gooch & Housego, OL 756).  In experiments where the irradiance 

of the UV LED was varied, this was achieved by varying the applied voltage.  Further 

details concerning the photoreactor have been reported elsewhere [26] 

In a typical reaction run, a stream of Ar containing H2O (10 % by volume, 4.16 mM) 

and MeOH (5 % by volume, 2.08 mM) was passed over the photocatalyst powder in 

the 'S' glass reactor, for 4 hours, at a flow rate of 5 cm3 min-1.  After the first 1.25 h, 

the Pt/TiO2 photocatalyst sample under test was irradiated for 1.5 hours, and then 

returned to the dark for the remaining 1.25 h.  The gas stream was sampled every 

0.5 h during this 4 h period and subjected to analysis using a gas chromatograph 



89 
 

(Perkin Elmer, Clarus Arnel 580 GC) fitted with a Porapak D column with a TCD, for 

the analysis of H2 and an FID-methaniser for the analysis of CO and CO2.  At the start 

of each photoreaction, the serpentine reactor was flushed with Ar and thermostatted 

at 100 °C, before being exposed to the H2O/MeOH reactant feed and subsequent 

illumination.  The reactant residence time was calculated as: 39.6 s, given the volume 

of the serpentine reactor was 3.3 cm3 and the flow rate 5 cm3 min-1.  For each 

photocatalyst tested using this system, the average concentrations of H2, CO2 and 

CO in the gas stream were measured periodically with UV irradiation (i.e. under 

photocatalytic conditions) and without UV irradiation, i.e. under dark or thermal 

conditions.  These concentration values, measured at different reaction times, 

coupled with the knowledge that the reactor's residence time (39.6 s), allowed the 

calculation of the associated rates of the photocatalytic or thermal: H2, CO2 and CO 

generation, i.e. r(H2), r(CO2) and , r(CO), respectively. All irradiations were carried out 

at 100 °C to ensure all reactants at the reactor, MeOH and H2O, were truly in the gas 

phase as well as ensure condensation was not an issue in the system. 

 

4.3. Results and Discussion  

4.3.1 Photonic efficiencies (ξ) of the M/TiO2 photocatalysts  

In an initial set of experiments the rates, r, of H2, CO2 and CO by the 0.2 wt% M/TiO2 

photocatalysts of reaction (4.1) and (4.2) were determined and the results are 

illustrated in Figure 4.3.  As observed by others [14, 17, 25], a small amount of H2 is 

generated by TiO2 alone, but the concomitant levels of CO2 and/or CO production 

were too small to measure.  This low level production of hydrogen was accompanied 

by the TiO2 photocatalyst turning a light blue colour, indicating the presence of Ti(III) 

[26, 27], although this didn't appear to impede the very low production of H2, i.e. the 

rate of hydrogen production is unchanged due to colour change/presence of Ti(III).  
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The original brilliant white colouration of the irradiated P25 TiO2 could be 

subsequently restored by exposing the slightly blue used TiO2 photocatalyst to air, as 

has been observed by others [26, 27] and is consistent with the known reactivity of 

Ti(III) with O2.  Given the key role played by the photodeposited metal in the evolution 

of H2 in this system, and in most mechanistic interpretations of the photocatalysed 

version of reaction (4.1) and (4.2), it remains unclear why any H2 is photo-generated 

at all by plain P25 TiO2, although  it is worthwhile noting that its origin is not due to 

the thermally driven versions of reactions (4.1) and (4.2), since no H2 is generated in 

the dark.   

 

Figure 4.3 - Average rates of H2 (no shading), CO2 (diagonal shading) and CO 

(vertical shading) production determined for the 0.2 wt% M/TiO2 photocatalysts, 

where M is (from left to right): nothing, Pt, Pd, Au and Ag.  All rates measured at 100 

°C under 365 nm irradiation (9.5 mW cm-2). 

 

In contrast to the results for plain TiO2, when a metal is present, the rate of 

photocatalysed hydrogen production, r(H2), is significant, i.e. 13-57 times greater, 

depending on the metal, compared to that of TiO2.  From the rates of hydrogen 

evolution, the order of the efficacy of the different metals appears to be: Pt > Pd > Au 
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> Ag >> none.  Using the r(H2) data illustrated in Figure 4.3, photonic efficiency values 

for H2 production, ξ(H2), of: 64, 48, 37, 14 and 1 % were calculated for the M/TiO2 

photocatalysts, where M = none, Pt, Pd, Au and Ag, respectively, given the UV (365 

nm) irradiance was 9.5 mW cm-2 and the illuminated area was 8.9 cm2.  If a simple 

photoelectrochemical mechanism is assumed, where two photogenerated electrons 

are responsible for the formation of one H2 molecule, then the maximum value that 

ξ(H2), could be is 50%, thus the value of 64% calculated for the Pt/TiO2 photocatalyst 

raises an obvious concern.  However, it should be noted that the values of r(H2) from 

Figure 4.3, use to calculate the values of ξ(H2) reported above, comprise a small 

contribution due to the dark rate, i.e. the thermally driven version of reactions (4.1) 

and (4.2).  If the latter contribution is subtracted, then ξ(H2) values of: 60, 59, 35, 13 

and 1 %, for the M/TiO2 photocatalysts, where M = Pt, Pd, Au, Ag and none 

respectively, can be calculated.   

The latter results suggest that, for Pt and Pd at least, there is a possibility that the 

overall generation of H2 via photocatalysed reactions (4.1) and (4.2), is not simple, 

and that some additional route to hydrogen evolution is involved.  In fact, the 

photoelectrochemical oxidation of MeOH is well known to exhibit the feature of 

apparent super photonic efficiencies (i.e. ξ(H2) > 0.5), due to 'current-doubling', 

although rarely, if at all [28, 29] is the photocurrent actually doubled.  Current doubling 

is usually ascribed to the direct hole oxidation of MeOH producing an -hydroxyalkyl 

radical which is a strong reducing agent and able to inject an electron into the 

conduction band of the TiO2 and/or the metal catalyst in photocatalyst powder studies 

[29].  Obviously, if this latter process was 100% efficient the overall effect would be 

that one photon would generate two electrons, i.e. 'current doubling', and the process 

would exhibit a quantum yield of 1 for hydrogen evolution, and not the expected 

maximum value of 0.5;.  Thus, like many studies of the photocatalysed reaction (4.1) 

in solution, it follows that in this continuous, gas phase photocatalytic study, the ξ(H2) 
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values of: 60 and 59% observed here for the Pt and Pd M/TiO2 photocatalysts suggest 

some degree of current doubling.   

Given ξ(H2) values of: 60, 59, 35, 13 and 1 %, for the M/TiO2 photocatalysts, where 

M = Pt, Pd, Au, Ag and none, respectively, it follows that an important feature of the 

Pt/TiO2 gas phase system, for photocatalysing reactions (4.1) and (4.2), is its high 

photon efficiency, i.e. effectively over 100%, since one incident photon appears to 

generate more than one conductance band electron.  The low activity of silver may 

be attributed to its high overpotential for hydrogen evolution (i.e. 220 mV) compared 

to that of the other metals (70 (Pt and Pd) - 90 (Au) mV) [30].  However, it is likely that 

there is no simple explanation as to why the activity order of the other metals is: Pt > 

Pd > Au > Ag although, Bowker et al [31], in their study of the photocatalysed 

reforming of MeOH in aqueous solution, report the same trend in activities and 

suggest that this is related to the ease of reducing the corresponding oxide that will 

reside initially on the surface of the metal.  However, this rationale assumes that there 

are no other potential activity-altering factors operating, like metal particle size.  

Certainly, in this work, the average metal particle size varies considerably from metal 

to metal, as illustrated by the TEMs shown in Chapter 2 and so its influence on rate 

cannot be discounted nor easily assessed.   

A brief inspection of reactions (4.1) and (4.2) suggests that, in this work, if these two 

reactions were the only photocatalytic processes responsible for the observed overall 

rate of H2 evolution, r(H2), then the latter should be equal to the calculated rate of H2 

evolution, r(H2)calc, i.e.  

r(H2)calc  =  3.r(CO2)  +  2.r(CO)                                  (4.3) 

where r(CO2) and r(CO) are the rates ofconcomintant CO2 and CO production.  This 

assumption appears to be confirmed by a plot of rate of H2 evolution, calculated using 

the data in Figure 4.3 and eqn (4.3), i.e. r(H2)calc, vs. the observed rate of 
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photocatalytic H2 production, r(H2), illustrated Figure 4.4, which gives a reasonable fit 

to the illustrated straight broken line with unity gradient.  The one notable exception 

appears to be Pd/TiO2 and this may be due in part to the much greater heat of 

adsorption of CO on Pd, compared to the other metals, including Pt, where for 

example Hads(CO) on the 110 plane is 167 kJ mol-1 for Pd and only 134 kJ mol-1 for 

Pt and, as a consequence, the CO uptake on M/SiO2 is 85 mol g-1 for Pd, but only 

23 mol g-1 for Pt [32].  This strong adsorption may result in a lower than expected 

level of CO in the gas phase and thus a lower value for r(CO) and so, via eqn (4.3), 

a lower than expected value for r(H2)calc.  In addition, as we shall see, it appears likely 

that this strong adsorption is responsible for the significant observed difference in 

selectivity beween the photocatalytic reactions (4.1) and (4.2) when Pd is used, vide 

infra.   

 

Figure 4.4 - Plot of r(H
2
)
calc

, calculated using eqn (4.3) and the data in Figure 4.3, vs. 

the observed rate of H
2
 photocatalytic generation, r(H

2
). All rates measured at 100 °C 

under 365 nm irradiation (9.5 mW cm-2). 
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4.3.2. Selectivities (S) of the M/TiO2 photocatalysts. 

In one set of experiments the rates, r, of H2, CO2 and CO by the 0.2 wt% M/TiO2 

photocatalysts of reaction (4.1) and (4.2) were determined as a function of irradiance, 

I.  Figure 4.5 illustrates the observed variation in r(H2) vs I, for the different metals.  

For each metal, the data arisng from this work was used to plot r(H
2
)
calc

 vs. r(H
2
) and 

each yielded a good straight line with unity gradient, except Pd, which, although a 

good straight line, had a gradient < 1.  These results suggest that, for each metal, the 

H2 derives primarily from reactions (4.1) and (4.2), which prompts the question: how 

does the selectivity for the steam reforming of MeOH, i.e. reaction (4.1), vary with M?  

Here, selectivity, S, refers to the rate of reaction (4.1) over the overall rate of removal 

of MeOH, and is defined by the expression: 

S  =  r(CO
2
)/{r(CO2) + r(CO)}                                             (4.4) 

 

Figure 4.5 - Plots of r(H2) vs irradiance, I, for the 0.2 wt% M/TiO2 photocatalysts, 

where M is (from top to bottom): Pt, Pd, Au and Ag.  Note: for each metal this work 

also generated r(CO
2
) and r(CO) values associated with each r(H2) value, i.e. a 

'r(CO
2
), r(CO) and r(H

2
) data set, for each irradiance. All rates measured at 100 oC 

and all irradiations carried out using a 365 nm UV LED. 
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The data sets of r(CO
2
), r(CO) and r(H

2
) as a function of UV irradiance, I, generated 

in this study for each metal enabled plots of r(CO
2
) and r(CO) vs. r(H

2
) to be 

constructed for each metal, three of which are illustrated in Figure 4.6(a), (b) and (c), 

for Pt, Au and Pd respectively.  From the red data points illustrated in Figure 4.6(a) 

for Pt/TiO2 it is clear that the thermal (dark) reaction favours CO production, i.e. 

reaction (4.2), over that of CO2, i.e. reaction (4.1), with a calculated value for S of 

0.21.  However, as the rate of the photocatalytic process is increased, by irradiating 

the Pt/TiO2 and with increasing irradiance, reaction (4.1) increasingly dominates 

reaction (4.2).  The approximate invariance of r(CO) with I illustrated in Figure 4.6(a), 

suggests that when the co-catalyst is Pt, CO is only generated by the thermal (dark) 

decomposition of MeOH, i.e. reaction (4.2) and that photocatalysis using Pt/TiO2, 

selectively drives reaction (4.1), i.e. S = 1 for the purely photocatalytic process with 

Pt/TiO2.   

