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Thesis Summary 

 

Concern over the economics of accessing fossil fuel and widespread acceptance of the anthropogenic 
origin of rising CO2 emissions and associated climate change is driving academic and commercial 
research into new routes to sustainable fuels, to meet the demands of a rapidly rising global 
population and reduce an impact on the environment. The titania oxide semiconductor has attracted 
a great interest as a photocatalyst for wide-ranging applications including wastewater depollution, 
solar fuels via both H2 production and CO2 reduction. Tailoring the physicochemical properties of 
titania photocatalysts, and their resulting reactivity, in a predictable fashion remains challenging.  
 
The thesis explores the impact of thermal processing, macroporosity and metal deposition on the 
surfactant-templated mesoporous TiO2 and dual soft-hard templated macro-mesoporous TiO2 series 
and resulting activity in aqueous phase photocatalytic dye degradation, H2 production and CO2 
reduction reactions. Control over the structural and photophysical properties of mesoporous titania 
enables systematic tuning of Methyl Orange photocatalytic depollution and H2 evolution. 
Hierarchical macro-mesoporous titanias exhibit uniform mesopores with macropore diameters that 
can be systematically tuned between 140-310 nm, resulting in a close-packed, ordered macropore 
framework. Hierarchically-structured TiO2 display two fold increase in photoactivity relative to 
mesoporous counterparts in the H2 production. Ultra-low concentrations (0.02-0.1 wt%) of copper 
introduced into the mesoporous and macro-mesoporous titania surfaces by wet-impregnation 
enhance activity for dye degradation by six fold, and for H2 production four fold, through the genesis 
of isolated Cu (I) species which suppress charge recombination. Furthermore, promotion with Pt 
increases photocatalytic activity in Methyl Orange degradation by eleven fold, H2 production 16-26 
times and are the only series which display activity in the CO2 reduction reaction. Moreover, the 
impact of the macropore diameter on the activity of the Methyl Orange degradation is observed for 
Cu and Pt promoted macro-mesoporous TiO2 series. 
 
Nanostructured promoted titanias offer an insight into the relative importance of physicochemical 
and electronic properties upon their associated activity together with significantly enhanced 
photocatalytic performance. 
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1 Introduction  

 

Concern over the economics of accessing fossil fuel reserves and widespread acceptance of the 

anthropogenic origin of rising CO2 emissions and associated climate change is driving research into 

new routes to sustainable fuels via both H2 production and CO2 reduction to meet the demands of a 

rapidly rising global population and ensure future energy security.1-3 In addition, the lack of clean 

safe drinking water or having little or no sanitation are affecting millions of people around the world. 

Photocatalysts have attracted great interest in both academic and commercial research for wide-

ranging applications including environmental waste water remediation,4 non-disruptive technology 

for solar fuels production5, 6 and as a source of renewable hydrogen.7 

 

 Principles of photocatalysis 

 

Based on International Union of Pure and Applied Chemistry (IUPAC) photocatalysis corresponds 

to a change of a chemical reaction rate or its initiation under the action of light radiation in the 

presence of a substance (the photocatalyst/semiconductor) that absorbs light and facilitates the 

chemical transformation of the reactants. Semiconductors are commonly used for light harvesting 

because of their band gap capable of absorbing solar light and producing charge carriers for the 

oxidation-reduction reactions.8 Usually, metals do not have any band gap or it is lower than 0.05 eV, 

while for insulators the band gap is usually greater than 3.5 eV and requires an extensive amount of 

energy. The energy states of the valence band are filled with electrons while the conductance band 

states are empty. In a photocatalytic process (Figure 1.1), solar (light) radiation (h𝜗𝜗) having energy 

equal or greater than the band gap energy (Eg) of a semiconductor (photocatalyst) irradiates its 

surface and excites electrons (−) from filled valence band (VB) to empty conductance band (CB) 

leaving behind holes (+). The lifetime of charge carrier (+ and −) is just a few nanoseconds, thus 

many of them recombine immediately (Volume/Bulk recombination) releasing heat as wasteful 

energy. Electrons (−) and holes (+) which manage to escape from the excitation regions migrate to 

the surface of the CB and VB respectively and are trapped by adsorbed reactants. They participate in 

various reduction (acceptor) and oxidation (donor) processes to produce final products. However, if 

the charge carriers fail to meet species on the surface or/if their energy is too small to carry out 

reactions, they recombine producing heat (Surface recombination) (Equation 1.1). For the efficient 

photocatalytic process, it is crucial to have enough photon energy, suppress recombination of 

electrons and holes and contain pre-adsorbed surface species.9 
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Figure 1.1 A schematic representation of photocatalytic process on a heterogeneous photocatalyst. 
 

Light absorption     Photocatalyst + hν → hVB
+ & eCB

− 

Recombination    hVB
+ + eCB

− → heat 

Reduction reaction   A + eCB
− → A− 

Oxidation reaction   D + hVB
+ → D+ 

Equation 1.1 Processes occurring in semiconductor upon light irradiation. 
 

The ability of adsorbed species to participate in oxidation-reduction reactions depends on redox 

potentials of adsorbates. The redox potential measures the capability of chemical species to acquire 

electrons. More positive (lower) reduction potential gives greater affinity for electrons and drives 

oxidation reaction. The more negative (higher) the redox potential, the higher the tendency to lose 

electrons which drives reduction reaction on the photocatalyst surface. The electron and hole transfer 

is controlled by alignment of quasi-Fermi levels of the photocatalyst semiconductor and the redox 

potentials of the adsorbates.10 For n-type semiconductors, these quasi-Fermi levels are located very 

close to conductance and valence band edges thus reaction conditions are commonly expressed in 

terms of the position of band edges of semiconductor and redox potentials. For the reduction to occur 

the conductance band should be higher than lowest unoccupied molecular orbital (LUMO) of the 

acceptor. Considering that the scale goes from positive to negative redox potentials when energy 
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increases, the conductance band needs to be more negative than the reduction potential of the 

molecule. For the oxidation to take place the valence band of the photocatalyst should be lower than 

the highest occupied molecular orbital (HOMO) of the adsorbate. In other words, HOMO has to be 

more negative than the potential of the VB. Taking into account these thermodynamic requirements, 

the optimum photocatalyst is a compromise between a small band gap materials able to absorb visible 

light and a wide enough band gaps covering a range of redox potentials relevant to the photocatalytic 

reaction. From the kinetic side of the reaction, not only a range of potentials but also significant 

kinetic overpotential (energy difference between the band edges and redox potentials) is required. 

Small overpotential leads to a low reaction rate, therefore, for kinetics, the band gap should be as 

wide as possible. To conclude, not only the band gap width but its edges play a key role in 

determining compatibility and maximum efficiency for the desired photocatalytic reaction. 

 

 Photocatalysts 

 

The large group of light-sensitive materials that have been investigated as photocatalysts includes 

semiconductors, more commonly metal oxides but non-metals are also applied. The summary of 

different types of photocatalysts are presented below (Figure 1.2).7, 11 Catalysts can be divided into 

two major groups as being UV or visible light sensitive. This depends on the energy associated with 

the band gap of the material. In other words, a small band gap requires less energy and higher 

wavelengths thus gives visible light sensitivity and opposite – larger band gap needs more energy 

and leads to UV light absorption. UV light catalysts are less economically efficient since UV 

radiation is only 3-4% of solar light spectrum12 and electron-hole pair recombination rate is fast13 

which results in lower activity and selectivity. UV-light catalysts could be split into two subgroups - 

single oxide: usually different metal oxides with the most popular being TiO2, and mixed oxides: 

combination of metal and non-metal oxides with the best-known TiO2 – zeolite.14 

 

 
Figure 1.2 Examples of the variety of photocatalysts available. 

 

Photocatalysts

UV-light 

Single oxide

TiO2, MgO, ZnO, 
ZrO2, FeO, SnO2, 

Ta2O3, Ga2O3, ZrO2

Mixed

TiO2-Y-zeolite, TiO2-
SBA-15, TNTs, ZnS-

MMT

Visible

Un-modified

CdS, SiC, GaP, WO3, 
CdSe, Bi2O3, In2O3, 

InTaO4

Modified

CdSe/TiO2, 
Cu2O/TiO2, N-TiO2,  

Bi2O3/TiO2, 
RhB/TiO2, CdS/TiO2

Organic 
sensitised

Enzymes/TiO2, 
Chlorophyll/TiO2, 

CoPc/TiO2, 
ZnPc/TiO2

Polymers

g-C3N4, TOA, TFPT-
COF, PPP,CP-
CMP10, CNU
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The other group of photocatalysts are visible light sensitive catalysts, for example, Bi2O3. They utilise 

solar light more effectively since visible light is 45% of sun radiation12. Most popular visible light 

photocatalysts are UV catalysts that were surface modified by sensitisation or doping.15, 16 Promotion 

with metals or non-metals with more negative conductance edge increases visible light response 

leading to higher activity and better charge separation and also an ability to tune selectivity (1.4 

Promotion of titania photocatalysts). The two newest sub-groups of visible light catalysts are 

polymers and organic sensitised semiconductors, which employ new approaches of engineering 

photocatalysts by using enzymes etc.17  

 

 Titania photocatalysts 

 

Titania has been one of the most widely used semiconductor photocatalysts due to its abundance, 

low cost, thermochemical stability, low toxicity and suitable optical properties.18 Titania 

photoactivity is predominantly influenced by structural and electronic properties,19, 20 which may be 

tuned via structure engineering.21  

 
Figure 1.3 Unit cell diagrams of (a) anatase (b) rutile (c) brookite crystalline phases. Adapted 

from ref. 22. 
 

Titania possesses three principal crystalline forms: anatase (tetragonal), rutile (tetragonal) and 

brookite (orthorhombic) (Figure 1.3).22 The most commonly studied are the metastable anatase and 

the most stable rutile. The former presents chains of elongated TiO6 octahedra with each Ti4+ ion 

surrounded by six O2- ions, whereas the second shows only small orthorhombic distortion and higher 

symmetry.9, 23 The distortion of anatase octahedron is more pronounced thus it shows lower 

symmetry. In addition, the anatase phase is considered to be more reactive than rutile due to tenfold 

improvement in the hole trapping arising from higher Fermi level and predominant indirect band 

gap.24 Moreover, a mixture of majority anatase phase with small amounts of rutile is the proposed 

optimum for photoactivity due to charge separation across their interface (electron transfer from 

anatase to rutile).25, 26 There are two proposed mechanisms of superior performance of mixed-phase 



  

24 
 

anatase and rutile titania (Figure 1.4): A – the offset of 0.2 eV between higher anatase and lower 

rutile conduction bands improves the separation of the charge carriers through electron transfer from 

anatase to rutile; B – trap states located 0.8 eV below the CB of anatase are populated by electrons 

from rutile.27 In this context, commercial P25 titania, comprising anatase and rutile crystallites 

(which appear to exhibit synergistic photocatalysis due to heterojunction formation) is typically the 

first port of call for academic and industrial applications.28-30 Lastly, the interface region between 

anatase and rutile itself may act as a trap site aiding charge separation.31 Higher crystallinity (over 

amorphous) increases the lifetime of the charge carriers.32 Improved crystallinity demonstrated 

greater efficiency in electron transfer between orbitals of adsorbed dyes and conductance band of 

titania33 because of less loose bonds and lattice distortions which can act as trapping and 

recombination sites.34 

 
Figure 1.4 Two possible mechanisms of high performance of mixed anatase-rutile phase TiO2. 