In contrast to the above, from the red data points illustrated in Figure 4.6(b), for 

Pd/TiO2 it appears that the thermal (dark) reaction favours neither reactions (4.1) or 

(4.2) and that this situation prevails when the process is driven photocatalytically, at 

all irradiance values, i.e. at all r(H2) values observed in this work.  When Au (or Ag) is 

used as the co-catalyst an intermediate behaviour is exhibited in which both r(CO
2
) 

and r(CO) increase linearly with increasing I and therefore r(H
2
), as illustrated in 

Figure 4.6(c), with r(CO
2
) always >> r(CO).  
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Figure 4.6 - Plots of r(CO
2
) (filled circles)and r(CO) (open circles) vs. overall rate, 

r(H
2
), constructed from the data sets referred to in Figure 4.5, for 0.2 wt% M/TiO2, 

where M is (a) Pt, (b) Pd and (c) Au, respectively.  In each figure the red points are 

those recorded in the absence of light, i.e. the dark (thermal) rates. All rates measured 

at 100 oC and all irradiations carried out using a 365 nm LED.  
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The effect of the different variations of r(CO
2
) and r(CO) increase with increasing r(H

2
) 

for the four different M/TiO2 photocatalysts, where M is Pt, Pd, Au and Ag, on 

selectivity is illustrated in Figure 4.7, where the values for S were calculated using 

eqn (4.4) and the lines of best fit to the r(CO
2
) and r(CO) vs r(H

2
)data sets, such as 

those illustrated in Figure 4.6 for Pt, Pd and Au.  These S vs r(H2) profiles show that 

for Pt/TiO2, the selectivity, S (selectivity for oxidation of MeOH to CO2), starts off low, 

since in the dark reaction (4.2) is greatly favoured (79%) over reaction (4.1), but then 

increases with increasing I and, therefore, increasing observed rate of H2 evolution, 

r(H2), and tends towards a value of unity.  In striking contrast, as suggested by the 

rate data set illustrated in Figure 4.6(b), from the plot in Figure 4.7 for the Pd/TiO2 

photocatalyst, S remains invariant with r(H2) in the absence and presence of UV 

irradiation, and has an approximate value of 0.5, which is not surprising given this 

photocatalyst exhibits little or no selectivity with regard reactions (4.1) and (4.2).   

 

Figure 4.7 - Plot of S, calculated using eqn (4.4) and the lines of best fit to the data 

sets illustrated in figure 6, as a function of overall rate, r(H
2
) for 0.2 wt% M/TiO2 

photocatalysts, where M is: Pt (black broken line), Pd (blue broken line), Au (pink 

broken line) and Ag (orange broken line).  The start of each line identifies the S dark 

(thermal) values. 
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Not surprisingly, given the observed r(CO2) and r(CO) vs. r(H2) behaviour illustrated 

in Figure 4.6(c) for Au/TiO2, and given Ag/TiO2 exhibits similar trends in r(CO2) and 

r(CO) vs. r(H2), the Au/TiO2 and Ag/TiO2 photocatalysts exhibit S vs r(H2) profiles that 

are initially similar to that of Pt in that they both initially increase markedly upon 

illumination, but, in contrast to Pt, quickly reach a maximum value, ca. 0.7- 0.8 which 

cannot be improved upon with increasing I, i.e. they do not tend to a value of unity, 

since the values of r(CO
2
) and r(CO) increase linearly with r(H

2
), as illustrated in 

Figure 4.6(c).   
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4.4 Conclusions. 

A number of different M/TiO2 photocatalysts, where M = Pt, Pd, Au and Ag, were used 

to drive the steam reforming of MeOH in a gas phase continuous flow reactor 

operated at 100 oC.  The Pt/TiO2 photocatalyst is the most active, with a photonic 

efficiency of 60% that suggests some of the hydrogen derives from a current-doubling 

reaction mechanism.  In terms of rate of H2 production, the order of photocatalytic 

activity is: Pt > Pd > Au > Ag >> no metal.  In addition to its high efficiency, the Pt/TiO2 

photocatalyst differs markedly from the other photocatalysts in that it appears to drive 

exclusively the steam reforming of MeOH, which generates H2 and CO2, rather than 

the decomposition of MeOH, which generates H2 and CO; although in the dark, the 

latter process dominates with a ca. 79% efficiency.  In contrast to Pt, the Pd/TiO2 

photocatalyst appears non-selective to either the MeOH steam reforming or 

decomposition reactions.  The Au and Ag photocatalysts are less active than either 

the Pt or Pd co-catalysts and exhibit a variation in selectivity with increasing UV 

irradiance which is intermediate between that of Pt and Pd.  If, in the future, MeOH is 

to be generated as a potential source of hydrogen, then photocatalysis using Pt/TiO2, 

carried out at a high UVA irradiance in a continuous flow gas reactor should be 

considered as a possible method, since it is very efficient and generates no CO in the 

photocatalytic process, although some is generated thermally.  Further work is in 

progress to see if the latter can be further reduced by operating the reactor at a lower 

temperature than used in this work, i.e. < 100 oC, since the absence of CO is highly 

desirable, not least if the H2 generated is eventually to be used in a fuel cell. 
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Chapter 5 Catalytic and photocatalytic water gas shift reaction (WGSR) using 

a continuous flow, gas phase reactor 

 

5.1.  Introduction.   

Hydrogen is a much needed chemical feedstock, especially for ammonia production, 

which is an essential component in the industrial manufacture of fertilizers [1].  In 

addition, hydrogen is emerging as an important potential fuel for the future, in which 

an hydrogen economy is established, i.e. one in which hydrogen, rather than 

hydrocarbons, is used to provide power for transport and homes [2, 3].  Much of the 

world’s hydrogen is produced via steam reforming of natural gas [3], with additional 

hydrogen being generated from the reaction of water and CO, i.e. the water-gas shift 

reaction (WGSR), [4]:   

Δ 

CO + H2O ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ CO2 + H2                         (5.1) 

Almost all ammonia and oil refinery hydrogen plants have a low temperature stage 

(150-250 oC) for driving the above reaction, usually using a Cu/ZnO catalyst [5].  

Noble metals can also be used as catalysts for reaction (5.1), although Pt is rather 

low in activity, due to the formation of a passivating surface layer of oxide at these 

low temperatures.  In contrast, and perhaps not surprisingly, under these same 

conditions, Au is the most active of the noble metals, and much more active than the 

traditional Cu/ZnO catalyst noted above, especially when deposited on a TiO2 support 

[6].  Although a Au/TiO2 catalyst for reaction (5.1) deactivates over time, its activity 

can be readily recovered by flowing air over the catalyst at elevated temperatures [6].   

Semiconductor photocatalysis can be used to effect a wide range of different 

reactions at low temperatures, with TiO2 being the semiconductor of choice, as it is 

abundant, inexpensive and photocatalytically very active [7].  One such reaction is 
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the WGSR, although a metal co-catalyst also needs to be present i.e. M/TiO2, where 

M is usually a noble metal [7, 8], i.e.   

 

M/TiO2  

CO + H2O  ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ CO2 + H2                        (5.2) 
hv > 3.2 eV 

In the 1980’s, work carried out by the various research groups [9-14] on the 

photocatalytic WGSR, i.e. reaction (5.2), focussed on using M/TiO2, where M = Pt or 

Pd, usually using a batch reactor with a circulating gas phase and run at low 

temperatures, i.e. between 30-60 °C [9-14].  As reported by Sato et al. [13] in their 

study of the photocatalytic WGSR, i.e. reaction (5.2), no hydrogen is produced with 

just TiO2 thereby highlighting the importance of the metal co-catalyst.   

Sato and his co-workers suggested a simple, commonly used, flux-matching model 

as the basis of the reaction mechanism for the photocatalysed WGSR by their M/TiO2 

photocatalysts, in which an electron-hole pair is formed upon ultra-bandgap 

irradiation [13], i.e. 

UV 

                                   TiO2
  ⎯⎯⎯⎯⎯⎯→  TiO2 (h+,e-)                           (5.3) 

and the photogenerated electrons are drawn to the metal co-catalyst, which mediates 

the reduction of H2O to H2: 

Pt 

2e-  +  2H+  ⎯⎯⎯⎯⎯⎯→  H2                                        (5.4) 

while the photogenerated holes oxidise the CO to CO2 on the TiO2 substrate:  

H2O  +  CO  + 2h+   ⎯⎯⎯⎯⎯⎯→  CO2  +  2H+                         (5.5) 

Since the 1980’s there have been few reports on the photocatalytic WGSR [15] that 

is until Bowker et al. [16] in 2002, studied the activity of Pd/TiO2 and found the reaction 
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rate peaked  at a 0.5 wt% loading and was zero at 2 wt%.  The most recent study of 

the photocatalysed WGSR, i.e. reaction (5.2), is that of Sastre et. al. [17] which 

showed that an Au/TiO2 photocatalyst was much more active than Pd/TiO2, possibly 

because CO does not adsorb strongly onto the surface of Au [18], whereas Pd does.  

In the few reports on the photocatalysed WGSR [9-14, 16, 17], none have studied the 

reaction in a continuous gas flow system, nor at a temperature > 60 °C.  A continuous 

gas flow system is more industrially relevant since, for the majority of applications, it 

usually saves time and energy and so cost [19], especially as flow systems are more 

easily scaled up for industrial production than batch systems [19].  To date, little 

attempt has been made to optimise the performance, or probe the kinetics, of the 

M/TiO2 photocatalysed WGSR and this lack of detail is addressed here in a study of 

reaction (5.2) using a continuous flow system, where M = the noble metals: Pt, Pd, 

Au and Ag.  In particular, the kinetics exhibited by the best of the photocatalysts tested 

(i.e. Au/TiO2) is studied as a function of the key reaction parameters: temperature, 

metal loading, CO and H2O concentration. 

5.2.  Experimental.   

5.2.1.  Photocatalyst preparation.  

All M/TiO2 photocatalysts, where M = Au, Pt, Pd, and Ag, were prepared using the 

incipient wetness method [20-24].  Thus, for a typical photocatalyst Au/TiO2 (0.2 wt 

%), 40 mg of the metal salt (HAuCl4.3H2O) were dissolved in 80 cm3 of water and the 

resulting solution added dropwise to 10 g of the P25 TiO2 powder.  This aqueous 

dispersion was agitated continuously to produce a slurry which was left to dry 

overnight in an oven at 110 oC.  The residual powder was then ground using a pestle 

and mortar and calcined at 500 oC for 2 h before being sieved to an aggregated 

particle size between 250 – 400 µm.  The Au salt covering the TiO2 powder particles 

was then reduced to the metal in a stream of hydrogen (50 cm3 min-1) in a tubular 
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furnace at 200 oC for 2 h thereby yielding a 0.2 wt% Au/TiO2 photocatalyst.  This 

method was also used to produce other 0.2 wt% M/TiO2 photocatalysts using the 

metal salts: H2PtCl6.6H2O, PdCl2 and AgNO3.  For the Au/TiO2 photocatalyst, various 

metal loadings of Au/TiO2 (0.01, 0.1, 0.2, 0.5, and 1 wt%) were produced by altering 

the amount of metal salt used (i.e. 2, 20, 40, 101, and 202 mg, respectively). 

 

5.2.2. Photocatalyst characterisation.   

The weight loading of each photocatalyst was confirmed using an Inductively Coupled 

Plasma-Optical Emission Spectrometer, ICP-OES, (Agilent, 5110).  The 

photocatalyst powders were also analysed using: (i) X-ray powder diffraction, XRD, 

(Panalytical, X’Pert) to confirm the crystalline structure of the TiO2 and (ii) Brunauer-

Emmett-Teller, BET, (Micrometrics, Tristar 3020) for surface area assessment.  From 

these studies, the TiO2 appeared to be an 80:20 mix of anatase and rutile with a 

specific area of ca. 50 m2 g-1, both before and after metal deposition and annealing.  

Additionally, the samples were analysed using a Transmission Electron Microscopy, 

TEM, (Jeol, JEM-1400), which revealed an average TiO2 particle radius for the P25 

powder of ca. 15 nm.  The Au particle radii for a 0.2 wt%, and 1 wt%, Au/TiO2 

photocatalyst were estimated to be 2.0, and 4 nm, respectively, from the TEM images 

illustrated in Figure 5.1 below.   
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Figure 5.1 - TEM micrographs of P25, 0.2 wt% Au/TiO2 and 1 wt% Au/TiO2 where 

the average Au particle sizes (radius) is revealed to be, N/A, 2.0 and 4 nm 

respectively.   

 

Other TEM studies on the 0.2 wt% M/TiO2 photocatalysts, where M = Pt, Pd and Ag, 

showed metal particle radii of: 0.5, 3 and 1.5 nm, respectively [24].   

As illustrated in Figure 5.2(a), digital photographic images were recorded for the 

Au/TiO2 photocatalysts and show a transition from light violet to a deep dark blue as 

the metal loading was increased from 0.01 wt% to 10 wt%. Figure 5.2(b) shows digital 

photographic images of Pt, Pd and Ag 0.2 wt% M/TiO2 photocatalysts which were 

dark grey, light grey and dark red/brown, respectively.   
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(a) 

 

 

(b) 

Figure 5.2 - (a) Digital images of various Au/TiO2 photocatalysts with 0 to  1 Wt% Au 

loading (from left to right; 0, 0.01, 0.1, 0.2, 0.5, and 1 wt%) and (b) Digital images for 

0.2 wt% Pt, Pd and Ag/TiO2 photocatalysts (from left to right).   

 

5.2.3.  Thermal and photocatalytic activity testing in the gas phase.  

The kinetics of reactions (5.1) or (5.2) catalysed or photocatalysed, respectively, by 

various M/TiO2 powders (M = Au, Pd, Pt and Ag), were studied using a continuous 

flow, gas phase photoreactor system, the details of which have been described 

elsewhere [19, 23, 24] and an illustration of which is provided by the labelled 

schematic, in Chapter 2.  In a typical run, 2.4 g of the photocatalyst powder under test 

were placed into a serpentine ‘S-bend’ borosilicate glass reactor with internal and 

external diameters of 3.75 mm and 6 mm, respectively, see Chapter 2.  The catalyst 

was held in place using two plugs of glass wool at the top and bottom of the 

serpentine, and the reactor was inserted into the main body of the heated flow reactor.  

UV irradiation of the serpentine glass reactor was carried out by using a 10 W, 365 

nm narrow-band UVA LED (RS Components, LZ1-10UV00) with an irradiance of 9.5 

mW cm-2.  Typically, the reaction run at ca. 125 oC, unless stated otherwise with the 

reactor temperature set and controlled by a semi-cylindrical ceramic fibre heater.   
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In a typical run, a stream of Ar, containing: H2O vapour (10% by volume) and CO 

(10% by volume), was passed over the catalyst/photocatalyst for 4 h, at a flow rate of 

10 cm3 min-1.  The initial 1.25 h of a run was carried out in the dark, during which the 

catalyst/photocatalyst powder was assessed as a thermal catalyst of reaction (5.1), 

after that the glass reactor was UV irradiated for 1.5 h, thereby testing the 

catalyst/photocatalyst powder as a photocatalyst of reaction (5.2), and then, finally, 

the system was returned to the dark for the final 1.25 h of the run, in order to 

demonstrate that the photocatalytic response was reversible and that the observed 

thermal catalytic activity was restorable.   The % (v/v) levels of H2 and CO in the gas 

stream, [H2] and [CO], respectively, were determined using gas chromatography, with 

the gas stream sampled every 0.5 h during the 4 h period of a typical reaction run.  In 

this work the gas chromatograph used was a Perkin Elmer, Clarus Arnel 580 GC fitted 

with a Porapak D column with a TCD, for analysis of H2 and an FID-methaniser for 

the analysis of CO2.  The values of [H2] and [CO2] (units: %) determined from this 

work were converted to values for the rate of the WGSR, i.e. r(H2) and the r(CO2), 

respectively (units: mol h-1) using the following expression: 

                                   r(H2 or CO2)  =  [H2] (or [CO2]).f.P/100RT                  (5.6) 

where, T is the sampled gas temperature (typically 292.5 K) and f is the gas flow rate 

(typically, 10 cm3 min-1, i.e. 60x10-5 m3 h-1).  A typical resulting plot of r(H2) and the 

r(CO2), versus reaction time is illustrated in Figure 5.3.  

A typical example of the observed variation in rate for a 0.2 wt% Au/TiO2 

catalyst/photocatalyst with time profile run at 125 oC, before, during and after UV 

irradiation, is illustrated in Figure 5.3.  These results show that, when using a 0.2 wt% 

Au/TiO2 catalyst/photocatalyst, both reaction (5.1) (the dark, thermal catalysis) and 

reaction (5.2) (the UV driven photocatalysis) produce equal amounts of H2 and CO2, 

as expected.  This feature was exhibited by all the catalysts/photocatalysts tested in 

this work and indicates the major reactions that take place on the M/TiO2 
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catalysts/photocatalysts are well described by reactions (5.1) and/or (5.2), in the 

absence and presence of UV illumination respectively.   

 

 

Figure 5.3 - A typical example of light off, light on, light off cycle, carried out at 12 °C 

using a 0.2 wt% Au/TiO2 catalyst.  Here the production of H2 (white circles) and CO2 

(black circles) with the average r(H2) reported for dark and UV conditions, 5.2 and 

25.6 (10-5
 mol h-1) respectively, are highlighted by broken horizontal lines.   

  



113 
 

5.3.  Results and discussion. 

5.3.1. Au and other metals as M. 

In an initial study of the thermal reaction (5.1), and photocatalytic reaction (5.2), i.e. 

the two versions of the WGSR mediated by M/TiO2 and studied here, a series of 

different metals were tested, namely with M = Au, Pt, Pd and Ag, and a loading of 0.2 

wt% and a reactor temperature of 125 oC.  As illustrated in Figure 5.3, in all cases the 

rate of hydrogen evolution, r(H2), was found to equal the rate of carbon dioxide 

evolution, r(CO2), a feature of all runs reported here, as noted earlier.  The results of 

the study of the variation in the rates of reactions (5.1) and (5.2) as a function of metal 

co-catalyst, M, are illustrated in Figure 5.4, in the form of a histogram plot of r(H2) vs 

metal co-catalyst, and reveals that regardless of the metal the photocatalytic reaction 

rate was always much greater (typically 6x’s) that of the thermal (i.e. dark) reaction 

and no thermal or photocatalytic reaction takes place in the absence of M.    

 

 

Figure 5.4 - Histogram plot of r(H2) vs metal type recorded using a series of different 

M/TiO2, 0.2 wt% loading, in the WGSR reactor at 125 oC, with UV light off (grey 

shaded boxes) and on, 365 nm, 9.5 mW cm-2 (unshaded boxes). 
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The results illustrated in Figure 5.4 show that the trends in activities for the thermal 

and the photocatalytic WGSR as a function of the metal deposited are very similar, if 

not the same, with Au and Ag the most and least active, respectively, and Pt and Pd 

similar and in between in activity.  This is perhaps not too surprising given the 

similarities in reaction mechanism for the two processes, reactions (5.1) and (5.2).  

Thus, the reaction mechanism for the photocatalytic WGSR, reaction (5.2), involves 

OH radical formation (via h+ + H2Oads ⎯→ OHads  + H+) and the subsequent reaction 

of OHads with COads to form CO2, as summarised by reaction (5.5).  Hydrogen 

formation occurs on the metal via the initial formation of adsorbed H radicals (e- + H+ 

⎯→ Hads) which then combine to form H2, as summarised by reaction (5.4).  Similar 

features are to be found in the reported mechanism for the thermal (dark) WGSR, i.e. 

reaction (5.1), which is summarised below [25], i.e. 

H2Oads  ⎯⎯⎯⎯⎯⎯⎯⎯→  OHads  +  Hads                      (5.7) 

COads  +  OHads   ⎯⎯⎯⎯⎯⎯⎯⎯→  CO2  +  Hads                      (5.8) 

Hads  +  Hads  ⎯⎯⎯⎯⎯⎯⎯⎯→  H2                                     (5.9) 

with reaction (5.7) occurring on the oxide (at O vacancies), CO adsorption on nearby 

gold particles and all other steps at the oxide-metal interface [25].   

It follows that in both mechanisms, the rate of reaction will depend upon a number of 

different features of the metal, such as work function, CO heat of adsorption, M-H 

bond strength, as well as the radius of the metal particles.  The values of these 

different parameters for the metals used here are listed in Table A1 in the Appendix, 

and only the M-H bond strength appears to show any kind of a correlation with 

observed rate, as illustrated by Figure A1 in Appendix.  However, little can be taken 

from this apparent correlation given the concomitant significant variation in all the 

other parameters, in particular metal particle radius, which are also likely to have a 

significant impact on rate.  It is interesting to note that in this work the ratios of the 
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measured rates of H2 production in the UV-driven M/TiO2 photocatalysed WGSR, 

reaction (5.2), for the metals: Au:Pt:Pd:Ag are 1:0.62:0.56:0.29, respectively, whilst 

in the work of Sastre et al [17], they are: 1:0.41: 0.40: 0.16, respectively, i.e. in the 

same order, if not exactly the same values.  The differences in value may be due to 

the very different reaction conditions employed in the two studies.  Thus, in the work 

of Sastre et al [17], the rate values are based on final yields (after 22 h irradiation 

using a 1 kW cm-2 concentrated solar simulator) in a batch reactor at room 

temperature, with a 1 wt% metal loading, whereas in this work the rate values are 

those recorded over a 2 h irradiation period in a continuous gas flow system , using 

0.2 wt% metal loading. 

Finally, given our knowledge of: the value of r(H2) (units: moles of H2 h-1) for reaction 

(5.2) for each M/TiO2 photocatalyst, the irradiance (9.5 mW cm-2, 365 nm), the 

irradiation area (of the serpentine reactor, A = 8.9 cm2), then the photonic efficiency 

for each of the M/TiO2 photocatalysts for the generation of ½H2, i.e. ξ, can be 

calculated, using the following expression, 

  ξ =  2xr(H2)xNA/(9.5x1.84x1015xAx3600)                       (5.10) 

given 1 mW cm-2 of 365 nm radiation  1.84x1015 photons cm-2 s-1 and NA = 

Avogadro’s constant.  Using the rate data contained in Figure 5.4 and eqn (5.10) the 

following values for the M/TiO2 photocatalysed WGSR, i.e. reaction (5.2), for the 

metals: Au, Pt, Pd and Ag were calculated to be: 0.57, 0.35, 0.32 and 0.17, 

respectively.  These values reveal that the WGSR photocatalysed by Au/TiO2 in 

particular is a very efficient process (57%).  The rate data reported by Sastre et al 

[17] can be treated in the same way and for the metals: Au, Pt, Pd and Ag, values for 

ξ of: 0.36, 0.14, 0.14 and 0.06, respectively, were calculated, i.e. not as efficient as 

reported here, but still significant.  In both cases it seems likely a component (ca. 20% 

in the case of the Au/TiO2 photocatalyst/catalyst used here; see Figure 5.4) of the 

overall measured rate of H2 generation used in the above calculation is due to thermal 
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catalysis, i.e. reaction (5.1), but, even if this is taken into consideration in this work, 

the formal quantum efficiency for the Au/TiO2 photocatalyst is still very high (ca. 0.46).   

 

5.3.2.  Temperature.   

The rates of reaction, r(H2), were determined for the thermal and photocatalytic 

versions of the WGSR using the Au/TiO2 powder, i.e. reactions (5.1) and (5.2), 

respectively, over the temperature range 75- 175 oC and the results of this work are 

illustrated in Figure 5.5. 

 

 

Figure 5.5 - Plot of r(H2) vs temperature for the WGSR thermal (dark) catalysed 

reaction (open circles) and the photocatalysed reaction (closed circles) by Au/TiO2.  

The broken lines represent kinetic model best fits to the data, see Chapter 3 for fitting 

constants.   
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A simple reaction mechanism can be used to interpret these results, in which it is 

assumed that unoccupied, un-excited reaction sites, S, can mediate reaction (5.1), 

via 

CO, H2O 

S  ⎯⎯⎯⎯⎯⎯→  CO2  +  H2                          (5.11) 
kD 

where, kD is the dark (thermal) rate constant, whereas the electronically excited 

unoccupied sites, S*, can mediate reaction (5.2), via 

                                                                 UV, k1  
                                                     ⎯⎯→         CO, H2O 

S                 S*  ⎯⎯⎯⎯→  CO2  +  H2                 (5.12) 
                                                    ⎯⎯               kUV 

                                                       k-1 

where, k1 and k-1 are the rate constants for the electronic excitation of S (to S*) and 

the thermal back reaction, respectively, and kUV is the rate constant for the 

subsequent reaction of S* with the reactants.  If  is taken as the fraction of S* sites, 

which obviously will have a very small value, then the individual rates of the thermal 

and photocatalytic reactions are rD =  kD(1-) and rUV  =  kUV., respectively, where, 

       =  1/(1 + kb + kUV’)                                      (5.13) 

and kb = k-1/k1 and kUV’ = kUV/k1; see section A2 in the Appendix, for the derivation of 

eqn (5.13).  In the absence of UV irradiation, the rate of H2 evolution, i.e. rD, will be 

equal to kD, since  = 0.  The measured variation of kD as a function of temperature is 

illustrated in Figure 5.5, and an Arrhenius best line fit to the data, represented by the 

broken line, reveals values of: 74 kJ mol-1 and 3.0x105 mol h-1 for the activation energy 

(Ea) and the pre-Arrhenius factor (A), respectively.   