 

TiO2 is an n-type semiconductor due to a few oxygen vacancies which are compensated by the 

presence of Ti3+ centres. N-type semiconductors are a type of extrinsic semiconductors where the 

dopant atoms or vacancies are capable of providing extra conduction electrons to the host material 

and this creates an excess of negative electron charge carriers. On the other hand, in p-type 

semiconductors, holes are in excess and p-type semiconductors are created by doping an intrinsic 

semiconductor with acceptor impurities.35 Anatase and rutile both exhibit wide band gaps in UV 

region of 3.2 eV (387 nm) and 3.0 eV (413 nm) respectively due to variation in the crystal structure.36 

The difference in the band gap values arises because anatase has a 0.2 eV higher conductance band 

than rutile.37 2p orbitals of the oxygen atoms form the valence band while 3d states of the Ti4+ with 

t2g symmetry form the lower part of the conduction band. Anatase only exhibits indirect allowed 

transitions.18 On the other hand, rutile can feature both indirect and direct allowed transitions. Indirect 

transition requires addition of an additional photon to conserve the momentum and thus leads to 

decrease in photonic efficiency. The rate of recombination of charge carriers reach 90% within 10 

ns.38  

 

Not only photocatalyst phase but also particle size greatly influence the activity via multiple surface 

phenomena and a particle confinement effect - decrease particle size in nanoscale increases the band 

gap of the material.39, 40 For smaller semiconductor particles there is more surface atoms present 

leading to the increase in surface area to volume ratio.18 As a result, more surface active sites are 
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available and interfacial charge transfer is improved. The optimum 25-40 nm nanocrystallites of TiO2 

are established due to competition between light harvesting efficiency, scattering, bulk/surface 

recombination and specific surface area.41 Koci et al. studied the effect of TiO2 particle size on 

photocatalytic reduction of carbon dioxide with the optimum particle size of 14 nm corresponding to 

the highest yields of methane and methanol.42 

 

Surface defects such as oxygen vacancies (Vo) and Ti3+ sites also enhance TiO2 photoactivity.43 

Oxygen vacancies not Ti interstitials defects is dominant contributors to the band gap states of TiO2 

surface based on electron bombardment data.44 Furthermore, oxygen vacancies affect the absorption 

of water, CO2 and other molecules on TiO2 surfaces in the photocatalytic processes.45 Oxygen 

vacancies most often form at the surface region of TiO2 so the surface defects are more important 

than bulk ones.46, 47 

 

Density functional calculations have also highlighted the importance of crystal facets for anatase, 

with surface energies and photoactivity of decreasing from (001) 0.90 J m-2 > (100) 0.53 J m-2 > 

(101) 0.44 J m-2.48, 49 As a result, research has been focused on synthesising preferably (001) facets 

or mixture of (001) and (101)50 for water splitting and dye degradation reactions. 51-54  

 

1.3.1 Nanostructured titania  

 

The morphology of the material plays an important role in the activity and in technical aspects of the 

application and reactor design. For a structure to be considered as nanostructured its dimensions have 

to be between 0.1 to 100 nm. Heterogeneous nanostructured materials can be classified based on 

their structure: zero-dimensional (0D) e.g. nanoparticles, one-dimensional (1D) e.g. nanotubes, two-

dimensional (2D) e.g. nanosheets and three-dimensional (3D) e.g. mesoporous structures (Figure 

1.5).55 Nano in comparison with the bulk materials exhibit distinct physical and electronic properties. 

Nanostructures expose more surface atoms which contribute to the change in the free energy and 

affects thermodynamic properties such as thermal stability.56 The electronic properties of 

nanocrystals can be altered by quantum size effect – dependence of optical characteristics on the 

particle size due to variation in the density of electronic energy levels.39 Moreover, a broad range of 

nanostructures can facilitate the integration of multiple diverse components to create materials with 

multiple functionalities. Many kinds of TiO2 morphologies have been investigated including films, 

spheres, hollow spheres, nanotubes, nanorods, nanosheets etc. 
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 Figure 1.5 Morphology of nanostructured materials. Adapted from ref 55. 

 

Thin films are commonly used in dye-sensitised solar cells or fabrication of devices as a coating.57-

59 TiO2 with 1-D structure such as rods, wires, fibres and tubes display diverse electrical and optical 

properties that depend on size and shape.60-62 TiO2 nanotubes and nanorods are the popular choice 

due to their increased surface area, reduced grain boundaries and enhanced charge transportation due 

to the 1-D structure.63 Spheres and hollow spheres are also promising materials in energy conversion, 

environmental and biotechnology applications.64, 65 The presence of porosity in nanostructured 

materials can greatly enhance their chemical and physical properties. Mesoporous TiO2 gained 

increased attention for multiple applications including energy storage and conversion, catalysis and 

separation because of their tunable structural properties like pore diameter, shape and volume, 

surface area and nanocrystallinity.66 In comparison to bulk TiO2, mesoporous TiO2 with uniform 

channels increase the density of the active sites, improve accessibility, enhance adsorption of reactant 

molecules, assists rapid transport of photoexcited carriers to the catalyst surface resulting in 

suppressing recombination processes .67 Addition of the mesoporosity enhance charge separation and 

decrease bulk recombination of charge carriers.68 Macropore incorporation into mesoporous 

architectures leads to formation of three-dimensional hierarchical materials with improved properties 
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arising from their unique morphology and complex architectures, which typically possess high 

surface areas and diverse pore-interconnectivities.69 Such materials offer enhanced catalytic activity 

via increased light scattering and faster in-pore mass transport of sterically hindered reagents, in 

particular for the photodegradation of organic dyes, relative to their bulk, nanoparticulate or 

monomodal nanoporous counterparts. 70-72 The unique surface and structural characteristics of these 

architectures increase photon absorption, leading to enhanced quantum efficiency.73-75 In general, 

titania materials exhibit a wide band gap, which absorbs only the UV light, consisting just 3 – 4% of 

overall solar radiation12 and thus has limited activity. The efficient use of solar energy requires the 

photocatalysts with a small band gap to absorb all wavelengths of the spectrum. For the titania 

materials to fulfil this requirement, they need to be promoted. 

 

 Promotion of titania photocatalysts 

 

The wide band gap materials like TiO2 allow a wide range of redox reactions, with significant 

available overpotential, making them desirable photocatalysts. Surface trapping,76 doping, 77 

sensitisation78 are promising approaches to overcome the limitations of pure titania through 

modifying the quantum efficiency, band gap/energies, charge carrier mobility, surface structure, and 

adsorption properties (Figure 1.6).26, 77-82 A red shift from 400 nm to visible light region can be 

achieved by forming a heterojunction or engineering a band gap of the semiconductor while activity 

can be improved via better charge separation and prolonged lifetime of the charge carriers.83, 84 

 

 
Figure 1.6 Multiple ways of promoting photocatalyst activity. 
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Functionalising by earth-abundant metals such as copper is especially appealing with a wide range 

of promoter formats employed, including Cu metal,85 CuxO clusters,86 nano-Cu2O,78 Cu doped sol-

gels,87, 88 Cu(OH)2 clusters,89 and Cu2O shells90 to extend light absorption and improve charge carrier 

mobility, and in turn quantum efficiencies for photocatalytic pollutant degradation78, 85-87 and solar 

fuels production.89, 90 Another extensively used promotion method is modification with noble metals 

such as Pt.91, 92  Platinum is often used to modify the TiO2 surfaces because among the common 

metals it has the highest work function and the smallest H2 evolution over-potential.93 The Pt(0), 

Pt(II) and Pt(IV) species can exist on the surface TiO2 but most commonly observed is Pt metal 

formation.92, 94 

 

1.4.1 Surface trapping 

 

 
Figure 1.7 Schematic illustration of the Schottky barrier. 

 

Deposition of elements such as Pt, Au, Ag on the surface of semiconductor catalysts significantly 

improves the photocatalytic activity by acting as an electron trap, promoting interfacial charge 

transfer and therefore inhibiting recombination of the electron-hole pair.95, 96 Charge separation via 

transfer is achieved by the Schottky barrier (Figure 1.7) which arises when metal is in contact with 

n-type semiconductor and electrons populate on metal species if the Fermi level of the metal is lower 

than conductance band of the semiconductor. Thus, the electron reaches the adsorbate faster, thus 

the composite is more reductive. The metallic components of the metal/semiconductor system could 

also enhance the light absorption through the surface plasmon resonance (SPR) induced effect.97, 98 

Noble metal nanoparticles exhibiting SPR display a broad absorption band in the UV or visible light 

range which arises due to collective resonant oscillation of the free electrons of the conduction band 

of the metal. Strong SPR absorption in the visible region of, for example, supported Au or Ag 

nanoparticles significantly improve photoactivity by injecting hot electrons from the excited SPR 

states of Au or Ag to the conduction band of TiO2. Unlike the widely studied Au and Ag 
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nanostructures, which have distinct and well-defined SPR absorption peaks, small (<10 nm) Pt 

nanoparticles always exhibit broad extinction from the ultraviolet to short wavelengths of visible 

light, without observable peaks.99 

 

1.4.2 Doping 

 

The already weakly reductive conductance band of titania is restricting major minimisation of the 

band gap via lowering conductance band energy. Nevertheless, the absorption energy can be reduced 

and shifted towards higher wavelengths (like visible light) by “raising” the valence band via band 

gap engineering. There are three main approaches (Figure 1.8)27: A – raising the valence band by 

hybridisation with other orbitals of a metal; B - doping with a non-metal to create intraband states 

above the valence band; C – creation of intraband impurity states such as oxygen vacancies, below 

the Fermi level or additional states arising from the collection of semiconductor nanoparticles.100, 101 

 
Figure 1.8 Doping of semiconductor with a wide band gap. 

 

Metal ion doping includes transition metal ions such as copper, chromium, iron, nickel, cobalt, 

niobium and rare-earth metal ions like lanthanum, cerium as potential dopants for visible light 

activity.102 However, metal ion dopants can also serve as recombination centres, resulting in 

decreased photocatalytic activity. Non-metal ion doping commonly involves elements like nitrogen, 

sulphur, and carbon.103 For example, in nitrogen doped TiO2 case, N species result in localized 2p 

states above the valence band of titania and the visible light electronic transitions occur from a 

localized N 2p state to the conductance band.104 In contrast to metal ion doping, non-metallic dopants 

replace lattice oxygen. More recently, a co-doping with metal and non-metal is explored to combine 

best qualities from both effects.105, 106  

 

1.4.3 Sensitisation – heterojunction 

 

As discussed above, doping of the photocatalysts is less flexible in altering the electronic structure 

and display only small charge separation. Another way of lowering energy and shifting 
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semiconductor photoresponse to visible range region is by sensitising it via formation of the 

heterojunction. In this technique, a secondary material with a smaller (narrower) band gap able to 

absorb visible light is introduced via a type II heterojunction.84 The type II staggered band gap 

heterostructure forms an interface where charges are separated and electrons are channelled to one 

size and holes to the other. There are two types of sensitiser materials (Figure 1.9): A - narrow band 

gap semiconductors with aligned conduction band minima such as quantum dots, and B - visible light 

active molecules like dyes.107 Semiconductor sensitisers enhance activity through electron transfer 

to another semiconductor with the lower conductance band edge (e.g. TiO2) while the holes travel in 

the opposite direction to the sensitiser, which has the higher valence band edge. Dye sensitisers work 

based on a similar principle, the electron is excited from HOMO to LUMO of the dye and then is 

transferred from LUMO of the dye, which is higher, to conductance band of the semiconductor.108 

However, in this case, there are additional requirements such as orientation and distance of the dye 

to the surface as well as size and flexibility of the molecule.109, 110 In both cases, sensitisers extended 

absorption range and improve charge carrier separation leading to reduced recombination and 

promoted activity. Most commonly used semiconductor sensitisers are CdS (on TiO2), CdSe (on 

ZnO).111  

 

 
Figure 1.9 Heterojunction of wide band gap semiconductor with A – another semiconductor 

sensitiser; B – a dye molecule sensitiser. 
 

The majority of dyes can inject an electron into the conduction band of a semiconductor when 

photoexcited. Dye sensitisers such as ruthenium based inorganic or organic dyes are more popular in 

dye-sensitized solar cells (DSSC).112, 113 In dye-sensitized solar cells, the sensitized dye degradation, 

which could follow the electron injection by the photoexcited dye into the conduction band of the 

photocatalyst, is prevented by the design of the device, but this is not the case for aqueous 

suspensions.114 Due to this phenomena, using dye degradation in the assessment of photocatalytic 

activity is problematic, because, in the irradiated aqueous suspension, degradation could be either a 

photocatalytic process, what one is after, or a dye sensitization, or even both. 
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 Photocatalytic reactions 

 

The efficiency of photocatalytic reactions depends on light absorption of the photocatalyst, charge 

carrier formation, and the lifetime and utilisation of those charge carriers. It involves three steps (1.1 

Principles of photocatalysis): 

1. Photon absorption and charge carrier generation – photophysical process. 

Electron and hole formation is dictated by the optical properties of the photocatalyst and can 

be tuned (1.3 Titania photocatalysts). 