For the same system, but under UV irradiation, the overall (i.e. Total) rate of H2 

evolution, rT, is given by the expression: 

             rT  =  rD  +  rUV                                            (5.14) 
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where rD = kD.(1-), rUV = kUV., and  is defined by eqn (5.13).  If it is assumed that 

the temperature sensitivities of the rate constants kb, kUV’ and kUV are, like kD, also 

described by the Arrhenius equation, then it is possible to produce the excellent (solid 

line) fit to the measured variation of rT vs T, as illustrated in Figure 5.5, using optimised 

fit values of Ea and A for kb, kUV’ and kUV, as well as the calculated values for Ea and 

A reported above for kD.  Table A2 in the Appendix section lists the optimised values 

of Ea and A used to produce this solid line fit to the photocatalytic rate vs temperature 

data illustrated in Figure 5.5.  These optimised fit values for Ea and A, listed in Table 

A2 in the Appendix appear worthy of brief comment.  For example, as noted earlier, 

it seems likely that , the fraction of sites that are UV activated will be very small and 

this appears to be confirmed by the values of  calculated as a function of 

temperature, using eqn (5.13) and the optimised Ea (and A) values for kb and kUV’ 

given in Table A2, a plot of which is illustrated in Figure 5.6 and reveals a maximum 

value of  of ca. 10-6. 

 

Figure 5.6 - Plot of  vs T, where the values of  were calculated using eqn (5.13) 

and the optimised Ea (and A) values for in Table A2 (5 parameters). 
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The values of Ea and A for the various model rate constants, given in Table A2, allow 

not only the calculation of the variation of rT as a function of T, illustrated by the solid 

line in Figure 5.5, but also the model predicted variations of the component rates rUV 

and rD with temperature.  The results of these calculations are illustrated in Figure 

5.7, and show that the significant decrease in  above ca. 398 K, illustrated in Figure 

5.6, produces a marked decrease in rUV, which is not surprising given rUV  =  kUV..  As 

a consequence, by ca. 448 K there is little difference between the rate for the WGSR 

using Au/TiO2 in the dark or when illuminated with UV, because at and above 448 K 

the overall rate is dominated by the thermal WGSR. 

 

 

 

Figure 5.7 - Plot of rT vs T data points and optimised fits for rT (solid line), rUV (broken 

dot and dash line) and rD (dashed line) as a function of T.  These optimised fits were 

calculated using the optimised Arrhenius data for the rate constants kb, kUV’, kUV and 

kD, given in Table A2, in the Appendix and eqns (5.13) and (5.14). 

 

Indeed, the plots of the modelled rT, rUV and rD data suggest that at 348K, over 98% 

of the observed rate for the illuminated Au/TiO2 system is due to photocatalysis but < 

10% at 448 K.  This plot also shows that the numerical peak of the photocatalytic 
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activity is ca. 398 K, i.e. 125 oC, with the rate decreasing at temperature below and 

above this temperature, as illustrated by the broken-dotted line in Figure 5.7.  

Consequently, 398 K, i.e. 125 oC, was used as the reactor temperature in the studies 

of the photocatalysed WGSR, i.e. reaction (5.2), as a function of Au loading and 

concentration of CO and H2O which are described below. 

 

5.3.3.  Au Loading.   

The variations in the rates of the catalysed and photocatalysed WGS reaction were 

studied as a function of Au loading (i.e. wt%) on the TiO2, from 0.01 wt% to 1 wt% 

and the results of this work are illustrated in Figure 5.8(a), from which it can be seen 

that the ratio of the photocatalytic rate, rUV, to that of the dark catalytic rate, rD. 

decreased from 27.7 to 1.2 as the wt% Au was increased.  Clearly, increasing the 

loading of Au on the TiO2 enhances significantly the rate of the thermal WGSR, 

reaction (5.1) and a plot of rD vs wt%, illustrated in Figure 5.8(b), reveals a good 

straight line, which suggests that rD is proportional to volume of the Au particles, i.e. 

proportional to r3, assuming that the number of Au particles, Np, is constant with 

increasing wt% Au, although it would appear more likely that rD would be proportional 

to (wt% Au)2/3, if rD was proportional r2.  Note also that, not surprisingly, TiO2 on its 

own is not able to mediate the WGSR either catalytically or photocatalytically.  
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(a) 

 

(b) 
 

Figure 5.8 - (a) a plot of the measured variation in r(H2), = rT, for the thermal (filled 

columns) and photocatalytic (unfilled columns) as a function of wt% of Au and (b) 

subsequent plot of the r(H2), = rD, data in (a) vs wt% Au, revealing a straight line 

relationship. 

 

Assuming that rUV is the difference between rT and rD, as indicated by eqn (5.14), then 

the data in Figure 5.8(a) for the photocatalysed WGSR can be used to construct the 

plot of r(H2), = rUV, vs wt% Au, illustrated in Figure 5.9, where r(H2), = rT – rD = rUV.   
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Figure 5.9 - Plot of r(H2), i.e. rUV, vs wt% Au constructed using the data illustrated 

in Figure 5.8(a).  The solid line plot is the best fit to the data based on the EPAO 

model, using experimentally determined values of: wt% Au, r of 0.2 and 2 nm, 

respectively, and a and b optimised fit model constant values of 4 nm and 22.2, 

respectively.  See Chapter 3 for more model details. 

 

The plot of rUV vs wt% Au for the photocatalysed WGSR is similar in shape to that 

generated by Millard and Bowker [16] for the same reaction, but using Pd (r = 1 nm), 

instead of Au deposited on P25 TiO2.  As noted earlier, in the latter work, conducted 

at room temperature, in aqueous solution and in a batch reactor, the rate peaked at 

a loading of ca. 0.5 wt% Pd and was zero at 2 wt% Pd.  As noted by Millard and 

Bowker [16], the complete lack of photocatalytic activity observed at 2 wt% Pd is not 

due to the UV screening of the TiO2 surface by the Pd hemispherical particles (r = 1 

nm), since a simple calculation shows that a loading of 26.5 wt% of such particles as 

hemispheres would be required to completely cover, and so screen, the surface of 

the TiO2 through hexagonal packing; say i.e. a loading that is over 13 x’s greater than 

was found in practice necessary to render the actual reaction rate zero.  Millard and 

Bowker [16] rationalised this feature, and their measured profile of r vs % wt Pd, using 
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a model in which each Pd particle is active over a circular boundary region of radius, 

rz, which is much greater (ca. 7 times) than that of the Pd hemisphere particle at its 

centre, radius, r.  In this model, the rate is proportional to the number of Pd particles, 

Np, and the circumference of the boundary.  The value of Np is assumed to be a 

constant, regardless of the wt% Pd, and so as the metal loading is increased so too 

does r and rz until a maximum rate is reached, when the value of rz is sufficiently large 

that the boundaries touch; the value of the metal loading at this high point in rate is 

wt%(max).  Increasing the metal loading above wt%(max) results in an increasing 

degree of boundary overlap, and so loss of boundary perimeter length and a rapid 

loss in activity.   

More recently a revised model of has been reported which appears to better describe 

the variations in rate observed by Millar and Bowker [16] for the photocatalysed 

WGSR and those observed by others for the photocatalysed reforming of methanol 

[23, 24].  In this photocatalytic area and overlap (EPAO) kinetic model [23], the overall 

rate of reaction is assumed to be proportional to the circular photocatalytic extended 

area that surrounds each metal hemisphere, as well as the number of particles, Np.  

The radius of this extended area (or boundary region) is, as before, rz, and increases 

with increasing metal loading, due to an increase in r, assuming Np is constant at all 

values of wt% of M.  As before, a maximum rate will be achieved when the circular 

areas of activation, associated with each of the metal particles, touch, but increasing 

the metal loading above wt%(max), results in overlap of these areas of activation and 

so a loss in photocatalytic active area and activity.  In the EPAO model, the radius of 

the area of activation, rz, depends directly upon the value of r (which in turn depends 

upon the value of the wt% of M), via the following expression, 

        rz  =  a  +  br                                              (5.15) 

where, a and b are two system-dependent constants.   
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In order to fit the EPAO model to a set of measured rate vs %wt of M data, knowledge 

of just one value of the metal wt% and its associated value of r (this combination is 

called a paired data set) is required, since it allows the calculation of the value of Np, 

from which optimised fit to the data values of a and b can be derived.  The solid line 

in Figure 5.9 illustrates the EPAO kinetic model optimised fit to the rUV vs wt% Au data 

set reported in this study, with the values used to generate this optimised fit given in 

Table A3 in Appendix.  The model fit to the data illustrated in Figure 5.9 appears 

reasonable, especially at high %wt% Au loadings given the likely error in calculating 

a true value for rUV using eqn (5.14) since, at these high metal loadings, the value of 

rT is close to that of rD.   

5.3.4. Variation in CO and H2O concentrations.   

In all of the work described so far the concentrations of CO and H2O were fixed at 10 

vol% and in the final part of this study the variation in the photocatalytic rate of the 

WGSR, i.e. rUV, where rUV = r(H2), = rT – rD, and the thermal rate, i.e. rD, were studied 

as a function of [CO] (with [H2O] fixed at 10 vol%) and [H2O], (with [CO] fixed at 10 

vol%).  The results of this work for the photocatalysed WGSR are illustrated in Figure 

5.10 and reveal that rUV increases sharply from zero to 10 vol % of CO and levels off 

as the concentration of CO is increased further, whereas, in contrast, over the range 

5-20 vol % of H2O at least, rUV is largely independent of [H2O].   
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Figure 5.10 - Plot of r(H2), = rT – rD = rUV for the photocatalysed WGSR, i.e. reaction 

(5.2) with M = 0.2 wt% Au, as a function of [CO] (with [H2O] = 10 vol%) and, in the 

case of the insert diagram, [H2O], (with [CO] = 10 vol%).  As usual the total flow rate 

was 10 cm3 min-1, and reactor temperature 125 oC.   

 

Like many photocatalytic processes [26], the above observed kinetics appear to fit 

Langmuir-Hinshelwood kinetics in which the CO and H2O are non-competitively 

adsorbed, i.e. 

rUV= 
k*K*(CO)[CO]

1+K*(CO)[CO]
 × 

K*(H2O)[H2O]

1+K*((H2O)[H2O]
                               (5.16) 

 

where k* is the maximum rate and K*(CO) and K*(H2O), the apparent Langmuir 

adsorption constants for CO and H2O, respectively; note the * prefix is used here in 

order to stress that these constants refer to the photocatalysed WGSR, i.e. reaction 

(5.2).  The solid lines illustrated in Figure 5.10 are the lines of best fit to eqn (5.16) 

calculated using values for k*, K*(CO) and K*(H2O), of 34.7x10-5 mol h-1, 0.21 (vol%)-

1 and 2 (vol%)-1, respectively.  It is well known that although most photocatalytic 

reactions exhibit apparent Langmuir-Hinshelwood kinetics, the mechanism is likely to 

be much more complex, especially since the Langmuir adsorption constants 
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associated with such apparent fits to Langmuir-Hinshelwood kinetics are usually 

found to be strongly dependent upon irradiance [27-30].  Many of the mechanisms 

that have been proposed to provide a rationale for the apparent Langmuir-

Hinshelwood type kinetics exhibited by photocatalytic systems have been reviewed 

recently [31], although, as yet, no one mechanism has found universal approval.   

To our knowledge this is the first study of the kinetics of the photocatalysed WGSR 

as a function of [CO] and [H2O] and the apparent good fit of the kinetic data illustrated 

in Figure 5.10 to eqn (5.16), based on non-competitive adsorption Langmuir-

Hinshelwood kinetics suggests that the oxidation of the CO and the reduction of the 

water occur at two different sites, namely the metal co-catalyst and TiO2 substrate, 

respectively, which, in turn, is consistent with the flux-matching model of the 

photocatalytic process described earlier and summarised by reactions (5.3)-(5.5).   

The kinetics of the thermal (dark) WGSR reaction, i.e. reaction (5.2), was also studied, 

i.e. rD, under the same reaction conditions as above and the results of this work are 

illustrated in Figure 5.11.   

 

 



127 
 

 

Figure 5.11 - Plot of r(H2) = rD for the thermal WGSR, i.e. reaction (5.1) with M = 0.2 

wt% Au, as a function of [CO] (with [H2O] = 10 vol%) and, in the case of the insert 

diagram, [H2O], (with [CO] = 10 vol%).  As usual the total flow rate was 10 cm3 min-1, 

and reactor temperature 125 oC.   

 

An initial inspection of these results suggests that, like the photocatalytic reaction, the 

kinetics might be well described by an apparent Langmuir-Hinshelwood rate equation 

along the lines of eqn (5.16).  However, no common set of values for k, K(CO) and 

K(H2O) could be found that provided a good fit to the observed variations in rD as a 

function of [CO] and [H2O], illustrated in Figure 5.11, assuming Langmuir-

Hinshelwood kinetics either with and without competitive adsorption.  Not surprisingly, 

many studies of the kinetics of the thermal WGSR have been carried out previously 

[32] and several different reaction mechanisms and associated kinetic equations 

reported, including one based on a simple competitive adsorption Langmuir-

Hinshelwood model [33].  However, of these, the best fit to the kinetic data illustrated 

in Figure 5.11 was found using a kinetic equation based on a relatively complex 

reaction mechanism involving intermediate formic acid formation and water 

adsorption on the supporting substrate and CO and water dissociative adsorption on 

the metal, with each adsorption described by a Langmuir type isotherm [34].  
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However, despite its relative complexity, the overall reaction rate equation, used here 

to fit the data illustrated in Figure 5.11, is quite simple, i.e. 

rUV= 
kK(CO)[CO]K(H2O)[H2O]

(1+K(CO)[CO]+√K(H2O)[H2O])2
                                 (5.17) 

where k is the maximum rate and K(CO) and K(H2O), are the apparent Langmuir 

adsorption constants for CO and H2O dissociative adsorption on the metal, 

respectively.  Thus the solid lines used to fit the data illustrated in Figure 5.11 are the 

lines of best fit to the data based on eqn (5.17), calculated using values for K(CO) 

and K(H2O), of 0.125 (vol%)-1 and 2.8 (vol%)-1, respectively.  Although the values of 

K(CO) and K(H2O) are common for both the main and insert plots illustrated in Figure 

5.11, the optimised fit values of k were slight different namely, 8.0x10-5 mol h-1 and 

9.4x10-5 mol h-1, respectively.  
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5.4.  Conclusions. 

The best of the M/TiO2 catalysts tested in a gas phase flow system with [CO] and 

[H2O] at 10 vol%, where M = Au, Pt, Pd and Ag, for the thermal (dark) and 

photocatalytic (UV irradiated) WGSR is Au/TiO2.  Using Au/TiO2, in the photocatalytic 

WGSR, the optimum temperature and metal loading is 125 oC and 0.2 wt%, 

respectively, whereas in the thermal WGSR, the rate simply increases with increasing 

temperature and metal loading.  The two processes (i.e. the light and dark WGSRs, 

reactions (5.1) and (5.2) respectively, appear competitive, probably due to the 

utilisation of the same reaction site, with the latter reaction largely supressing the 

former at high metal loading (> 1 wt%) and reaction temperatures (> 448 K).  At 125 

oC, with a 0.2 wt% loading, the Au/TiO2 photocatalyst is very efficient, exhibiting a 

formal quantum efficiency for ½ H2 production of 57%.  The kinetics of photocatalytic 

(UV irradiated) WGSR for the Au/TiO2 photocatalyst, appear to be those typical for a 

photocatalytic reaction, i.e. following apparent Langmuir-Hinshelwood kinetics, with 

the non-competitive adsorption of the CO and H2O.  the latter feature suggests that 

the oxidation of the CO and reduction of the water occur at two different sites, namely 

the metal co-catalyst and TiO2 substrate, respectively, which in turn is consistent with 

a flux matching model of the photocatalytic process.  The kinetics of thermal WGSR 

fit the reported [34] rate equation for a more complicated reaction mechanism, 

involving intermediate formation of formic acid and the adsorption and the dissociative 

adsorption of CO and water on the metal, respectively.  The use of relatively low 

temperatures and high photonic efficiencies suggest that a photocatalytic approach 

to the WGSR may have promise commercially and is worth investigating as such as 

a scaled-up process.   
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Chapter 6 Ring Photocatalysis: bands of activation surrounding macro-sized 

( 1 mm radius) Pt islands deposited on TiO2 films 

6.1. Introduction. 

Much of the work on semiconductor photocatalysis has been on TiO2, because of its 

inert chemical and biological nature, low cost and high photocatalytic activity.  Given 

the latter features, it is not too surprising that TiO2 (usually in its anatase phase) is 

the semiconductor photocatalyst most commonly employed in commercial 

photocatalytic products, such as self-cleaning glass [1], tiles [2] and paint [3].  A key 

feature of most commercial photocatalytic products is their ability to photocatalyse the 

mineralisation of organic pollutants by oxygen [4], i.e. 

TiO2 

Organic pollutant  +  O2  ⎯⎯⎯⎯→  CO2  +  H2O  +  mineral acids (6.1) 

hv  3.2 eV  

where, mineral acids are generated if there are one or more heteroatoms in the 

organic pollutant, e.g. Cl in 4-chlorophenol.  The photocatalysed mineralisation of 

organic pollutants by TiO2 is a very well-studied reaction and many have tried – with 

varying degrees of success [5, 6] – to improve the performance of TiO2 photocatalyst, 

often through the deposition of a co-catalyst.  Not surprisingly, it is found that the 

value of the rate enhancement factor for reaction (6.1), i.e. , where, 

                         = rate of reaction (6.1) with co-catalyst deposit/rate without      (6.2) 

varies enormously, with reported values from  = 0.1 to 8.0, depending on the: 

pollutant, TiO2 (e.g. phase, morphology (if a film) and particle size (if film or powder 

dispersion)) and co-catalyst (e.g. nature, loading, particle size, method of deposition) 

[6]. 
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The most studied co-catalyst is Pt, usually photodeposited from chloroplatinic acid, 

i.e. 

TiO2 

                       H2PtCl6  +  2H2O  ⎯⎯⎯⎯⎯→  Pt  +  6HCl  +  O2                 (6.3) 

h  3.2 eV 

Any enhancement in photocatalytic activity observed using a Pt co-catalyst with a 

TiO2 photocatalyst is usually ascribed to the Pt acting: (i) as a sink for the conductance 

band electrons, photogenerated in the TiO2, and (ii) as a catalyst of the reduction 

reaction between these conductance band electrons and O2 to form water in reaction 

(6.1).  However, the commonly assumed 'sink' process noted above appears at odds 

with the fact that the Pt work function (5.2 eV) [7] and TiO2 electron affinity (4.0 eV) 

[8] are such that the theory of metal/semiconductor junctions predicts that a Schottky, 

i.e. rectifying, junction, should be formed between the TiO2 and the Pt, so that the Pt 

would act as a sink for the photogenerated holes!  Fortunately, the work of Bard et al. 

[9] and others [10] has shown that the type of junction formed at a TiO2-metal junction 

depends markedly on how the metal is deposited and treated subsequently.  For 

example, Bard et al. [9] showed that Pt sputtered onto rutile TiO2 yields an ohmic 

junction if the sample is annealed, due to inter-diffusion between the Pt and rutile 

layers.  Similarly, the work of Gerischer et al. [10], suggests that the work function of 

Pt can be lowered sufficiently so that an accumulation layer between Pt and TiO2 is 

produced, if the metal is saturated with H2.  Thus, it now appears generally accepted 

that in most cases of photocatalysis involving a Pt/TiO2 photocatalyst, in film or 

powder form, an accumulation layer is formed at the metal-semiconductor junction, 

i.e. not a Schottky junction, and, as consequence, the Pt acts as a sink for any 

conductance band electrons generated nearby.  A recent review by Zhang and Yates 

[11] provides an excellent overview of band-bending in semiconductors in general, in 

which these features are discussed.   
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It follows from the above discussion that small islands of Pt (typically 1-5 nm in 

diameter) deposited onto TiO2 powder particles (typically 20-30 nm diameter) are 

likely to impose an electric field in the neighbouring TiO2 that will help separate any 

electron-hole pairs photogenerated therein, resulting in a greater photocatalytic 

efficiency [9, 10].  Some support for this concept is provided by model studies on the 

Schottky barrier formed between a small circular metal disc (30-1000 nm) and an 

underlying semiconductor film, which predicts that the depletion layer formed, in the 

surrounding semiconductor film, is dependent upon the size of the metal disc and, for 

small discs, is significantly (ca. x 5) bigger than the size of the disc [11, 12].  Thus, 

around each metal nano-disc or island, there will be a 'ring of activation', i.e. RoA, of 

significant size associated with the electric field, which helps effect the separation of 

photogenerated electron-hole pairs.   

If it is assumed that this RoA feature is also exhibited by the accumulation layer 

formed between a nano-sized photodeposited Pt island and the TiO2 that surrounds 

it, then it follows that the associated electric field would enhance the overall rate of 

photocatalysis by channelling the conductance band electrons generated in the 

surrounding TiO2 to the Pt island.  Thus, in the photocatalysed reaction between and 

electron acceptor, A, and donor, D, by such a system, the Pt island would; (i) 

effectively 'hoover' up the conductance band electrons, photogenerated on the 

surrounding TiO2 surface, and (ii) catalyse their reaction with the electron acceptor, 

A, such as O2, leaving the photogenerated holes to oxidise the electron donor, D, 

such as an organic pollutant, adsorbed on the surrounding TiO2.  It seems reasonable 

to assume that the combination of factors (i) and (ii) are responsible for the values of 

 > 1, which have been reported for Pt/TiO2 powders [6]. 

A schematic illustration of this simple model of Pt-enhanced photocatalysis is 

illustrated in Figure 6.1 and is similar to that proposed by Gerischer et al. [10] for Pt-

island coated TiO2 particles used for water reduction. 



138 
 

 

Figure 6.1 - Schematic illustration of the features of a Pt 'island', or 'dot' (hatched 

hemisphere, radius, ro) on a TiO2 photocatalytic film, under UV irradiation creates 

electron-hole pairs in the surrounding TiO2, the photogenerated conductance band 

electrons of which are drawn to the Pt island due to the surrounding electric field 

associated with the accumulation layer that forms between  it and the TiO2.  The Pt 

island catalyses the reduction of the electron acceptor, A, such as O2, by the 

channelled conductance band electrons, whilst the photogenerated holes, that remain 

in the surrounding TiO2 film, oxidise the electron donor, D, such as an organic 

pollutant. 
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This model is consistent with the 'extended area' kinetic model [13-15] used recently 

to provide a rationale for the observed variation in rate of H2 production, due to the 

dehydrogenation of MeOH by Pt island coated TiO2 powder particles, as a function of 

co-catalyst loading.  In the latter work, the radius of the ring of activation, RoA, that 

encircles the Pt islands appears 12-15 times that of the Pt islands themselves (radius, 

ro, = 0.5 nm) [15].   

The model studies noted above [11, 12] suggest that band bending can create large 

(up to 12-15 x’s ro) rings of high photocatalytic activity around Pt nanoparticles 

deposited on TiO2.  However, this modelling also suggests that for large Pt particles, 

with ro, >> 1 m, this, electric field based, effect is negligible [11, 12].  In a recent 

study carried out by this group [16], using a thin layer of soot as the pollutant, and a 

1 mm wide photodeposited Pt 'wire' on a TiO2 film, it was noted that whilst the whole 

film was able to sensitise the slow photomineralisation of the soot film, via the 

following reaction: 

TiO2 

C(soot)  +  O2  ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→  CO2                             (6.4) 

hv  3.2 eV 

the ca. 1 mm wide area of TiO2, surrounding the Pt wire, was much more active than 

the TiO2 photocatalyst film laying outside this area.  This suggests that something 

similar to the 'extended area' model, which appears to apply to nano-particulate 

islands of Pt deposited onto TiO2 [13-15], may also apply to very much larger (ro, = 1 

mm) Pt dots, i.e. macro Pt islands.  This chapter describes the results of a series of 

experiments designed to explore the features of this phenomenon of a significant ring 

of (photocatalytic) activation, RoA, surrounding any Pt dot (ro,  1 mm) deposited on 

a TiO2 film, including commercial photocatalytic films, which for brevity we shall refer 

here as 'ring photocatalysis'.   
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6.2. Materials and Methods. 

6.2.1. TiO2 (sol-gel) film preparation.  

The thick (2.75 ± 0.05 µm) mesoporous anatase films most often used in this work 

were prepared via a sol-gel, hydrothermal process, described in detail elsewhere [17].  