2. Charge carrier diffusion – photophysical process.  

For the successful diffusion of electrons and holes to the surface, the recombination of the 

charge carriers needs to be suppressed, normally by the catalyst modification (1.4 

Promotion of titania photocatalysts). 

3. Charge carrier transfer to the reactants – electrochemical reaction.  

Successful redox reaction depends on the position of band edges of semiconductor and redox 

potentials of the products. The charge carrier transfer process is more efficient if reactants 

are already pre-adsorbed on the surface. 

The rate of the photocatalytic reaction mainly depends on the photocatalyst properties and the 

wavelengths of the light irradiation but other factors can, to some extent, influence the activity. 

Higher reaction temperatures lead to more frequent collisions between the semiconductor and the 

substrate; pH can shift redox potential and band edges; oversupply of light accelerates recombination; 

pressure can improve solubility of gases. 

 

1.5.1 Methyl Orange decomposition 

 

Water pollution and its associated impact on human health account for >840,000 fatalities annually 

worldwide.115 Around 80% of contaminants in wastewater arise from the unregulated discharge of 

toxic, recalcitrant organic compounds by the textile, paper, petrochemical, food, energy and mineral 

processing sectors into aquatic ecosystems, and their depollution represents a significant challenge 

particularly for emerging countries.116-119 Recalcitrant organic compounds, which include organic 

azo dyes such as Methyl Orange, cannot be treated by conventional biological and/or 

physicochemical processing (e.g. microorganisms, flocculation or chlorination).120, 121 Advanced 

oxidation processes, including Fenton oxidation,122 photocatalytic oxidation,123 photo-Fenton 

oxidation,124 catalytic wet air oxidation,125 electrocatalytic oxidation,126 electro-Fenton oxidation127-

129 are promising solutions for the oxidative removal of persistent organic compounds from 

wastewater. However, while Fenton-type AOPs exhibit high removal efficiencies (100 mg L-1)130 for 

diverse ROCs including cyanotoxins, they share a common high demand for H2O2 (~2.1 kg per kg of 

biological/chemical oxygen demand depending on the water to treat).131 Furthermore, heterogeneous 
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Fenton analogues are susceptible to transition metal leaching.132 Hence, photocatalytic solutions to 

wastewater depollution are highly sought after.4, 16, 133 

 

It is important to recognise that Azo-dyes (exemplified by MO) are integral to the textile industry, 

and major sources of waste water contamination,134 and hence their removal from aquatic 

environments is critical to improve human health. In the present work, dye degradation was 

investigated to target the removal of a specific Azo-dye commonly discharged to waste water in 

developing countries, and not simply to assay the general photocatalytic performance of our materials 

(Rochkind and co-workers published a recent critical review on this distinction 135). 

 

 
 

Figure 1.10 Exemplar Methyl Orange degradation by hydroxyl radical. 
 

Methyl Orange decomposition over the semiconductor photocatalyst is strongly driven by the holes 

in the valence band via direct oxidation or hole reaction with water to produce the primary hydroxyl 

radical (OH˙), which is very powerful oxidant having the oxidation potential of +2.32 eV (NHE).136 

Hydroxyl radicals break down Methyl Orange into carbon dioxide and water on the photocatalyst 

surface and in the solution (Figure 1.10). In addition, there is an electron induced decomposition 

pathways. Four distinct mechanisms are proposed for the  Methyl Orange photocatalytic degradation; 

a direct hole oxidation process137 (Equation 1.2 A), hydroxyl radical oxidation138, 139 (Equation 1.2 

B-D) and superoxide radical formation140 (Equation 1.2 E-K): 

 

  

CO2 + H2O 

Methyl Orange 
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hVB
+ + dye → dye•+ → dye oxidation products      (A) 

hVB
+ + H2O → H+ + OH˙        (B) 

hVB
+ + OH− → OH˙          (C) 

OH˙ + dye → dye oxidation products       (D) 

eCB
− + O2 → O2˙−         (E) 

O2˙− + H2O → HO2˙ + OH−        (F) 

HO2˙ +  HO2˙→ H2O2 + O2        (G) 

H2O2 + hν → 2OH˙         (H) 

H2O2 + O2˙− → OH˙ + OH− + O2       (I) 

eCB
− + H2O2 → OH˙ + OH−        (J) 

OH˙ + dye → oxidation of the dye       (K) 

Equation 1.2 Methyl Orange decomposition. 
 

Based on thermodynamics, for these reactions to occur, previously discussed conductance and 

valence band edges (1.1 Principles of photocatalysis) should be positioned in the way that, the 

oxidation potential of the hydroxyl radicals (+2.32 V (vs NHE)) and the reduction potential of 

superoxide radicals (-0.3 V (vs NHE)) would lie well within the band gap of a semiconductor 

photocatalyst like in titania (+2.7 to -0.5 V (NHE)) (Figure 1.11). 

 

 
Figure 1.11 Energy diagram and redox potentials of radical formation for MO degradation. 
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1.5.2 Water splitting 

 

The photocatalytic water splitting offers a clean economically efficient sustainable technology for 

hydrogen production.141 It provides an advantage of abundant resources of solar energy and water to 

produce fuel or hydrogen for the chemical industry. Currently, the majority of the hydrogen is 

produced by steam reforming from natural gas.142 Water splitting by the photocatalysts is considered 

to be an artificial photosynthesis where products have higher energy than reactants thus energetically 

is more challenging.143 In contrast, photo-oxidation of organic compounds products possess lower 

energy than reactants thus these type of reactions occur more readily.11 There are three main methods 

of water splitting involving light: photoelectrolysis using a semiconductor electrode,144 

photobiological water splitting involving algae145 and heterogeneous photocatalysis where 

semiconductor catalysts are suspended in water, alcohol/water or water/hole scavenger mixes.7 

 

In water splitting reactions, electrons are key charge carriers that reduce water to hydrogen 

(Equation 1.3 A-B). The direct splitting of water has a very low efficiency143 because of the rapid 

recombination of photo-generated electrons and holes and backwards to reaction to water. It is 

challenging to achieve water splitting for hydrogen production using solely TiO2 photocatalyst in 

pure water. In order to reduce recombination and increase hydrogen production rate sacrificial 

electron donors - hole scavenger like Na2SO3 can be employed.146 Adding electron donors or 

sacrificial reagents to react with the photo-generated holes is an effective measure to enhance the 

electron-hole separation. The hole scavengers trap holes and reduce recombination allowing more 

electrons participate in the reaction (Equation 1.3 C-D). Sodium sulphite donates electrons and 

together with holes form side products. However, the drawback of this method is the need to 

continuously add hole scavengers in order to sustain the reaction since they are consumed during the 

reaction. Normally, H2 and O2 evolution should proceed in a stoichiometric 2:1 ratio and if this is not 

the case, there is an issue with experimental setup and reverse reaction is favoured.147 

 

2H2O + 4 hVB
+→ 4 H+ + O2        (A) 

4H+ + 4 eCB
− → 2H2         (B) 

H2O ⇌ H+ + OH−         (C) 

SO3
2- + 2hVB

+ + 2OH− → SO4
2-        (D) 

Equation 1.3 Water splitting. 
 

In order to form hydrogen, the conduction band edge needs to be more negative than the hydrogen 

production level (0V (vs NHE)) and valence band edge more positive than water oxidation (+1.23V 

(vs NHE) e.g. in TiO2 case (+2.7 to -0.5 V vs (NHE)) (Figure 1.12). The redox potential for the 

overall reaction at pH=7 is −1.23 V vs (NHE). 
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Figure 1.12 Energy diagram and redox potentials of water splitting on the TiO2 photocatalyst. 

 

1.5.3 Carbon dioxide reduction 

 

CO2 reduction to hydrocarbons (fuels or valuable chemicals) is a significantly more challenging 

procedure than water splitting because CO2 is kinetically and thermodynamically very stable thus the 

process requires a large input of energy.148 Photocatalytic CO2 reduction involves electron transfer 

to the adsorbed molecules leading to a cascade of the multi-step reduction reactions. Up to 8 electrons 

can participate in these reactions where C-O bonds are broken and new C-H are formed resulting in 

numerous products depending on semiconductor and redox potentials. 149 Negative redox potential 

corresponds to CO2 reduction while positive ones - to water oxidation by holes.  

 

In this project, water was chosen as a reducing agent and hydrogen source since it is very cheap, non-

toxic, readily available, and a source of protons. Nevertheless, the use of water as a hydrogen source 

is challenging compared to other possibilities. During CO2 reduction with H2O, it is more favourable 

to reduce water (Eredox=0 V) than carbon dioxide (Eredox= -1.9 V).149 Thus in addition to CO2 reduction 

products, H2 can be detected. If large amounts of H2 is generated it indicates that water splitting is 

competing with CO2 reduction and operating conditions need to be optimised to improve selectivity 

and suppression of hydrogen generation. 

 

Reaction routes are not specific and strongly depend on the reaction conditions. Up to today, there 

are several variations of the CO2 photoreduction pathways under debate. First of all, CO2 reduction 

to an anion radical CO2
•- using a single-electron process (Equation 1.4 A) has a strongly negative -

1.9 V redox potential, therefore, essentially no semiconductor can facilitate this electron transfer.150 

Most common theory of photocatalytic CO2 reduction using water as reductant is as below (Equation 

1.4 A-J)149, 151 which involves the proton-assisted transfer of multiple electrons that have more 

positive reduction potentials and are less negative than conductance band potentials of common 

semiconductors. In other words, multi electronic processes require less energy per electron transfer 

Redox potential vs NHE
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compared to single electron transfer. This leads to formation of formic acid, CO, formaldehyde, 

methanol and methane products (Equation 1.4 B-J).149, 152 The values are comparable to proton 

reduction, which involves only one electron (Equation 1.4 G). The holes oxidise water on the surface 

of the photocatalyst and provide protons for CO2 reduction (Equation 1.4 H-J). However, literature 

does not provide strong evidence to support this reaction pathway. This leaves with the series of 

single electron reactions with the first electron transfer as a liming step.153   

     

         ERedox / V 

CO2 + eCB
−→ CO2

•- Further electronation/protonation → hydrocarbon -1.90  (A) 

CO2 + 2H+ + 2 eCB
− → HCOOH      -0.61  (B) 

CO2 + 2H+ + 2 eCB
− → CO + H2O     -0.53  (C) 

CO2 + 4H+ + 4 eCB
− → HCHO + H2O     -0.48  (D) 

CO2 + 6H+ + 6 eCB
− → CH3OH + H2O     -0.38  (E) 

CO2 + 8H+ + 8 eCB
− → CH4 + 2H2O     -0.24  (F) 

2H+ + 2 eCB
− → H2       -0.41  (G) 

H2O + hVB
+ → OH˙ + H+      +2.32  (H) 

2H2O + 2 hVB
+ → H2O2 + 2H+          -  (I) 

2H2O + 4 hVB
+ → 4H+ + O2      +0.82  (J) 

Equation 1.4 CO2 reduction pathway 1 and associated redox potentials pH=7. 
 

Secondly, the adsorption of carbon dioxide to the surface of semiconductor provides an attractive 

solution to overcome an inert carbon dioxide molecule. When CO2 adsorbs to the surface it forms 

partially charged CO2
●- anion radical through interaction with surface atoms.154 The activation barrier 

is lower in an aqueous dispersion of photocatalyst because dipolar interaction with water stabilise 

CO2
●-.152 Formation of carbon dioxide anion radical and hydrogen radical further results in 

production of hydrocarbon materials (Equation 1.5 A-G).155 

 

CO2 + eCB
− → CO2

●-         (A) 

H+ + eCB
− → H●          (B) 

CO2
●- + 2 H● + 2 hVB

+ → HCOOH       (C) 

CO2
●- + 2 H● + 2 hVB

+ → CO + H2O       (D) 

CO2
●- + 4 H● + 4 hVB

+ → HCHO + H2O       (E) 

CO2
●- + 6 H● + 6 hVB

+ → CH3OH + H2O       (F) 

CO2
●- + 8 H● + 8 hVB

+ → CH4 + 2H2O       (G) 

Equation 1.5 CO2 reduction pathway 2 via CO2
●- radical. 
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Thirdly, carbon dioxide has low solubility in water (0.033 mol/L at 25 oC, 1 atm)156 which strongly 

depends on the pH. The theory states that in water CO2 partially hydrates to carbonic acid which can 

dissociate into bicarbonate and carbonate ions (Equation 1.6 A-B).153 Theoretical photocatalytic 

reduction pathways for carbonic acid and carbonate ion presented in Equation 1.6 A-J.17 

 

         ERedox / V 

CO2 + H2O ⇌ H2CO3 ⇌ H+ + HCO3
-  pKa=6.4  n/a  (A) 

HCO3
- ⇌ H+ + CO3

2-    pKa=10.3  n/a  (B) 

H2CO3 + 2H+ + 2 eCB
− → HCOOH + H2O    -0.166  (C) 

H2CO3 + 4H+ + 4 eCB
− → HCHO + 2H2O    -0.05  (D) 

H2CO3 + 6H+ + 6 eCB
− → CH3OH + 2H2O    +0.044  (E) 

2CO3
2- + 8H+ + 6 eCB

− → CH3OH + 2H2O    +0.209  (F) 

2CO3
2- + 3H+ + 2 eCB

− → HCOO- + 2H2O    +0.311  (G) 

2CO3
2- + 4H+ + 2 eCB

− → C2O4
2- + 2H2O     +0.478  (H) 

2C2O4
2- 2H+ + 2 eCB

− → 2HCOO-     +0.145  (I) 

HCOO- + 5H+ + 4 eCB
− → CH3OH + 2H2O    +0.157  (J) 

Equation 1.6 CO2 reduction pathway 3 via carbonic acid and carbonate ion. 
 

As previously discussed (1.1 Principles of photocatalysis), edges of conductance and valence bands 

can be used to evaluate potential reactions and their products. Reactions (acceptors as adsorbed 

species) with reduction potential lower (more positive) than conductance band of the semiconductor 

are more favourable due to more efficient use of energy of photoexcited electrons to be transferred 

toward adsorbed species. For example, Anpo et al. tested TiO2 catalysts with conductance band edge 

of -0.5 V and observed that they are more likely to produce methanol and methane than any other 

products.157 In general, the most common products observed in CO2 photoreduction on TiO2 are CO, 

CH4, HCOOH, HCHO, CH3OH (Figure 1.13). Large band gap materials are more desired because 

they provide a variety of reactions and have more energy (greater overpotential) but also require 

higher input.9 Titania is a suitable photocatalyst to provide sufficiently negative and positive redox 

potentials. 
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Figure 1.13 Energy diagram and redox potentials of CO2 photoreduction on the TiO2 

photocatalyst. 
 

The exact order and mechanistic details of CO2 reduction are not fully examined and a number of 

pathways can result in the same product. Three main alternatives to form methane product are 

presented in literature: formaldehyde, carbene and glyoxal routes (Figure 1.14) based on their 

intermediates.27 The route of methane formation depends on the binding mode of CO2
●- to the surface 

of TiO2. Formaldehyde pathway is favoured when radical bonds via its oxygen atom, usually in 

reaction solutions with high dielectric constant like water.158, 159 However, computational and 

experimental data could not definitely confirm this pathway.160 On the other hand, carbene route is 

assisted by CO2
●- attachment to a carbon atom. Combined methane and methanol formation has been 

observed on multiple occasions and the results match with computational studies, therefore, carbene 

route appears to be more possible.157, 160-163 An EPR study showed that CO2 reduction pathways 

cannot pass either through formaldehyde or methanol and new glyoxal pathway was postulated.164 

The new approach avoids intermediates that could block the process before reaching methane 

product. 

 

Operating parameters of the reaction such as pressure, temperature, light source, intensity and 

especially pH have a major impact on the activity and selectivity of the reaction. Change of 

atmospheric pressure and room temperature are not desired because these would require additional 

energy input, which leads to less economic and benign to nature conditions. The light source is 

expected to be natural solar light. The main optimisation that is performed is pH of the reaction 

medium. Under basic pH, the conduction band of the photocatalyst becomes more reductive37 and 

CO2 photoreduction is more favourable. However, at the same time carbonates, bicarbonates are 
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produced more often which are good quenchers of holes and are more stable than CO2 thus harder to 

reduce. Under acidic conditions, a lower CO2 reduction potential is observed leading to a water 

splitting reaction competing with CO2 reduction and producing hydrogen gas as a product. However, 

an acidic pH could shift the conductance band towards to be more positive and it would become more 

favourable to reduce carbon dioxide to methanol.17  

 

 
Figure 1.14 Three proposed mechanism of CO2 reduction to methane: formaldehyde, carbene and 

glyoxal. Adapted from ref 27. 
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 The aim of the thesis 

 

Despite significant advances in our mechanistic understanding of the heterogeneous photocatalytic 

processes, notably in water depollution and splitting as well as CO2 photoreduction, the development 

of high activity photocatalysts has progressed in large part through empirical approaches to materials 

discovery. Numerous examples of the exotic photocatalyst architectures have appeared in the recent 

literature; however, most employ complex multi-step syntheses, non-recyclable templates, and/or 

earth scarce or toxic components, and hence are neither scalable nor sustainable.165-167 Control over 

the structural and photophysical properties of catalysts is critical to understanding their impact on 

photocatalysis and hence progress the rational design of improved functional materials. Effect of 

pore framework in terms of mesopores and macropores provides an important step towards 

understanding the synergy between catalyst architecture, the impact on its promoter species and the 

resulting photocatalytic activity. Considering all of these aspects, the aims of this research are 

focused on the following objectives: 

 

• Explore a facile route to control the porosity and photophysical properties of the high area, 

mesoporous TiO2 via thermal processing of a sol-gel (surfactant-templated) synthesis.  

• Assess the impact of macropores and their size to hierarchical macro-mesoporous 

architectures and the following activity. 

• Investigate physicochemical properties of co-catalysts, and understand how these impact 

upon support activity by post-functionalisation of mesoporous and macro-mesoporous TiO2 

surfaces using copper and platinum. 

• Test the different mesoporous and macro-mesoporous photocatalysts to evaluate the most 

influential properties that affect their activity for three different reactions (Methyl Orange 

degradation, water splitting and CO2 photoreduction), and compare their activity across the 

series and to existing commercial or related catalysts in literature.  
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2 Experimental 

 

  Synthesis 

 

2.1.1 Chemicals 

 

Titanium (IV) n-butoxide (ACROS Organics, 99.0%), Pluronic F-127 (Sigma – Aldrich), Nitric acid 

(Fisher, 70%), Ethanol (Fisher, analytical reagent grade), Styrene (Sigma Aldrich, >99%), Potassium 

Persulphate (Sigma Aldrich, >99%) Copper (II) nitrate trihydrate (ACROS Organics, 99%), 

Chloroplatinic acid hexahydrate (ACROS Organics, 99.9%. Trace metal basis), Methyl Orange 

(Sigma – Aldrich, Reag. Ph. Eur.), sodium sulphite (Sigma – Aldrich, 98%), commercial anatase 

(ACROS Organics, 98.0%), rutile (Sigma – Aldrich, 99.99%) and P25 (Sigma – Aldrich, 99.5%).  

 

2.1.2 Synthesis of mesoporous titania 

 

Mesoporous TiO2 was synthesised through surfactant templating synthesis (Figure 2.1) where non 

– ionic triblock copolymer Pluronic F-127 (12,600 g mol-1, 7.7 g) was dissolved in ethanol (120 ml) 

followed by HNO3 (6.3 ml) and titanium (IV) n-butoxide (16 ml) under rapid stirring. The solution 

was left stirring at room temperature for 6h and then transferred to the oven for solvent evaporation 

at 50 oC for 18 h. The resulting gel was calcined in a muffle furnace at temperatures between 300 – 

900 oC (1 oC min-1) for 4 h and finally ground to a fine powder.  

 
Figure 2.1 Schematic representation of the surfactant templating synthesis. 

 

2.1.3 Synthesis of polystyrene beads 

 

Polystyrene beads were synthesised by an emulsifier-free emulsion polymerization using a modified 

literature protocol168. The large scale reaction was performed on Radleys Reactor Ready 2000 ml 

(Figure 2.2). Depending on the desired polystyrene bead size water solvent volume was varied. 

Deionised water (Table 2.1) was outgassed with N2 under stirring at room temperature overnight. 

Styrene (105 ml) was separately washed with an equal volume (100 ml) of 0.1 M NaOH solution 

(×5) and deionised water (×5). Potassium persulphate initiator solution was independently prepared 

by dissolving 0.33 g in 50 ml of deionised water at 80 °C under N2 and stirring. The reactor was 

heated to 80 oC, then styrene was first slowly dropwise injected into the reactor and after 1 h initiator 



  

43 
 

potassium persulphate solution was added. The reaction mixture was left stirring (300 rpm) at 80 °C 

for 24 h. The product polystyrene beads were recovered by centrifugation for 2 h at 8000 rpm to get 

ordered similar size PS beads and left to dry at RT for 3-4 days. To obtain reasonable SEM data, the 

size of the resulting polystyrene beads was determined using the polymer emulsion collected at the 

end of the synthesis. Polystyrene beads that were isolated and dried from the synthesis medium did 

not redisperse well in any solvents. 

 

 
Figure 2.2 Radleys Reactor Ready 2000 ml used for polystyrene beads synthesis. 

 

Table 2.1 Polystyrene bead size and corresponding reaction conditions. 
PS bead size (SEM) / nm Water solvent volume / ml 

140 1000 

200 850 

310 400 

 

In order to achieve large diameter beads, small scale polystyrene bead synthesis adapted from Im et 

al. method169 where deionised water (5 ml) and ethanol (40 ml) was outgassed with N2 under stirring 

at 80 oC for 1 h. Styrene (5 ml) was separately washed with an equal volume (10 ml) of 0.1 M NaOH 

solution (×5) and deionised water (×5). Potassium persulphate initiator solution was independently 

prepared by dissolving required amount (Table 2.2) in 5 ml of ethanol under N2 and stirring at room 

temperature. Firstly, polyvinylpyrrolidone (PVP, 0.4 g) was dissolved in the reaction solution, then 

styrene was injected dropwise and lastly, initiator potassium persulphate solution was added. The 

reaction mixture was left stirring (300 rpm) at 80 °C for 24 h. The product polystyrene beads were 

recovered by centrifugation for 2 h at 8000 rpm in order to get ordered similar size PS beads and left 

to dry at RT for 3-4 days. 
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Table 2.2 Potassium persulphate mass and corresponding PS bead size. 
PS bead size (SEM) / nm Potassium persulphate/ g 

240 0.178 

290 0.330 

 

2.1.4 Synthesis of macro-mesoporous titania 

 

Macro-mesoporous TiO2 was prepared by soft-hard templating combining a sol-gel method 

discussed above (2.1.2 Synthesis of mesoporous titania) with hard polystyrene template (2.1.3 

Synthesis of polystyrene beads). During synthesis block copolymer Pluronic F-127 (7.68 g; 12 600 

g mol-1) was dissolved in ethanol (120 ml) with the addition of nitric acid (6.3 ml). Ti (IV) n-butoxide 

(16 ml) was added slowly dropwise to the reaction mixture and left stirring for 6h at room 

temperature. Five minutes before the end of stirring, polystyrene beads (4 g) were introduced as a 

hard template to form macropore framework. The resulting sol solution was left aging in Petri dishes 

in the oven for solvent evaporation at 50 oC for 18 h then calcined at 400 oC (1 oC min-1) for 8h under 

air.  

 

2.1.5 Cu deposition 

 

A family of copper loaded titania materials were prepared by deposition of 0.02 – 12.33 wt% Cu on 

mesoporous TiO2 500 °C and 0.1 wt% on mesoporous TiO2 400 – 800 oC and macro-mesoporous 

TiO2 supports by incipient wetness impregnation method using Cu (II) nitrate trihydrate precursor in 

deionised water. The aqueous solution was stirred in the dark at 50 oC for 17 h till the dry powder 

was obtained. The resulting solid was re-calcined at 400 oC (ramp rate 10 oC min-1) under flowing 

O2 gas (10 ml min-1) for 2 h and ground to a fine powder. 