Briefly, 4.65 g of acetic acid were added to 20 ml of titanium isopropoxide under an 

inert nitrogen atmosphere, followed by 120 ml of 0.1 mol L-1 nitric acid and, after 

mixing, the reaction solution was heated rapidly to 80 °C whereupon it turned milky 

white and opaque.  The reaction solution was maintained at 80 °C for 8 h and then 

allowed to cool to room temperature and any remaining aggregate particles removed 

using a 0.45 µm syringe filter.  80 ml of the resulting colloidal solution were then 

placed in a Teflon pot, with lid, in an autoclave (Parr Instruments, UK) and heated to 

and maintained at 220 oC for 12 h. Upon removal of the solution from the autoclave, 

the separated out colloidal particles were redispersed using ultrasound.  The reaction 

solution was then concentrated to about 12 wt.% using a rotary evaporator, and 50 

wt.% Carbowax 20 M added to help prevent the formation of small surface cracks 

when the paste is cast and allowed to dry.  The final product was a white, mayonnaise-

like, TiO2 paste is which is stable for many months when kept in the fridge.  

A typical TiO2 (sol-gel) film was prepared from the TiO2 paste as follows: a borosilicate 

microscope slide was fixed on a clean glass surface with a single layer of Scotch 

Magic Tape™ (thickness 60 µm) placed either side of the slide.  0.5 mL of TiO2 sol-

gel were then deposited onto the top of the microscope slide and drawn down using 

a glass rod, thereby creating a 60 µm wet sol-gel film, which was allowed to dry in air 

for 20 min, before being calcined at 450OC for 30 min.  The product was a colourless, 

transparent film of anatase TiO2, ca. 2.8 µm thick, as determined using scanning 

electron microscopy, SEM.  Further SEM analysis revealed the film to be mesoporous 

(ca. porosity ca. 59%) and comprising ca. 15 nm, radius, TiO2 particles [18].  Figure 
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6.2(a) illustrates a typical SEM of the TiO2 film which highlights its nanoparticulate, 

mesoporous nature.   

 

 

Figure 6.2 - SEM images of (a) A typical sol gel film showing an average particle size 

of 15 nm radius as well as the mesoporous structure.  (b) A typical photodeposited 

(macro, i.e. r = 1 mm) Pt dot reveal it to have a cracked surface and comprising Pt 

particles ca. 4 nm radius.  (c) A side-on image of soot layered onto a TiO2 sol-gel film 

showing the film thickness, ca. 2.8 µm and soot thickness, ca. 1.2 µm.   

 

6.2.2. Pt deposition.   

A Pt ink for photocatalysed deposition was prepared by adding 2 g of glycerol to 20 g 

of the 7.5 wt.% PVA solution, followed by 0.1 g of chloroplatinic acid (H2PtCl6.6H2O).  

The orange-coloured solution was then stirred in the dark for 1 h and stored in a fridge 

until required.  The ink was deposited onto the surface of the sol-gel film using the tip 

of a fine paintbrush (i.e. 2/0 round Golden Taklon brush, 5 x 1 mm tip size, Daler 

Rowney), and was used to produce an ink dot ca. 1 mm radius, although the size of 

the deposited ink droplet could be increased systematically by repeating the 

deposition procedure.  Once deposited the dried ink dot was then irradiated for 20 

minutes (UVA irradiance of 3.4 mW cm-2, 352 nm) using two 8 W 352 nm black light 

blue lamps and then thoroughly rinsed with water to remove any unreacted H2PtCl6.  

ICP analysis of a typical photodeposited Pt dot, radius, ro = 1 mm, and supporting 
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TiO2 layer, revealed the mass of the Pt dot was 6.22 µg sitting on 63 g of TiO2, i.e. 

a loading of ca. 9.9 wt.%.  SEM images of a typical photodeposited Pt dot, illustrated 

in Figure 6.2(b), reveal it to have a cracked surface and comprising Pt particles with 

an average radius of ca. 4 nm; the Pt dot itself was ca. 92 nm thick.  Side-on 

photographic images taken of the drop deposition process, and a subsequent plot of 

the contact droplet radius as a function of time, are illustrated in Figure A2, in the 

appendix section.  These results show that, once the ink droplet comes into full 

contact with the sol-gel surface, the diameter of the ink deposit is constant (neither 

increasing nor decreasing) and does not change even during irradiation, i.e. the 

photodeposition process.  Thus, the deposited Pt ink droplet’s diameter never 

exceeds that of the original droplet, so that no Pt is deposited outside the original 

perimeter of the photodeposited Pt dot.  This feature was also confirmed by EDS 

images of the photodeposited Pt dot and the surrounding TiO2 film from the SEM. 

 

6.2.3. Soot deposition.  

In much of this work, a thin layer of soot was deposited onto the surface of the Pt dot 

(typically ro = 1 mm)/TiO2 sol-gel film using the flame of a T-Light paraffin wax candle 

placed 5 cm from the sample.  To create a soot film of sufficient thickness, i.e. ca. 1.2 

µm, the sample was passed over the flame 10 times.  An SEM image of the soot 

covered film is illustrated in Figure 6.2(c) and reveals the soot layer to be highly 

porous and comprised of thin wispy filaments ca. 1.0-1.2 µm in length.  
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6.2.4. AO7/MB deposition.   

A thin film of dye, such as acid orange 7 (AO7) or methylene blue (MB), was deposited 

onto the Pt dot/TiO2 sol-gel film, using the ion-pair adsorption method for deposition 

of anionic, or cationic, dyes onto TiO2 sol-gel films described in detail elsewhere.  

Thus, briefly, in the deposition the anionic dye, AO7, the Pt dot/TiO2 sol-gel film was 

placed in a 100 mL of a 0.17 mM AO7 aqueous acidic solution (HCl, pH 3) and stirred 

for 10 minutes.  The dye-containing solution was then removed to reveal an orange-

stained film, which was then left to dry in air before use.  Similarly, in the deposition 

the cationic dye, Methylene Blue (MB), the Pt dot/TiO2 sol-gel film was placed in 100 

mL of a 0.16 mM MB aqueous basic solution (NaOH, pH 11) and stirred for 10 

minutes.  The dye-containing solution was then removed to reveal a blue-stained film, 

which was then left to dry in air before use.  In both cases dye staining is due to ion-

pair formation between the anionic (or cationic) dye and the oppositely charged 

surface of the TiO2 film; the latter feature is effected through the choice of pH of the 

staining solution, given the point of zero charge of TiO2 is ca. 6.5 [19].  

 

6.2.5. Irradiations, digital photography and RGB. 

Unless stated otherwise, all irradiations of the Pt dot/TiO2 sol-gel films were carried 

out using two 8 W 352 nm blacklight blue (BLB) lamps, which provided a UVA 

irradiance of ca. 2 mW cm-2, the irradiation that was carried out on the films was front 

facing.  In contrast, all irradiations of the commercial photocatalytic samples, i.e. self-

cleaning paint and tiles, were carried out using a 254 nm germicidal lamp with an 

irradiance = 7 mW cm-2, in order to speed up the process.  All irradiances values 

reported here were determined using a calibrated spectroradiometer (Gooch & 

Housego, OL 756).  
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All digital photographs were taken using a digital camera (700D, Canon) fitted with a 

macro lens (24-70 mm macro0.38m/1.3ft, Canon) and illuminated by a HiraLite 14 W 

full spectrum Daylightlamp (colour temperature (CT): 5000 K).  Before each 

photographic session the Custom White Balance (CWB) feature of the camera was 

activated on the camera using a white card, so that the camera locked onto the colour 

temperature of the white light lamp from the light reflected from the card.  In the 

calculation of greyscale values (see A4 in appendix) , the red (R), green (G) and blue 

(B), values were extracted from the digital images ImageJ software (ImageJ, NIH) 

[20]. 

 

6.2.6. Film characterisation. 

Electron microscopy was carried out using Field Emission Scanning Electron 

Microscopy, FESEM, (SU5000, Hitachi) and prior to this SEM analysis, all samples 

were sputter coated in a thin layer of Au nanoparticles ca. 10 nm using a sputter 

coater (Q150R S, Quora).  Elemental analysis was carried out using Energy 

Dispersive Spectroscopy, EDS, (Ex-Act, Oxford) as an attachment to the SEM 

(Environmental SEM, FEI Quanta FEG).  Metal loadings were determined using 

Inductively Coupled Plasma-Optical Emission Spectroscopy, ICP-OES, (5110, 

Agilent).  
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6.3. Results and Discussion. 

6.3.1. Rings of activation (RoAs).   

In this work, the typical Pt 'dot' on any of the TiO2 films tested, i.e. sol-gel and 

commercial tiles and paint, was produced by the photocatalytic deposition method, 

outlined in section 2.3 and summarised by reaction (6.3), and had a radius, ro, of ca. 

1 mm.  Figure 6.3 illustrates photographs of a typical Pt 'dot' on a TiO2 sol-gel film, 

covered in either a layer of soot, or stained with the dye, AO7, before and after UV 

irradiation. 

 

Figure 6.3 - Photographs of a typical Pt dot on a TiO2 sol gel film, coated with either 

soot (top images) or AO7, before (left hand side images) and after (right hand side 

images) UV irradiation (352 nm BLB lamp radiation, 2 mW cm-2, irradiation times: 48 

and 4 h for soot and AO7, respectively).   

 

Note: similar images as those for AO7 were found for Pt dot on a TiO2 sol gel film 

stained with MB.   A brief inspection of the images in Figure 6.3 reveals that a white, 

i.e. apparently soot, or AO7, free, ring-shaped region of TiO2 around the Pt dot is 

produced with UV irradiation, i.e. a RoA, with a radius, ra.  The lack of colour in this 

region indicates a much faster rate of photocatalytic oxidation of the soot, via reaction 

(6.3), or AO7, via reaction (6.1), than that effected in the area of TiO2 outside the RoA.  

Colour analysis of these images, vide infra, indicates the enhancement in rate within 

the RoA region, compared with without, is a factor of ca. 3-5 x's.  Outside the RoA, 
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the level of 'pollutant', be it soot or AO7, is also reduced with increasing irradiation 

time, as revealed by a gradual beaching in colour, but at a much lower rate than that 

inside the RoA.  This latter observation is consistent with the results of previous work 

carried out by this group and others [21-27], which has established that a TiO2 sol gel 

film, such as used here, is able to effect the photocatalytic oxidative mineralisation of 

soot and AO7, without a Pt co-catalyst.  Inside or outside the RoA, the photocatalytic 

oxidation, and therefore bleaching, of soot is much slower than that of AO7, by a 

factor of ca. 10, due to soot's more refractory nature [21-23].  

EDS analysis combined with SEM of the soot covered Pt dot/TiO2 film showed that 

after UV irradiation there was no carbon in the RoA, whereas, in contrast, the level of 

carbon on the Pt dot itself remained unchanged.  This observation is interesting as it 

not only shows that, with UV irradiation, the surface of the RoA is scoured of soot 

more rapidly that outside the RoA region, as indicated by the photos in Figure 6.3 and 

EDS, but that the soot layer on top of the Pt dot itself is not oxidised, which is 

consistent with the schematic illustration in Figure 6.1, with A = O2 and D = soot.  It 

would appear that the wispy (non-compact) nature of the soot allows ambient O2 to 

readily diffuse to the surface of the Pt dot to be reduced by the channelled 

photogenerated conductance band electrons from the irradiated band of TiO2 that 

surrounds the Pt dot.    

When considering the schematic, illustrated in Figure 6.1, which ostensibly is for 

nano-particulate Pt islands on TiO2 powder particles, it is clear that the RoA regions 

so clearly formed by the macro (ro  1 mm) Pt dot/TiO2 film systems cannot be due 

the combination of an electric field and catalysis, as is usually proposed for nano-

particulate Pt islands on TiO2 powders.  Instead, RoA formation on Pt dot/TiO2 films 

is more likely to be due to the rapid reduction of O2 at the Pt dot, by the conductance 

band electrons photogenerated in the RoA, thereby creating a concentration gradient 

in photogenerated conductance band electrons in the surrounding TiO2, which 
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effectively draws them to the Pt dot, leaving the remaining photogenerated holes to 

slowly oxidise the pollutant.  As a consequence, the schematic for such a mechanism 

on Pt dot/TiO2 film systems would be similar in appearance to that illustrated in Figure 

6.1, except the scale would be mm, not nm.   

It may appear unlikely that that the efficient diffusion of photogenerated conductance 

band electrons over long ( 1 mm) distances through a film of TiO2, as illustrated in 

Figures 6.1 and 6.3, is unlikely.  However, recent work on pressed powder disc wafers 

of TiO2 (ca. 350 m thick), with a surface covering WO3 (82 m) in an anaerobic 

methanolic solution, showed that this was readily achieved [28].  In this latter work, 

the TiO2/WO3 pressed powder wafer was exposed to UVA radiation from the TiO2 

side only through a shaped template, the image of which then appeared within 

minutes on the WO3 ‘dark’ side, due to its reduction by the photogenerated 

conductance band electrons on the TiO2 side [28].  Other work by us shows that this 

same experiment works when the pressed disc TiO2 film is ca. 1 mm thick, which 

suggests that the transfer of photogenerated conductance band electrons can occur 

over long (in this case, ca. 1 mm) distances, if there is an appropriate ‘sink’ to create 

the necessary concentration gradient.   