 

2.1.6 Pt deposition 

 

Platinum functionalised materials were prepared by subsequent wet impregnation of chloroplatinic 

acid hexahydrate solution of chosen concentration on the mesoporous TiO2 series 300 – 900 oC (2.1.2 

Synthesis of mesoporous titania) and macro-mesoporous TiO2 supports (2.1.4 Synthesis of macro-

mesoporous titania) series to achieve 1.8 wt% Pt loading. The aqueous slurry was stirred in the dark 

at 50 °C for 18 h until a dry powder was obtained, and the resulting solid subsequently reduced at 

100 °C (ramp rate of 10 °C.min-1) under flowing hydrogen (10 ml.min-1) for 1 h, and finally ground 

to a fine powder. 
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 Characterisation techniques 

 

2.2.1 Nitrogen porosimetry 

 

Nitrogen porosimetry is a quantitative method involving nitrogen physisorption to accessible 

surfaces under pressure to measure textural and physical characteristics of porous materials, for 

example, pore diameter, volume, shape, specific surface area, bulk and absolute densities. Nitrogen 

sorption isotherms were recorded on Nova 4000e and Nova 4200e porosimeters and data were 

analysed using the Quantachrome NovaWin v11.03 software. Samples were degassed at 120 oC 

under vacuum for 16 h prior the analysis. 

 

Adsorption/desorption isotherms are recorded based on the volume of nitrogen adsorbed/desorbed at 

different relative pressures (P/Po) and provide information about the structure and properties of the 

material. Adsorption, at constant temperature and pressure, reduces the entropy of a system, therefore 

the enthalpy of adsorption must be exothermic (negative)170 for gas surface collisions to take place 

(Gibbs free energy).171  There are two types of collisions between gas molecules and the surface of 

the sample: either elastic (i.e. no interaction), or inelastic where energy loss from the adsorbate to 

the adsorbent make this an exothermic process. If resulting energy loss prevents desorption and no 

more energy is transferred through the formation of chemical bonds, it is assigned as physisorption.35 

N2 physisorption can occur only at temperatures below the adsorbate boiling point171, due to the 

weak/low enthalpy of adsorption. The enthalpy of condensation (vaporisation) from adsorbate-

adsorbate interactions is very similar to the enthalpy of adsorption, which allows multilayer 

formation.172 

 

N2 adsorption and multilayer formation occurs at liquid nitrogen temperature (-196 oC) and rises 

from induced temporary dipoles due to fluctuation in electron density, known as London forces.171 

Nitrogen porosimetry involves gradually dosing N2 and recording the adsorbed amount at a known 

pressure and constant temperature (dynamic equilibrium where the rate of adsorption is equal to the 

rate of desorption).172 An isotherm is constructed by plotting the amount of adsorbate against the 

partial pressure of the system. The shape of the isotherm reveals information about layers of N2 

molecules on the surface. Based on IUPAC nomenclatures there are 6 different types of isotherms 

(Figure 2.3). 173, 174 
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Figure 2.3 Six types of different isotherms and 4 types of hysteresis loop based on IUPAC 

nomenclature where x-axis corresponds to P/Po and y-axis to volume adsorbed (g cm-3). Adapted 
from reference 175. 

 

Type I depicts a microporous material – short distance between adsorbate-adsorbent leads to strong 

interaction, type II is characteristic of a non-porous or macroporous material, type III is the 

consequence of stronger adsorbate-adsorbate interactions compared to adsorbate-adsorbent, type IV 

and V exhibit a hysteresis loop, which is the result of capillary condensation in the mesoporous 

materials and type VI shows a gradual formation of adsorbate layer on a highly uniform surface.175 

Hysteresis loops, observed in type IV and V, appear because of differences in the adsorption and 

desorption processes and provide an insight into mesopore environment. Adsorption arises via a 

capillary condensation mechanism, from the pore walls inwards, whereas desorption starts at the 

liquid surface, at the pore opening. Evaporation occurs at a lower pressure compared to condensation 

where the interactions are stronger due to the close proximity of adsorbate and pore wall, and that 

produces the hysteresis.172 The hysteresis shape depends on the pore shapes and there are four types 

(Figure 2.3):  H1 from uniform pore sizes, whereas H2 - non-uniform ink-bottle shape pores, H3 and 

H4 are the results of slit type pores.175 

 

In order to quantify specific surface area, pore size and volume, sorption isotherms are not sufficient 

thus theoretical calculations need to be applied. The most common mathematical model to calculate 

specific surface area is BET (Brunauer-Emmett-Teller)176 (Equation 2.1) which is an extension of 

Langmuir theory to accommodate multilayer formation via additional parameter c. The theory 

assumes that adsorbent molecules are distributed on the surface in infinite layers without any 

interaction with each other and each layer obeys Langmuir theory. It calculates the volume of 

adsorbent (Vm) corresponding to a mono layer of gas adsorbed on the solid surface at the linear region 

P/Po= 0.05-0.35.  
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𝑉𝑉[(𝑃𝑃𝑜𝑜/𝑃𝑃) − 1] =
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(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

+ 1 

 

Equation 2.1 BET equation, where P and Po are the equilibrium and saturation pressure, V is 
adsorbed volume and Vm is adsorbed monolayer volume, c is the BET constant. 

 

The obtained monolayer volume Vm is used to calculate the total surface area (Equation 2.2) 

assuming closed packed N2 molecules with 0.162 nm2 occupied area (s). 171, 172, 174 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =
(𝑉𝑉𝑚𝑚𝑁𝑁𝐴𝐴𝑠𝑠)

𝑉𝑉
 

Equation 2.2 Total surface area equation, where NA is Avogadro’s number, s - adsorption cross-
section (0.162 nm2) and V is adsorbed volume. 

 

For mesopore size and volume, the BJH (Barrett-Joyner-Halenda) method is employed which uses a 

modified Kelvin equation (Equation 2.3).172 It evaluates partial pressure at which adsorbate will 

spontaneously condense (and evaporate) in a cylindrical pore at multilayer sample coverage. The 

average pore size is equal to the sum of Kelvin radius (radius of the meniscus in the pore) calculated 

from desorption data for relative pressures >0.35 and statistical thickness (t) of the adsorbed film 

(estimated using t-plot). The total pore volume is determined from the maximum amount of gas 

adsorbed at P/Po =1 and conversion of the gas volume into the liquid volume. Multilayer formation 

is modelled mathematically to calculate a layer thickness (t), as a function of increasing relative 

pressure (P/Po) in the linear range of 0.2-0.5, which is known as a t-plot. The slope of the t-plot is 

equal to the area of those pores (mesopores and macropores) that can form multilayer while 

micropores cannot. For a known monolayer volume following adsorbate layers can be evaluated.172 

 

𝑙𝑙𝑙𝑙
𝑃𝑃
𝑃𝑃𝑜𝑜

=
−2𝛾𝛾𝑉𝑉𝑚𝑚
𝑟𝑟𝑘𝑘𝑅𝑅𝑅𝑅

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

Equation 2.3 Modified Kelvin equation, P/Po – relative pressure of vapour in equilibrium with 
condensed gas meniscus, rk is the Kelvin radius, 𝛾𝛾 – liquid surface tension, 𝜃𝜃 – adsorbate surface 

contact angle (0 for N2, cos(0)=1), R – universal gas constant and T is temperature. 
 

2.2.2 X-ray Diffraction (XRD) 

 

X-ray diffraction is a technique where the crystalline atoms cause a beam of X-rays to diffract into 

many specific directions and by measuring the angles and intensities of these diffracted beams 

crystalline phase content, order, crystallite size, d-spacing, pore wall thickness and lattice parameters 

can be determined. There are two types of XRD techniques: wide angle determining crystallinity and 

crystallite size and low angle which provides pore packing information. Powder X-ray diffraction 

eliminates the need for a single crystal, instead, a small sample of the material grounded to a powder 

are used, allowing nanocomposites, hierarchical structures and metal nanoparticles to be studied. 
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XRD patterns were recorded on a Bruker D8 Advance diffractometer (40 kV, 40 mA) fitted with a 

LynxEye high-speed strip detector which uses Cu Kα (1.54 Ǻ, 8.04 keV) source with a nickel filter, 

calibrated against a SiO2 standard. Wide angle patterns were recorded over a range of 2θ = 10-80° 

(step size 0.02°, scan speed 0.020 ° s-1) and low angle patterns over a range of 2θ = 0.45-8° (step size 

0.01°, scan speed 0.014 ° s-1). 

 
Figure 2.4 Schematic representation of X-ray interaction with crystal lattice. 

 

X-ray photons generated in a Cu anode via demotion of higher energy electron to lower energy 

vacancy are fired at the powder sample. Monochromatic X-ray striking a polycrystalline sample give 

rise to a cone of diffraction from the endless array of orientations/planes. The atoms in crystalline 

materials are arranged in a regular order, resulting in planes of atoms that scatter the X-ray by 

different amounts depending on the plane spacing d. Only scattering of electrons that are in phase 

will form constructive interference (amplification of the wave) from crystal planes (wide angle) or 

ordered pore walls (low angle) leading to diffraction pattern characteristic of the specific material 

(Figure 2.4). The angle at which the peaks occur in the spectra is related to the d-spacing of the plane 

of the crystal lattice. Based on Bragg’s Law (Equation 2.4) constructive interference for set 

diffraction angles (𝜃𝜃) is detected exclusively if the distance between scatters (d) is equal to an integer 

(n) multiplied by the X-ray wavelength (𝜆𝜆). Crystal structure of the material and lattice dimensions 

can be determined. 

 

𝜆𝜆n=2dsin𝜃𝜃 

Equation 2.4 Bragg’s Law. 
 

From the wide angle XRD data, average crystallite sizes were estimated from line broadening based 

on full width half maximum (FWHM) of diffraction peaks using Scherrer equation (Equation 2.5).177 

Minimum detectable crystallite size is ~ 2 nm178. In general, smaller particle size leads to broader 

peaks179. For peaks to be sharp, slightly away of the 2θ, destructive interference needs to occur. Only 

small amount of the diffracted waves are out-of-phase thus many planes are needed to completely 

remove waves. When the crystallites are in nanoscale the number of planes and thus the destructive 
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interference is insufficient and results in broader peaks. Peak fitting was performed using Diffrac.Eva 

software. 

 

𝑃𝑃𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑘𝑘𝑘𝑘

�(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)2 − 𝑆𝑆2)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
 

Equation 2.5 Scherrer equation for particle size, where PSave = particle size (Å), FWHM= full 
width half maximum of the peak, S = 0.15 (systematic broadening caused by diffractometer); k = 

0.9 (constant). 
 

In addition, percentages of anatase and rutile crystalline phase can be determined from XRD 

diffractograms using Spurr – Myer’s equation (Equation 2.6) where IR and IA are the intensities of the 

rutile TiO2 (110) and anatase TiO2 (101) peaks.180 

 

% 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 1

1+1.265𝐼𝐼𝑅𝑅𝐼𝐼𝐴𝐴

𝑥𝑥100 % and % 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 1

1+0.8𝐼𝐼𝐴𝐴𝐼𝐼𝑅𝑅
𝑥𝑥100% 

Equation 2.6 Spurr – Myer’s equation for quantifying anatase rutile mixtures with XRD, where IA 
and IR are relative/integral intensities of the most intense anatase and rutile peaks respectively.  

 

The peak height and position is directly related to the unit cell arrangement of the crystal structure 

or ordered pores. There are seven crystal systems that are used to classify the structure of crystalline 

materials which are incorporated into the basic lattice types (cubic, face-centred cubic, base-centred 

cubic and body-centred cubic) to form one of 14 unique ‘Bravais Lattices’.181 The lattice spacing a 

of the catalysts for the tetragonal systems is determined from the relationship between Bragg’s law 

and Miller indices (Equation 2.7) which are used to notate planes in Bravais lattice. Wide angle X-

ray measurements pick up diffraction of different Brag angles which correspond to individual planes, 

allowing full crystal structure to be detected.182, 183 From the low angle XRD data lattice (d) and pore 

spacing (a) were calculated for the hexagonal mesopore architectures d (100) where 

�(ℎ2 + 𝑘𝑘2 + 𝑙𝑙2) = 1  simplifies the equation. 

 

𝑑𝑑 = 𝜆𝜆�(ℎ2+𝑘𝑘2+𝑙𝑙2)
2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

  and 𝑎𝑎 = 2𝑑𝑑
√3

 

Equation 2.7 Relationship between Bragg’s law and Miller indices for lattice (d) and pore (a) 
spacing calculations where λ - wavelength of Cu Kα radiation (0.154nm); h, k, l - Miller indices; θ 

- diffraction angle. 
 