 

6.3.2. Features of the RoA for soot-covered Pt dot/TiO2 (sol-gel) films. 

Key features of the RoA region were probed further for both soot and AO7 covered 

TiO2 films and in all cases found to be very similar.  As a result, for brevity, only the 

results for the soot-covered films are described in detail below.   

If the RoA was simply an edge effect associated with the Pt dot, which is a common 

feature of thermal catalysis [29], it might be expected that the white (i.e. fully 

bleached) RoA region would grow from the edge of the Pt dot and increase in radius, 

ra, with increasing irradiation time.  However, this doesn't appear to be the case, as 
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illustrated by the irradiation time sequenced photographs illustrated in Figure 6.4 and 

their subsequent analysis.  Thus, from each of these photographs, it is possible to 

discern a RoA region during the UV irradiation of the soot-covered Pt dot/TiO2 film 

and plot its value of ra as a function of irradiation time, as illustrated in Figure 6.4.  The 

shape of this plot suggests that the ROA has a fixed value of ra which does not 

increase with increasing irradiation time, but rather the RoA simply becomes more 

discernible with irradiation time.  This latter feature can be quantified through the use 

of an average grey scale, based on RGB analysis of the whole RoA region, which 

varies from 1 (a measure of the original greyness due to soot) to 0 (the grey scale 

value associated with the white of a soot-free TiO2 film).  Further details concerning 

the calculation of the average grey scale values reported here are given in section A4 

in the appendix.   

An illustration of the typical variation of the average grey scale value as a function of 

irradiation time is illustrated in the plot in Figure 6.4 and reveals the photocatalytic 

removal of soot to be a very gradual process, with a time for the grey scale to reach 

0.5, i.e. t½, = 30 h inside the RoA and 96 h outside.  A more detailed analysis of the 

variation of t½ at all points inside the RoA region revealed it to be constant, i.e. 30 h, 

i.e. the same at all values of r from: ro to ra.  These observations suggest that the rate 

of oxidation of the soot (and AO7 for that matter) in the RoA region is uniform 

throughout that RoA region and is not faster at or near the edge of the Pt dot.  The 

latter kinetic feature is consistent with a kinetic model in which the rate of hole 

oxidation of the soot is the rate-determining step, with the steady state concentration 

of photogenerated holes inside the RoA region being simply much greater than that 

outside, due to the rapid hoovering up of the photogenerated electrons by the Pt 

(macro) dot, thereby reducing significantly (by a factor of 3-5) the rate of electron-hole 

recombination in the RoA region, compared with outside the region.  
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Figure 6.4 - Photographs of a typical Pt dot (ro = 1 mm) recorded as a function of UV 

irradiation time (2 mW cm-2) and the plots they generate of the values of ring of 

activation radius, ra, and grey scale, as a function of irradiation time. 

 

Another key feature of the RoA region is the dependence of its radius, ra, on that of 

the Pt dot, ro.  Thus, a series of Pt dots of different radius, ro, were deposited on the 

same photocatalytic TiO2 sol-gel film, which was then covered with a thin layer of soot 

and irradiated with UVA light for 72 h.  The film was photographed before and after 

irradiation and the results are illustrated in Figure 6.5.  Values of ra and ro were then 

extracted from these photographs and used to generate the plot ra vs. ro, illustrated in 

Figure 6.5, from which it appears that ra is directly proportional to ro.  The data 

suggests the following general relationship between ra and ro for the (dot)/TiO2 sol-gel 

film initially covered with a thin film of soot:  

ra  =  (1 +) ro  +                                                 (6.5) 

where,  = 0.24 and  = 0.60 mm.  Interestingly, the same experiment conducted on 

an AO7-covered Pt-dot/TiO2 film revealed values for  and  of 0 and 0.68 mm, 
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respectively.  The intercept value, , is particularly interesting in that it suggests that 

even for nanometer or micrometer sized Pt islands the associated RoA region will be 

very large, although, it seems unlikely it would be as big as 0.6-0.68 mm as suggested 

by the values of β for soot and AO7, respectively!  These results suggest that a finely 

dispersed layer of photodeposited Pt dots, or another similar co-catalyst, onto a 

photocatalytic film could enhance significantly the ability of the latter to destroy 

pollutants on its surface photocatalytically, i.e. enhance its self-cleaning activity and 

that enhancement could be due to the formation of a RoA region around the Pt dots, 

which in turn is due to the ability of the Pt to draw in photogenerated electrons from 

the surrounding illuminated TiO2 film and subsequently catalyse their reaction with 

ambient O2.  To our knowledge no commercial photocatalytic film (such as tiles, paint 

concrete and glass) use a co-catalyst coating to enhance the activity of the underlying 

photocatalyst film, most likely for the very reasonable reason of cost and yet it would 

appear to merit further investigation.   

 

Figure 6.5 - Photographs of a TiO2 sol-gel photocatalytic film with photodeposited Pt 

dots of different radius, ro, before and after irradiation for 72 h with UVA light and a 

plot of the radius of the ring of activation, ra, as a function of ro, where both values are 

taken form the photographs after UV irradiation. 

Interestingly, RGB analysis of the RoA region associated with each of the Pt dots, 

derived from the photograph after UV irradiation illustrated in Figure 6.5, reveals the 

same average grey scale value after the same irradiation time (72 h) regardless of Pt 
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dot size, which suggests that the average rate of soot removal, via reaction (6.4), is 

independent of the size of the Pt dot, i.e. independent of ro.  This same feature was 

observed using AO7 as the test pollutant.  The above observations lends support to 

the suggestion that ring photocatalysis is not an edge effect, where the rate would be 

expected to depend directly upon ro, but one in which the rate of soot (or AO7) 

oxidation on Pt dot/TiO2 films is largely independent of ro, as noted earlier. 

6.3.3. A different Pt deposition method and depositing other platinum group metals.  

In order to ensure the RoA feature of Pt-dot/TiO2 films is not specific to Pt-dots 

prepared by the photodeposition method, an alternative Pt-dot deposition method, the 

incipient wetness method was used, as the latter method is often used in the 

preparation of thermal- as well as photo-catalysts, was used [30, 31].  Briefly this 

involved the deposition of an ink, which contains a Pt salt, and its subsequent thermal 

reduction under H2 at ca. 200 °C.  A commercial Pt ink from Dyesol, comprising 

H2PtCl6 dissolved in terpineol, was used for this work and a more detailed description 

of the deposition procedure is given in section A5 of the appendix.  As with previous 

studies, the product, a Pt dot, ro = 1 mm, on a TiO2 sol-gel film, was covered with a 

thin layer of soot and irradiated with UVA radiation (48 h, 352 nm, 2 mW cm-2).  

Photographs of the soot-covered Pt-dot/TiO2 film before and after irradiation are 

illustrated in Figure 6.5 and clearly show the formation of a RoA region, although the 

latter doesn't appear as wide ( = only ca. 0.30 mm) as that formed using a photo-

deposited Pt-dot ( = ca. 0.60 mm).  This difference implies that the breadth of the 

RoA region, i.e. ra – ro, that forms on a Pt-dot/TiO2 film depends upon the method of 

deposition. 
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               (a)                                                  (b) 

Figure 6.6 - Photographs taken before and after UVA irradiation (352 nm; 2 mW cm-

2), illustrating: (a) a soot-covered Pt dot (ro = 1 mm)/TiO2 sol-gel film, where the Pt 

has been deposited by the incipient wetness method before and after 48 h of UVA 

irradiation, and (b) Pt, Pd and Au photodeposited dots (ro = 1 mm) on the same soot-

covered TiO2 sol-gel film before and after 5 h of UVC irradiation.  

 

In another study, dots (ro = 1 mm) of the platinum group metals PGM’s) : Pd and Au, 

in addition to Pt, were photodeposited onto the same TiO2 sol-gel film, then covered 

with a thin layer of soot and irradiated with UVA radiation.  The results of this work 

are illustrated by the photographs in Figure 6.6(b) and show that while both Pt and 

Pd dots appear able to generate well-defined rings of activation, the Au dot does 

much less so.  The striking difference in RoA region formation between Pt or Pd and 

Au does not appear to be associated with any striking difference in work function, as 

the values for three PGM’s are very similar (i.e. Pt: 5.12-5.93, Pd: 5.22-5.60 and Au: 

5.10-5.47 [32].  Instead, it appears more likely that this difference between Pt or Pd 

and Au, in terms of RoA region formation, is due to the difference in catalytic activities 

for O2 reduction by the photogenerated conductance band electrons.  It is well known 

from studies of O2 reduction, in fuel-cell cathodes for example, that Pt and Pd exhibit 

a much greater activity then Au, and this feature is ascribed to the similar, and 

apparently optimal, binding energies for O2 exhibited by Pt and Pd (i.e. 1.57 and 1.53 

eV, respectively) and the much larger value (2.75 eV) exhibited by Au [33].   As a 

consequence, the Pt and Pd dots would be expected to be much better ‘sinks’ for the 
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photogenerated conductance band electrons than the Au dot, which appears to be 

borne out by the results illustrated in Figure 6.6(b). 

 

6.3.4. RoAs and commercial photocatalytic films. 

Pt dots (ro = 1 mm) were also photodeposited onto a commercial photocatalytic tile 

(Hydrotect, Deutsche Steinzeug) and paint (Climasan Colour, STO) film, using the 

same method as described in the experimental, but with UVC radiation (254 nm, 

germicidal lamp).  UVC radiation was here needed when using these TiO2-based 

commercial films for photocatalysis as they have much lower photocatalytic activities 

than the TiO2 sol-gel film usually used in this work and UVC radiation overlaps much 

more strongly with the absorption spectrum of TiO2 than [34] UVA and so is able to 

drive the photocatalytic process at a much greater rate than if UVA was used as the 

irradiation source.  Note that, unlike many other substances, soot is largely inert to 

UVC irradiation, and, therefore, the observed photo-induced bleaching is only due to 

its photocatalysed oxidation via reaction (6.4).  As in previous work, using TiO2 sol-

gel films, both Pt-dot/commercial TiO2 films were covered with a thin layer of soot and 

irradiated with UVC radiation (7 mW cm-2; 254 nm).  The results of this work are 

illustrated by the photographs in Figure 6.7 and reveal both commercial products form 

a ring of activation around the Pt dot. 
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(a)                                       (b) 

Figure 6.7 - Photographs of a soot-covered Pt dot (ro = 1 mm)/commercial TiO2 film 

taken before and after UVC irradiation (254 nm; 7 mW cm-2), where the commercial 

TiO2 films were a photocatalytic: (a) tile (Hydrotect, Deutsche Steinzeug) and (b) paint 

(StoColour Photosan, STO).  

 

The results illustrated in Figure 6.7 are important in that they show indicate that RoA 

formation is a common feature of Pt-dot/TiO2 films in general, since it is exhibited both 

by TiO2 films often used in research, such as sol-gel films, and those found in 

commercial photocatalytic products, such as tiles and paint.  In addition, these results, 

when extrapolated, suggest that the activities exhibited by many commercial 

photocatalyst films, such as tiles, paint and glass, will be enhanced significantly, most 

likely by a factor of 3-5, even if a homogeneously dispersed nanoparticulate Pt-island 

co-catalyst film is present.  Now, although it seems unlikely that such an enhancement 

in activity would merit the use of a Pt co-catalyst in such products, there may be a 

commercial case if a suitable, much less expensive substitute, such as Ni, can be 

shown to be as effective in generating rings of activation.  
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6.4. Conclusions 

Rings of high photocatalytic activity appear to surround Pt macro-sized (ro  1 mm 

radius) Pt islands, i.e. Pt dots, deposited on TiO2 films.  These rings of activation, 

RoA, appear upon UVA illumination of a sol-gel TiO2 film covered with a thin layer of 

a pollutant, such as soot, or an adsorbed dye, such as AO7.  The radius of the RoA 

region, ra, described by eqn (6.5), appears to depend weakly, if at all, on ro, (i.e.  = 

0.25-0) and is typically 0.60-0.68 mm (= ) > ro.  The rate of photocatalytic removal of 

the surface pollutant inside the RoA is uniform and significantly greater than that 

outside the RoA (typically ca. 3-5 x's).  RoA's are observed for Pt dots deposited on 

a TiO2 film using the thermal incipient wetness method as well as the more usual 

method of photocatalysed deposition, i.e. reaction (6.3).  RoA's are also observed on 

commercial photocatalytic materials, such as self-cleaning tiles and paint.  The above 

features of the RoA's formed on Pt (macro) dot/TiO2 films appear consistent with a 

simple kinetic model in which the photogenerated electrons react rapidly with ambient 

O2 at the Pt dot, thereby creating a concentration gradient between the surrounding 

TiO2, and the Pt dot, leaving the remaining photogenerated holes to oxidise slowly 

the pollutant.  Pd (macro) dots appear to exhibit similar features to Pt, whereas Au 

appears less effective, probably due to the lower catalytic activity for O2 reduction of 

the latter.  Clearly more work is required to probe the characteristics of RoA region 

that is formed on Pt (macro) dot/TiO2 films, not least of which is to see if it is also 

effected using Earth-abundant co-catalysts, such as Ni, say, and can be used to 

markedly improve the photocatalytic activities of commercial photocatalytic films and 

so generate new, commercially viable, products.  This work also raises the question 

whether the general features of ring photocatalysis and RoA region formation, 

illustrated in Figure 6.1, are generic and found for very active co-catalyst island 

deposits ranging in size from nm to mm. 
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Chapter 7 Conclusions and Future work 

7.1. Conclusion 

Overall, the successful outcome of this thesis and PhD project is exemplified with the 

publication of 3 papers (one which is currently under peer review as of October 2020) 

in reputable peer reviewed academic journals.  Throughout this project, it was shown 

that important industrial reactions for hydrogen production can be mediated at lower 

temperature with the use of semiconductor photocatalysts such as M/TiO2, where M 

is typically Pt, Pd, Au and Ag.  As society, worldwide, moves closer towards a greener 

environment and a hydrogen economy, semiconductor photocatalysis can help pave 

the way in helping reduce the energy burden of industrial processes.   