2.2.3 Electron microscopy  

 

HRSTEM (High-resolution scanning transmission electron microscopy) and SEM (Scanning 

electron microscopy) analyses were employed to observe the surface structure of the synthesised 

catalysts e.g. porosity, particle and composite dimensions through localised direct imaging of 

samples. STEM images were recorded on a JEOL 2100F FEG STEM operating at 200 keV and 

equipped with a spherical aberration probe corrector (CEOS GmbH) at the University of Birmingham 
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by Dr C. Parlett and Dr M. Isaacs. Samples were prepared for microscopy by dispersion in methanol 

and drop-casting onto a copper grid coated with a holey carbon support film (Agar Scientific). Images 

were analysed using ImageJ v1.46r software. SEM images were recorded on a Carl Zeiss EVO MA15 

W SEM operating at 10 kV at the University of Leeds. Samples were placed on aluminium stubs 

using adhesive carbon tape and coated with gold to reduce charging.  

 

 
Figure 2.5 A schematic representation of HRSTEM imaging. Adapted from ref 185. 

 

The wavelength of electrons (~12.3 pm at 10 kV decreasing to 2.5 pm at 200 kV) is considerably 

shorter than both visible light (380 – 750 nm) in an optical microscope and X-ray radiation, 

enhancing microscope resolution to an atomic level under high-resolution STEM conditions.184 

STEM is a microscopy technique in which a beam of electrons raster over sample and is transmitted 

through an ultra-thin specimen by multiple electromagnetic lenses and it interacts or not with the 

specimen while passing through which produces Z contrast - a black and white image (Figure 2.5). 
184, 185 A 2D image is produced where the contrast depends on many of features, including thickness, 

atomic mass and density of the sample. Depending on the weight of the atomic nuclei the electrons 

are scattered differently allowing to separate phase of composite materials; the higher the atomic 

mass of the element the stronger it diffracts and appears brighter.186 
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SEM images are developed by detection of secondary electrons that form from the shift of a k orbital 

(1s) electron.184 The low energy (50 eV) secondary electrons induce surface sensitivity as their escape 

from the bulk is obstructed. The electron beam raster over the sample and the beam's position is 

combined with the detected signal to produce a 3D image where contrast is generated from the 

morphology of the sample. Surface, with the same angle as the beam, is brightest with increasing 

darkening as surfaces tilt towards being parallel to the beam. 

 

2.2.4 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

 

ICP-OES was employed for quantitative elemental analysis of samples through utilisation of 

microwave digestion system to detect the amounts various elements e.g. Cu and Pt present in a 

sample even in sub ppb limits. ICP- OES was performed using Thermo iCAP 7000 ICP-OES and a 

calibrated to an element standard (Sigma Aldrich, 1000 ppm) made up to give concentrations of 1, 

10, 25, 50 and 100 ppm. Samples were digested in nitric, sulphuric and hydrofluoric acids in a 

microwave digester prior analysis.  

 

ICP-OES is a type of emission spectroscopy that uses the inductively coupled plasma to produce 

excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a 

particular element. The ions are produced using an argon plasma source, which is heated to around 

8000 oC to form an ion. The aqueous solution containing sample is passed through a nebuliser, 

allowing the sample to enter the plasma torch as an aerosol. The sample immediately collides with 

the electrons and charged ions in the plasma and is broken down into ions. The molecules break 

down to corresponding atoms which then lose electrons and recombine regularly in the plasma, 

giving off radiation at the characteristic wavelengths of the elements involved. 

 

2.2.5  X-ray photoelectron spectroscopy (XPS) 

 

XPS is a surface-sensitive quantitative spectroscopic technique that measures the elemental 

composition (parts per thousand), empirical formula, chemical environment, coating thickness and 

oxidation state of the elements within a material. XPS data were collected using a Kratos AXIS HSi 

instrument, equipped with a charge neutraliser and using a monochromated Al Kα (1486.6 eV) X-

ray source. High-resolution spectra were recorded using pass energy of 40 eV. Data obtained was 

analysed and fitted using CasaXPS Version 2.3.15. All spectra were charged corrected to the 1s 

carbon region at 284.6 eV with elemental sensitivity factors applied to quantify sample composition. 

Errors were estimated by varying a Shirley background across reasonable limits. 
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Figure 2.6 Illustration of photoelectron ejection where Ekin – photoelectron kinetic energy, Eb – 
electron binding energy, φ – spectrometer work function, Ef – Fermi level, Ev – vacuum level. 

 

XPS spectrum is obtained by irradiating a material with X-rays beam while simultaneously 

measuring the kinetic energy and number of escaping electrons. Mg Kα (1253.6 eV) and Al Kα 

(1486.6 eV) are classified as soft X-rays due to their low energy compared to XAS (2.2.6 X-ray 

adsorption spectroscopy) and do not require synchrotron radiation.187 This technique is based on 

the principles of the photoelectric effect, mainly that altering the energy of the incoming radiation 

affects the kinetic energy of the released photoelectrons; materials absorb X-ray photons and eject 

core-level photoelectrons with different kinetic energies (Figure 2.6).170, 179  Kinetic energies depend 

on the element and its environment, such as orbital and the coordination/oxidation state. XPS probes 

only the surface of the material because of only a short distance that an electron can escape (1-3 nm) 

and thus is performed in UHV conditions (typically <10-9 bar). The short escape distance (mean free 

path) is due to interactions between ejected electron and electrons of other atoms.188 Generally, 

spectra are plotted as a function of the binding energy which is calculated using kinetic energy 

relationship in Equation 2.8. Spectrometer work function represents the energy required (ionisation 

potential) to eject an electron at the Fermi level into the vacuum.179 

 

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝜈𝜈 − 𝐸𝐸𝑏𝑏 − 𝜑𝜑 

Equation 2.8 Relationship between the kinetic energy of ejected electrons and the binding energy of 
the photoelectrons, where Ekin – photoelectron kinetic energy, hν – photon energy of X-ray, Eb – 

electron binding energy, φ – spectrometer work function. 
 

The calculated binding energies can be matched to a database of standards from the National Institute 

of Standards and Technology (NIST) photoelectron spectroscopy database to determine the chemical 

identity and gain information regarding the chemical environment.189 Oxidation state and sample 

composition influence shift of binding energy of an element.188 For example, the binding energy of 

Pt(II) is 1.4 eV higher than Pt(0) due to the greater attractive force of the nucleus felt by 76 electrons 
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over 78. In most cases, outermost filled electron shell is probed because it experiences the greatest 

effect of the changes and would give the strongest signal. 

 

When electrons are ejected, orbitals with angular momentum ( > 0, i.e. s, p, d and f orbitals) are 

influenced by spin coupling between orbital angular momentum (l) and electron spin (ms) magnetic 

fields, with the sum of the two giving total angular momentum (j). This interaction is either 

favourable or not, as is either anti-clockwise (+½) or clockwise (-½) and thus two values for j exist.179 

Peak doublets with ratios equal to 2j+1 observed in XPS spectra are a result of this spin coupling. 

For d orbitals the intensity ratio is 3:2, as l= 2 and thus j= 5/2 and 3/2. Favourable coupling increases 

binding energy and occurs when forces oppose, j= 3/2. Energy donation from an escaping 

photoelectron to another bound electron causes asymmetric peak broadening towards higher binding 

energies. This reduces the measured kinetic energy value of the escaping photoelectron and thus 

artificially inflates its reported binding energy. Photoelectrons formed further from the surface loose 

more energy which leads to the stepped background of XPS spectra. 

 

Ti(0) possess Ti 2p3/2=453.9 eV, while Ti(II) 2p3/2=455.5 eV and Ti(III) 2p3/2=457.3 eV binding 

energies for the Ti atoms in TiO2 species. Ti 2p peak has significantly split spin-orbit components. 

The binding energies for Ti(IV) (TiO2) 2p core levels correspond to Ti 2p3/2 =458 eV and Ti 2p1/2 

=464 eV. Ti metal gives asymmetric peak shapes while TiO2 – symmetric. Pt 4f XP spectra of Pt(0), 

Pt(II) (PtO) and Pt(IV) (PtO2) display spin–orbit split doublets of 4f7/2 = 71 eV, 4f7/2 =72.4 eV and 

4f7/2 = 74.9 eV respectively with Pt metal peaks being asymmetric shape like for titanium while 

Pt(II) and Pt(IV) peaks - symmetric. 

 

2.2.6 X-ray adsorption spectroscopy (XAS) 

 

XAS (X-ray adsorption spectroscopy) measurements is an effective technique to evaluate oxidation 

state and local environments of the atoms, even at ultra-low quantities. Experiments were conducted 

at XAFS beamline at Elletra Synchrotron Trieste (Italy) using a Si(111) and Si(311) double crystal 

fixed exit monochromator with silicon drift detector to record fluorescence. Fluorescence and 

transmission spectra of Cu (8987.96 eV) K-edge were acquired of the powder catalyst samples after 

dilution with BN. XANES and EXAFS spectra were normalised, background subtracted, and fitted 

to Cu2O, CuO, Cu2NO3 and Cu foil standards, using the Athena and Artemis components of the 

IFEFFIT software suite (1.2.11d) respectively. EXAFS fittings using the Artemis software were 

performed by Dr C. M. A. Parlett. 

 

XAS, similarly, to XPS, involves the generation of photoelectrons, however, instead of direct 

evaluation, the technique assesses their influence on the resulting X-ray photon adsorption. This 

eliminates the need for ultra-high vacuum systems and permits characterisation of materials under 
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atmospheric conditions and more importantly the option of in-situ/operando measurements.190 

Adsorption of X-ray photons, ejects an electron as a photoelectron if its energy is greater than the 

binding energy of the electron.188 Generally, electrons from a shell close to the nucleus are targeted, 

which results in transformations with increasing energy demand. When photoelectron is discharged, 

the atom is excited by virtue of the unfilled electron orbital and affects subsequent X-ray photon 

adsorption. Fluorescence, ‘electron-hole’ shifting or adsorption of scattered photoelectrons, 

including backscattering of the original, can partially stabilise this excitation state. X-ray absorption 

is modulated by the constructive and destructive interference of photoelectron waves scattered by 

neighbouring atoms that are photoexcited.179 Obtained spectra provides bulk information regarding 

both electronic and local geometric environment, even where sample lacks periodicity.187 

 

Generally, photon energies are set from ~300 eV below to ~1000 eV above the adsorption edge, this 

being the minimum energy required for X-ray photon adsorption (photoelectron generation). XANES 

region (which is first 100 eV after the adsorption edge) by using photoelectron and valence electron 

interactions provides oxidation state information.179, 188 A result of the relatively low photoelectron 

kinetic energy which arises due to the close proximity between incident X-rays and electron binding 

energy, EXAFS region spans for ~1000 eV or as far as oscillations are observed. These 

photoelectrons possess higher kinetic energy, on the grounds of the increasing incident X-ray energy, 

which allow them to transmit further. Single and multiple scattering of the photoelectrons by the 

surrounding atoms provides information about local geometry. 

 

XAS for Cu(I) and Cu(II) species show three/two distinct features: a weak pre-edge feature around 

8977 eV, a strong rising-edge feature around 8986 eV, and an intense white line around 8996; these 

are attributed to dipole-forbidden 1s→3d (not observed for Cu(I) species), 1s→4pz (or 4px,ypz for 

Cu(I) species) and 1s→4p (continuum) transitions respectively. 

 

2.2.7 Temperature programmed oxidation (TPO) 

 

Thermogravimetric analysis (TGA) is a thermal analysis method which monitors the evolution of 

physical and chemical properties of the materials a function of temperature, via associated mass 

losses and heat flow (endothermic or exothermic processes). Mass variation changes of the solid that 

are measured as a function of increasing temperature over constant heating rate or as a function of 

time with constant temperature with the application including oxidation, reduction, desorption 

reactions under suitable gas atmosphere. TPO is a type of TGA where the mass change of the solid 

is measured as a function of increasing temperature under oxidative conditions (oxygen gas flow). 

TPO analysis was conducted using Mettler Toledo TGA – DSC 2 thermal analyser equipped with an 

autosampler. Data was collected from 45-800 oC (10 oC min-1) under flowing N2/O2 (40:20 v/v 60 

ml min-1). The instrument usually consists of a high-precision balance connected to a sensor with a 
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thermocouple to accurately measure the temperature within the furnace chamber. The sample is 

placed on the sensor together with reference pan. 

 

2.2.8 UV-vis spectroscopy 

 

UV-vis spectroscopy enables to measure optical properties of the materials in solution and solid state. 