7.2. Future work 

One of the challenges going forward with this project will be to use more earth 

abundant, cheaper metals, such as Ni, Fe and Cu to successfully drive the methanol 

reforming reaction and water gas shift reaction for the means of hydrogen production.  

The model proposed shows a fitting trend with the data observed but has some 

limitations, notably with the assumptions of square and hexagonal packing as well as 

the distance between metal island deposits being uniform.  Further work should be 

carried out to further probe the propose EPAO model by examining in greater detail 

the packing order and distance between metal island deposits.  

In addition to this other hydrogen producing reactions could be explored, namely 

methane steam reforming, ammonia reforming and photoelectrochemical water 

splitting.  In order to move to a more carbon neutral, the ultimate long-term goal is to 

achieve photoelectrochemical water splitting, which is currently limited to the use of 

UV absorbing semiconductors.  As previously mentioned in the Chapter 1, < 5% of 

solar light is made up of UV [1], and so a sustained effort must be made to investigate 

visible light photocatalyst.  
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7.3. Introduction to 3D Printed photocatalytic reactors 

One of the challenges in this project was working with and producing borosilicate 

serpentine ‘S-bend’ reactors.  The manufacturing proved to be costly and time 

consuming.  An alternative method of producing such serpentine reactors for housing 

the photocatalyst may be via fused deposition modelling (FDM).  FDM is a layer by 

layer placement of extruded plastic, initially, a 3D design can easily be made using 

any readily available 3D design software such as AutoCAD.  From this, 3D printing 

slicing software breaks down the .stl file to produce a g-code in which the 3D printer 

can then quickly manufacture the desired product [2].  

Recently some work has been carried out that harmonise the worlds of semiconductor 

photocatalysis and 3D printing [3-9], where nanomaterial photocatalyst powders are 

incorporated into the extrusion process of the 3D print material making photocatalytic 

embedded materials such as TiO2/PLA[4], TiO2/LDPE [7]  and TiO2/ABS [3].  These 

materials have been used for a whole host of reactions from methylene blue 

degradation [4] to wastewater treatment [7]. 

 

7.4. Concept of 3D printed reactors. 

A novel 3D printed serpentine reactor can be modelled using computer aided design 

software as shown in Figure 7.1.  Using a dual head 3D printer, such as the Ultimaker 

3, an inner layer of TiO2 can be printed which can be used for photocatalytic reactions.  

Initially, an aqueous phase, flow system can be used to investigate methylene blue 

degradation, which in turn can be used a pre-emptive process to work out any issues 

with such a 3D printed reactor before being used ultimately in a continuous flow gas 

phase reactor.   
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Figure 7.1 – A schematic diagram design using Autodesk Fusion 360 showing a 3D 

printable serpentine reactor with a transparent PLA outer and a TiO2/PLA inner. The 

wall thickness is ca. 1 mm and 0.1 mm for the PLA outer and TiO2/PLA inner 

respectively.  
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A1. Rate of Photocatalysis vs type of metal 

Table A1 - Physical properties of metals, photocatalytic and catalytic rates and 

quantum efficiencies 

Property Au Pt Pd Ag 

Work function / eV  4.78 5.03 5.01 4.3 

CO heat of adsorption (kJ/mol) at 303 K 67 184 159 79 

bΔH M-H / kJ mol-1 301 272 276 255 

Particle radius / nm (0.2 wt%) 2 0.5 3 1.5 

Density /(g cm-3) 19.3 21.45 12.02 10.49 

r(H2) Dark /(10-5 mol h-1) 5.20 2.28 2.60 0.35 

r(H2) UV /(10-5 mol h-1) 26.6 16.4 15.0 7.83 

(1/2 H2)a 0.57 0.35 0.32 0.16 

a: Calculated 
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Figure A1 - Plot of r(H2) vs M-H bond strength for the photocatalytic (solid line) and 

catalytic (broken line) WGSR; all data taken from Table A1. 

  



168 
 

A2. Modelled kinetics as a function of temperature.   

Assume a simple reaction mechanism operates in which each reaction site, S, can 

mediate either reaction (A1) or reaction (A2) (reactions (5.11) and (5.12) in Chapter 

5), 

 i.e.: for reaction (A1): 

CO, H2O 

                                      S  ⎯⎯⎯⎯⎯⎯→  CO2  +  H2                            (A1) 
kD 

where, kD is the dark (thermal) rate constant; and for reaction (S4): 

  

                                                   UV, k1 

                                                   ⎯⎯→           CO, H2O 

S                    S*  ⎯⎯⎯⎯→  CO2  +  H2                 (A2) 

                                                 ⎯⎯                  kUV 

                                                      k-1 

It follows that the fraction of UV activated sites, S*, is , where:  

                                                =  1/(1 + kb + kUV’)                                               (A3) 

and  

kb = k-1/k1 and kUV’ = kUV/k1. 

And the overall reaction rate (under UV illumination) rT, is the sum of a thermal and 

photocatalytic rate, i.e. rUV  + rD, where rUV  =  kUV. and rD  =  kD(1-). 

It is assumed that all rate constants, i.e. kb, kUV’, kUV and kD are described by the 

Arrhenius equation, i.e. k = Aexp(-Ea/RT), where A is the pre-Arrhenius factor and Ea 

is the activation energy.  The values of A and Ea listed in Table A2 were determined 

for kD using the dark rate vs T data illustrated in Figure 5.5 via an Arrhenius plot, i.e. 

ln(rD) vs 1/T.  All other A and Ea values in Table A2 were determined by curve-fitting 

the plot of the rT vs T data illustrated Figure 5.5. 
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Table A2 - Optimised Arrhenius parameters for the model rate constants 

Rate constant A/10-5 mol H2 h-1 Ea/ kJ/mol 

kD 3.00x1010 74.4 

kUV 1.96x1010 17.3 

kb 1.89x1015 68.6 

kUV’ 9.00x105 -4.3a 

kUV’ (=kUV/k1) has an activation energy that is nearly zero – and in fact it doesn’t 
make much difference of it is set at zero, so no store can be placed on its apparent 
slight exothermic nature.  kb (=k-1/k1). 

 

Proof of theta: 

reaction (A4): 

CO, H2O 

                                     S  ⎯⎯⎯⎯⎯⎯→  CO2  +  H2                             (A4) 
kD 

where, kD is the dark (thermal) rate constant; and for reaction (S4): 

                                               UV, k1 

                                              ⎯⎯→           CO, H2O   

S                   S*  ⎯⎯⎯⎯→  CO2  +  H2                         (A5) 

                                             ⎯⎯                kUV   

                                                 k-1 

 

[S*]ss = k1[S]/(k-1  +  kUV) 

But  

[S]total =  [S]  +  [S*]; i.e. 1 =  + (1-), where   =  [S*]/[S]total 

So… 

[S*]ss = k1[S]/(k-1  +  kUV) 

Becomes: 

 = k1(1- )/(k-1  +  kUV) 

So 
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/(1- )  =  k1/(k-1  +  kUV) 

1/ - 1 = (k-1  +  kUV)/k1 

1/  = (k-1  +  kUV  +  k1)/k1 

  =  k1/(k1 + k-1 + kUV) 

 

And so 

It follows that the fraction of UV activated sites, S*, is , where:  

                                                =  1/(1 + kb + kUV’)                                         (A6) 

and kb = k-1/k1 and kUV’ = kUV/k1.   
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A3: Depositing a 1 mm radius drop of the Pt ink onto a TiO2 sol-gel film.   

The Pt ink droplet was deposited onto the surface of the TiO2 film, before the 

photodeposition of Pt, the tip of a fine paintbrush.  The deposition process was 

photographed using a contact angle instrument (First Ten Angstroms) as a function 

of time and the results are illustrated in Figure A2(a).  These photographs were sued 

to construct the plot of the deposited drop size as a function of time illustrated in 

Figure A2(b), which shows that the size of the drop as it is deposited onto the TiO2 

film at no time has a radius > 1 mm, i.e. the RoA, outside the perimeter of the final 

photodeposited Pt dot, is not due to a thin layer of Pt created during the deposition 

process. 
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Figure A2. (a) Digital images of a typical Pt ink dot over time as it is deposited onto 

the surface of the TiO2 sol-gel film using the tip of a fine paintbrush; the images were 

obtained over 2.7 s and photographed every 0.1 s with an associated plot of the radius 

of the Pt ink droplet vs time.  (b) Digital images of a typical Pt ink dot as it is irradiated 

with an associated plot of the radius (filled circles) and height (open circles) of the Pt 

in droplet. (c) (from left to right) A digital image of two typical Pt dots on a sol gel film, 

a single Pt dot on a larger scale and EDS elemental mapping of a Pt dot on a sol-gel 

film. 
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A4.  RGB and Greyscale calculations and data. 

In this work the active region, ra, was analysed for the red (R), green (G) and Blue 

(B), i.e. RGB, colour scale component values.  In analysis the photographs associated 

with the disappearance of the soot, any of these three component values can be used 

to produce a greyscale value and, in this work, the green, G, component value was 

used to calculate a greyscale component using Equation A7. The RGB data 

associated with the ring of activation, RoA, region in the photographic images in 

Figure 3 are given below in Table A3.  For each photographic image a greyscale value 

was calculated using the following formula: 

                                   Greyscale value (0 to 1)  =  (G – Gt)/(G – G0)                          (A7) 

Where Gt and G0 are the green RGB values taken from the images of the soot film in 

the ring of activation (RoA) region at irradiation times, 0 and t (where t is between 0 

and 96 h) and G where the green RGB value is 255 (i.e. when RGB is white).   

 

Table A3 - RGB and greyscale data. 

Red (R) Green (G) Blue (B) Greyscale 

132.0 111.0 78.2 1.0 

184.3 162.0 135.5 0.7 

231.2 208.3 194.0 0.3 

247.5 228.5 222.6 0.2 

245.8 227.2 221.6 0.2 
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A5. Incipient wetness Pt dot deposition and its UV-generated RoA.   

An alternative method of depositing a 1 mm radius Pt (macro) dot onto a sol gel 

surface was also employed – namely the incipient wetness method.  This method is 

often used in the preparation of thermal- as well as photo-catalysts.  Thus, a 1 mm 

radius Pt paste film of a commercial Pt paste designed for this purpose, i.e. PT1, 

which contained α – Terpineol and 3 – 5 % Chloroplatinic acid, (Dyesol) was applied 

to a sol gel surface using a paintbrush (2/0 round Golden Taklon brush, 5 x 1 mm tip 

size, Daler Rowney).  The resulting Pt paste dot on TiO2 sol-gel film was then calcined 

at 450 °C to remove any organic paste components, leaving a cream/brown PtO2 dot 

on the TiO2 film, which was then placed into a tubular furnace at 200 °C and reduced 

for 2 h under a stream of H2 (50 cm3 min-1).  The product was a black Pt dot, identical 

in appearance to the Pt dots produced by the photodeposition method, on the TiO2 

film.   
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A6. Publications 
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