It is a vital tool for quantitatively detecting dissolved quantities of highly conjugated organic dye 

molecules. For liquid UV-vis optical absorption measurements, Thermo Scientific Evolution 220 

UV-vis spectrophotometer equipped with Xe lamp and Vision software was used. The absorption 

spectra of methyl orange degradation reaction mixture were recorded in the 200-700 nm range using 

0.4 ml quartz micro-cuvettes. For the time profiles and the initial rate calculation, the 464 nm Methyl 

Orange peak is followed. 

 

Molecules possessing 𝜋𝜋 or non-bonding electrons as well as semiconductors can absorb energy from 

UV-vis light to excite electrons from lower energy level (HOMO for molecules; valence band for 

semiconductors) to higher energy level (LUMO, conductance band respectively). If light absorption 

occurs in visible region compounds are coloured. The energy absorbed in an electronic transition 

between ground (lower) to excited (higher) states and the relationship with the frequency or 

wavelength of radiation producing the transition is expressed in Planck-Einstein relation (Equation 

2.9). 

 

∆𝐸𝐸 = ℎ𝜈𝜈 = ℎ
𝑐𝑐
𝜆𝜆

 

Equation 2.9 Planck-Einstein relation where h is Planck’s constant, ν-frequency, c-speed of light, 
λ-wavelength. 

 

Methyl orange molecule is a chromophore and appears orange in water solution. The delocalised 

electrons of conjugated bonds of the molecule are excited by UV-vis light and produce two bands: 

π→ π* (464 nm) and n→ π* (277 nm) (Figure 2.7). UV-vis spectroscopy of molecules, the energy 

absorbed is determined by the difference between HOMO and LUMO where the larger difference 

leads to the lower wavelength of absorption and vice versa. The position of the absorption band is 

equal to the energy of a wavelength of radiation required to excite the electron. The intensity of the 

absorption depends on the probability of interaction between light and electronic system and energy 

required for excitation. Beer-Lambert’s law (Equation 2.10) is applied to calculate absorbance.191 

 

𝐴𝐴 = 𝜀𝜀𝜀𝜀𝜀𝜀 

Equation 2.10 Beer-Lambert’s law where A- measured absorbance, ε-molar absorptivity, l-path 
length of the cuvette, c-concentration. 
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Figure 2.7 Methyl Orange molecule in water UV-vis absorbance spectrum. 

 

2.2.9 Band gap calculations 

 

Solid DRUVS (Diffuse reflectance UV-vis spectroscopy) spectra of semiconductors measure 

electron excitation from valence to conductance band – the band gap of the catalyst. It was recorded 

on a Thermo Scientific Evolution 220 spectrophotometer equipped with an ISA – 220 accessory. 

 

The band gap of the semiconductor plays a very important role in the photocatalytic activity. It 

indicates the difference between the top of the valence band (VB), filled with electrons, and the 

bottom of the empty conductance band. Usually, metals do not have any band gap or it is lower than 

0.05 eV, while for insulators the band gap is usually greater than 3.5 eV leaving semiconductors in 

between.  

 

Electrons present in a valence band undergo electron transition when enough energy is shone on the 

semiconductor.  There are two types of valence to conductance band transitions – direct and indirect 

(Figure 2.8).192 In direct transition (marked a) an electron is promoted from the highest level of the 

valence band to the lowest level of the conductance band and an additional phonon is not required. 

While indirect transitions (marked c) require an additional phonon to conserve momentum. Line b 

illustrates forbidden in this case direct transition which needs more energy because it disobeys 

selection rules. The graph clearly shows the defined edge between CB and VB which corresponds to 

the band gap and can be observed using UV-vis absorption techniques (Figure 2.8). 



  

57 
 

 
Figure 2.8 Illustration of electronic transitions that can occur in semiconductors where a – direct 

transition, b – forbidden direct transition, c – indirect. Reprinted from ref 192. 
 

A band gap is called direct, if electrons of the valence band maximum and holes of conductance band 

minimum possess the same momentum and kinetic energy and electrons directly absorb a photon. In 

an indirect band gap, the maximum energy of the valence band occurs at different values to the 

momentum of the conduction band minimum, thus an additional energy input of a phonon is required 

to promote an electron. As seen in Figure 2.9193 anatase exhibits an indirect band gap that is smaller 

than its direct band gap. Therefore the most energetically efficient and most likely transition will be 

an indirect allowed transition (Figure 2.9 a). For rutile, on the other hand, its indirect band gap is 

very similar to its direct therefore direct allowed transition (Figure 2.9 b) is more likely because 

indirect transitions require one additional photon to conserve the momentum. Forbidden transitions 

can take place but the probability is extremely low.  

 

 
Figure 2.9 Calculated energy-band structures for rutile and anatase. Reprinted from ref 193.   
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The band gaps were determined from a Tauc plot using a Kubelka-Munk function from absorption 

of diffuse reflectance spectra. The expression proposed by Tauc, Davis and Mott. (h𝜗𝜗𝜗𝜗)1/n =A(h𝜗𝜗-

Eg), where h-Planck’s constant, 𝜗𝜗 - vibrational frequency, 𝛼𝛼 - absorption coefficient, Eg –band gap, 

A – proportional constant, where h𝜗𝜗= 1239.852/𝜆𝜆 (wavelength). The value of n depends on the nature 

of transition occurring: either direct or indirect allowed band gap transitions. Controversial 

assumptions are found regarding the value of n and consequently the value of the exponential. Some 

authors use a power of 0.5 (n=2) for the indirect transition and power=2 (n=0.5) for direct and vice 

versa.194, 195 The acquired absorbance spectrum is converted to the Kubelka-Munk function where 

the absorption coefficient (𝛼𝛼) is proportional to absorbance (a) and thus interchanged. A graphic 

representation was used to calculate band gap (Eg) of materials: the Tauc plot applying Kubelka-

Munk function - vertical axis of (ah𝜗𝜗)1/n
 against (h𝜗𝜗) horizontal is plotted where a is absorbance and 

n corresponds to either direct or indirect allowed band gap transitions. The major band gap transition 

due to anatase is considered to be indirect allowed (n=2).193 A Straight line tangent to the point of 

inflection, which is found by taking the first derivative of the curve, is drawn. The value at which 

tangent line intersects horizontal photon energy axis corresponds to the band gap of the material.  

 

2.2.10 Time – resolved photoluminescence (TRPL) 

 

Time-resolved photoluminescence spectra of the as-prepared samples in an aqueous suspension (1 

mg. ml-1) were recorded on an F-4500FL rapid scanning fluorescence spectrometer at an excitation 

wavelength of 380 nm at York University by Ben Coulson.  

 

 

Figure 2.10 Energy diagram illustrating photoluminescence origin. 
 

Semiconductor materials absorb high energy photons and excite electrons to conductance band. 

When electrons recombine they return to valence band and energy in the form of photons is emitted 

(Figure 2.10).196 A plot of emission against time for any given excitation wavelength is known as 

emission spectrum (Figure 2.11). The peak in the spectrum corresponds to the instrument response 

(pulse) and only the tail of the peak (exponential) is fitted.  
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Figure 2.11 A representative photoluminescence spectrum of TiO2 catalyst. 

 

The charge carrier lifetimes (t) are calculated by fitting TRPL spectra using Equation 2.11 where 

number of 𝐵𝐵1𝑒𝑒
(−𝑡𝑡𝑡𝑡1

) fragments depends on how well the function fits the spectra. The decay curves 

were modelled in the F4500 software using a ‘tail fit’ model. The fitting software generates τ and B 

values and 𝜒𝜒2 which indicates the best fit. The average carrier lifetime (tavg) combines multiple 

lifetime constants in Equation 2.12. 

 

𝑅𝑅(𝑡𝑡) = 𝐵𝐵1𝑒𝑒
�−𝑡𝑡𝑡𝑡1

� + 𝐵𝐵2𝑒𝑒
�−𝑡𝑡𝑡𝑡2

� … 

Equation 2.11 Time-resolved photoluminescence fitting function where t is the lifetime constant of 
the charge carriers, B – the contribution of each lifetime constant to the overall signal, R – number 

of counts (arbitrary) at a time. 
 

𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐵𝐵1𝑡𝑡12 + 𝐵𝐵2𝑡𝑡22

𝐵𝐵1𝑡𝑡1+𝐵𝐵2𝑡𝑡2
 

Equation 2.12 The average carrier lifetime equation. 
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response 
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 Photocatalytic reactions  

 

2.3.1 Methyl Orange decomposition 

 

 
Figure 2.12 Methyl Orange degradation reaction set up. 

 

Photocatalytic Methyl Orange (MO) degradation tests of all photocatalysts were performed in a 

sealed 150 ml quartz photoreactor (27 mm i.d.) with a cooling system (recirculating cooling jacket 

connected to a Huber Minichiller) set to room temperature (20 oC) (Figure 2.12). 50 mg of catalyst 

was added to 50 ml of 20 ppm MO solution and stirred (625 rpm) in the dark for 1 h to establish the 

adsorption-desorption equilibrium. The reaction mixture was subsequently irradiated (26 mW.cm-2 

reactor internal flux measured using G & R labs 200 light meter, inside and outside of the reactor) 

with UV-vis light spectra under stirring by a 200 W Newport Oriel Instruments 66002 Hg Xe arc 

lamp employing water filter to remove infrared wavelengths (Figure 2.13).Reactions were 

periodically sampled and centrifuged to separate the catalyst, and UV-Vis absorption spectra 

recorded on Thermo Scientific Evolution 220 spectrophotometer. Initial rates were calculated 

employing MO multi-point calibration curve (7 concentrations from 1-50 ppm, R2=0.998) of the 

most intense 464 nm peak (2.2.8 UV-vis spectroscopy) and normalised to the mass of catalyst. 

Values reported are the mean of 3 repeats. 
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Figure 2.13 Light intensity map for 200 W Newport Oriel Instruments 66002 Hg Xe arc lamp. 

 

2.3.2 Water splitting and carbon dioxide reduction 

 

Water splitting and photocatalytic CO2 reduction were performed in a sealed 320 ml stainless steel 

photoreactor (Figure 2.14) with a quartz window and a cooling system (recirculating cooling jacket 

connected to a Huber Minichiller) set to room temperature (20 oC) using a 200 W Hg-Xe arc lamp 

(150 mW.cm-2) with beam turning mirror whose spectral output is shown in Figure 2.13. For water 

splitting reaction, 50 mg of sample was dispersed in 50 ml of 0.5 M Na2SO3 aqueous solution 

(sulphite as a hole scavenger) and ultrasonicated for 10 min to obtain a uniform dispersion. 

Subsequently, the reaction mixture was purged with He (15 ml/min) for 1 h to remove air from the 

system. For CO2 photoreduction, 20 mg of the catalyst was dispersed by ultrasonication in 50 ml of 

deionised water. Prior the illumination, the reaction mixture was purged with CO2 (15 ml/min) for 1 

h to degas air from the solution and saturate it with CO2. 

 

Aliquots of the reaction gas mixture were periodically withdrawn in both reactions to measure gas 

products with a 1 ml air-tight gas syringe for analysis on a Shimadzu Tracera GC-2010 Plus gas 

chromatography fitted with a Carboxen1010 (30 m × 0.53 mm × 0.1 μm) column with a He carrier 

gas and Barrier Ionization Detector. Liquid products were also analysed periodically on an Agilent 

1260 HPLC fitted with a Hi-Plex column, however, no carbon-containing liquid products were 

detected. 
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Figure 2.14 Water splitting and CO2 reaction set up. 

 

Gas chromatography is a technique, used to identify, separate or analyse gas or volatile compounds. 

Separation occurs due to different affinities of components to stationary phase, present in the column, 

and mobile phase (carrier gas). Molecules, which interact strongly with the stationary phase, leave 

the column later and vice versa. GC is fitted with BID, barrier discharge ionisation detector, which 

creates ionisation from a helium-based, dielectric barrier discharge plasma. Compounds that elute 

from the GC column are ionised by this plasma energy, produce an electric current and then is 

detected by the collection electrode and processed as peaks. Data are often recorded as 

chromatograms and then using peak integration (the area under the peak) which is proportional to 

the concentration of constituents, is calculated. In order to get concentration from peak area, results 

should be calibrated. Calibration is based on response factors obtained by varying known product 

concentration. 
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Chapter 3 
 

Mesoporous TiO2 photocatalysts 
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3 Mesoporous titania photocatalysts 

 

Commercial P25 titania, composed of anatase and rutile crystallites which display synergistic 

photocatalysis due to heterojunction formation is one of the most common starting points for 

academic and industrial research.28, 29 However, P25 suffers from a low surface area (50 m2.g-1), wide 

band gap (restricting it to UV light absorption) and rapid recombination of photo-excited charge 

carriers.197, 198 Consequently, significant research efforts have focused on developing high area, 

nanocrystalline thermally stable titanias with enhanced photophysical properties by forming small 

nanoparticles – like mesoporous single crystals (MSC)198 or incorporation of porosity. 199, 200  

 

Numerous soft/hard template methods (Figure 3.1) with diverse precursors are employed in order to 

overcome common challenges: disordered or/and thermally unstable mesostructure, poor 

crystallinity or domination of anatase phase.201 202 This involves sol-gel,203 hydrothermal,204 

solvothermal,205 microwave206 and sonochemical207 synthesis methods. Templates act as structure-

directing agents to form mesopore frameworks. A soft-templating method was adapted to synthesise 

the mesoporous TiO2 series discussed in this chapter (2.1.2 Synthesis of mesoporous titania) with 

an aid of a surfactant template. Surfactant-templating methods can include cationic (e.g. alkyl 

trimethylammonium), anionic (Perfluorooctanesulfonate), non-ionic diblock (Brij 56) and non-ionic 

triblock (F127, P123) etc. surfactants. As a result, mesoporous TiO2 can adopt various structures 

such as 2D hexagonal,208 3D cubic,209 hollow-sphere,210 worm-hole like,211 sphere-like212 etc. 

 

 
Figure 3.1 Soft and hard templating methods of synthesizing mesoporous oxides. 

 

Antonelli et al213 synthesised the first high internal surface area (200 m2.g-1), mesoporous TiO2 with 

uniform (3.2 nm) pores via a modified sol-gel synthesis using titanium alkoxides and phosphate 

surfactants. High area (150-240 m2.g-1) and highly crystalline mesoporous titania microspheres with 

average pore diameters ~4.5 nm were more recently synthesised via evaporation induced self-

assembly and acetic acid mediated sol-gel chemistries.214 However, mesoporous TiO2 catalysts with 

such mesopores are only amenable to substrates with small hydrodynamic diameters and may suffer 

mass transport limitations for bulky molecules (such as azo dyes). Yang et al 215 reported a 

straightforward route to thermally stable ordered larger-pore (6.5 nm) semicrystalline anatase 
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mesoporous TiO2 (205 m2.g-1). Nevertheless, the synthesis involves TiCl4 precursor, which is highly 

volatile and in the contact with humid air, it forms TiO2 and HCl,216 resulting in the hazardous 

environment, especially if synthesised on the large scale.  

 

Via a lengthy, multi-step route, involving ethylenediamine protective groups, well-ordered large pore 

(10 nm) pure anatase mesoporous TiO2 (158 m2.g-1) has been prepared, the thermal stability and 

photoactivity of this material for 2, 4-dichlorophenol degradation were investigated by Zhou et al217 

The highly crystalline anatase mesoporous TiO2 exhibited better photocatalytic activity than P25, 

nonetheless, charge carrier separation was limited in this single phase material. Likewise, Atitar and 

co-workers218 looked into the impact of calcination temperature on the photocatalytic activity of 

disordered broad size distribution mixed-phase mesoporous TiO2 (165 m2.g-1) in imazapyr and 

phenol oxidation reactions. It is surprising to note that calcination of disordered mesoporous titanias 

failed to induce any systematic variation in the anatase:rutile phase composition or photoactivity for 

the decomposition reactions. The effect of thermal processing (up to 600 oC) on the structure and 

crystallite size of the wormhole-like mesoporous TiO2 (149 m2.g-) was investigated and 

photocatalytic activity in Rhodamine B degradation was tested by Kesong et al.211 The results 

displayed an increase in crystallite size, a decrease in surface area and only the anatase crystalline 

form. The most active was the sample calcined at 400 oC, explained by the theory of the optimum 

crystallite size219 (10 nm) and surface area (136 m2.g-1). 

  

A great effort was devoted to achieving optimal mesoporous TiO2 materials, 199, 201, 202, 213, 214, 217, 218 

nevertheless, tuning the structural and physicochemical properties of semiconductor photocatalysts, 

and their resulting reactivity, in a predictable fashion remains challenging. It is well established that 

titania photoactivity is predominantly influenced by structural and electronic properties,19, 20 which 

may be tuned via crystal structure engineering (1.3 Titania photocatalysts).21 The commonly 

studied metastable anatase and stable rutile phases both exhibit wide band gaps (3.2 eV and 3.0 eV 

respectively)36, with anatase-rich mixtures with rutile proposed optimal for the photocatalysis due to 

charge separation across their interface.25, 26, 220 Density functional calculations have also highlighted 

the importance of crystal facets for anatase, with surface energies and photoactivity of decreasing 

from (001) 0.90 J m-2 > (100) 0.53 J m-2 > (101) 0.44 J m-2.48, 49 Surface defects such as oxygen 

vacancies (Vo) and Ti3+ sites also enhance TiO2 photoactivity,43 alongside particle size effects which 

dictate an optimum for 25-40 nm particles due to competition between light harvesting, scattering, 

bulk/surface recombination and geometric surface area.41 The understanding of these properties 

could aid breakthrough in the production of more efficient photocatalysts. 

 

Pure titania has a rapid electron-hole recombination rate and a wide band gap aiding absorption of 

ultraviolet light.193 A popular approach to enhance TiO2 activity is a promotion with transition metals 

or their oxides to maximise the lifetime of photogenerated charge carriers, activate reactants and 
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improve absorption of light.102, 221 Various copper oxidation states and environments can be put 

forward as the promoter candidates, with specific modes of action; charge carrier trapping or 

injection of excited electrons to conductance band of TiO2 (1.4 Promotion of titania 

photocatalysts). Sajjad et al. investigated copper loading effect on mesoporous TiO2 prepared using 

ionic liquid assistance, where both Cu(I) and Cu(II) components were formed.222 The research 

showed 2 wt% Cu(I) acted as the active species by favouring formation of oxygen vacancies. 

Correspondingly, Tseng and his colleagues showed that the most active Cu species on non-porous 

titania for CO2 photoreduction is 2 wt % Cu(I) as well.223 Liu and co-workers studied copper doped 

titanias as photocatalytic CO2 reduction materials, which revealed the critical dependence of activity 

on promoter dispersion, with optimal efficiency occurring in systems exhibiting maximum 

dispersions, obtained for loadings ≤ 0.03 wt%.88 This is the only structural activity correlation that 

can be identified whilst any attributes due to changing phase, species size or morphology, with 

changing dopant levels, remains unclear at the most active ultra-dilute Cu levels. The ill-defined 

nature of the copper present is the key interest: the oxidation state and the local environment of the 

copper promoter, as either atomically isolated species,85 a component of TiO2 framework87 or oxide 

nanocrystallites.86 Addition of Cu can increase both the electron-hole separation efficiency and the 

adsorption of visible light, leading to the enhanced photocatalytic activity under the full solar 

spectrum.  

 

The noble-metal, such as Pt, promotion is another way of improving the TiO2 photocatalyst 

performance.95, 96, 202 The different work functions and Fermi levels of platinum in comparison to the 

band-gap structure of the titania leads to the formation of the Schottky barrier that aids a separation 

of the electron-hole charge carriers and significantly increases the photoactivity (1.4.1 Surface 

trapping).95 Ismail et al.91 fabricated a platinum promoted mesoporous TiO2 via Pt photodeposition 

on the mesoporous TiO2 support synthesised via a one-step sol-gel process involving F127 surfactant 

template. The photocatalyst exhibited 2-fold higher photocatalytic activity in the di-chloroacetic acid 

degradation compared to the P25, which is accounted for the Pt promotion, lower light scattering 

effect of the ordered pores and improved diffusion. In addition, it was demonstrated that the post-

modification of the mesoporous TiO2 gives better photoactivity than nanocomposites, where Pt is 

incorporated during the titania synthesis. TiO2 nanotube arrays promoted by Pt nanoparticles via 

solvothermal methodology were investigated by Feng and co-workers.224 The synthesis yielded a 

uniform distribution of Pt nanoparticles with average diameter of 3.4 nm and a broad size distribution 

spanning from 1.8 – 4.9 nm. In the CO2 photoreduction reaction, the Pt promoted nanotube arrays 

showed superior methane and ethane production rates. The excellent photoactivity was attributed to 

the high particle dispersion coupled with efficient electron diffusion properties across the nanotube 

arrays.  
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Various authors investigated the influence of the deposition techniques225 and loading226 on the 

promoter species and activity but understanding the impact of the mesoporous TiO2 structure is the 

key. The ability to grow small or even monoatomic metal particles would offer improved 

photocatalytic performance while greatly reducing the costs by using only small amounts of promoter 

species. In this chapter, the impact of calcination temperature on surfactant-templated mesoporous 

TiO2 and the mesopore framework influence on the Cu and Pt promoters is explored. The relationship 

between mesoporosity and the properties of the mesoporous TiO2 could give an insight on how to 

further improve the photoactivity. Photocatalysts were made via simple inexpensive safe easily 

scaled-up surfactant templating synthesis and deposited with Cu or Pt via the classical wet-

impregnation process. The photocatalytic activity was tested in methyl orange degradation, water 

splitting and CO2 reduction reactions. 

 

 Characterisation of mesoporous titania series  

 

Seven different mesoporous TiO2 materials (meso-TiO2) were prepared using a newly developed 

surfactant templating method at different calcination temperatures from 300 to 900 oC (2.1.2 

Synthesis of mesoporous titania). The characteristics of freshly designed materials were 

investigated via a range of techniques. The key interest is the variation of structural and 

physicochemical properties with thermal processing conditions.  

 

3.1.1 Nitrogen porosimetry 

 

N2 porosimetry allows evaluation of the structural properties of the titania framework. N2 

adsorption/desorption curves (Figure 3.2) of meso-TiO2-300 - 700 display Type IV isotherms typical 

for mesoporous materials with H2 type hysteresis loop as a consequence of differing capillary 

condensation and evaporation within mesopores during adsorption and desorption respectively. 

Hysteresis indicates either restricted pore entrance (ink bottle shape) or irregular channel structure 

of mesopore framework. The decrease in the hysteresis loop size and shift towards higher relative 

pressure with increasing calcination temperature evidence loss of mesopore framework. 

Consequently, meso-TiO2-800 and meso-TiO2-900 exhibit Type II isotherm with no observed 

capillary condensation indicating absence of mesoporosity.174 
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Figure 3.2 Stacked isotherm plot of meso-TiO2 series with different calcination temperatures from 

300 to 900 oC. 
 

 

Table 3.1 Summary of N2 porosimetry results of meso-TiO2 series of meso-TiO2 series with different 
calcination temperatures from 300 to 900 oC. 

 

Specific surface area (Table 3.1) is estimated by using BET (Brunauer – Emmett - Teller) method 

with the highest value of 313 m2 g-1 for the meso-TiO2-300 sample and drastically decreased with 

increasing calcination temperature with a minimum of 4 m2 g-1 for the meso-TiO2-900 sample. The 

same trend is observed for mesopore volume (Table 3.1) with highest being 0.41 g cm-3 for the meso-

TiO2-300.  The decline of surface area and mesopore volume is caused by a significant increase in 

mesopore size from 4.6 nm to 16 nm (Table 3.1) which is linked to the rapid growth of anatase and 

rutile nanocrystallites (3.1.2 X-ray diffraction), which form the walls of the mesopores. Sintering 

of TiO2 nanocrystallites collapses the mesopore structure by obstructing the pores and forming 

irregular packing containing voids. Samples meso-TiO2-300 – 500 have a narrow BJH pore size 

Sample BET / m
2
 g

-1
 Mesopore size / nm Mesopore volume / g cm

-3
 

300 313 (±31) 4.6 (±0.5) 0.41 (±0.04) 

400 194 (±19) 5.4 (±0.5) 0.34 (±0.03) 

500 126 (±13) 6.5 (±0.7) 0.28 (±0.03) 

600 51 (±5) 9.7 (±1.0) 0.15 (±0.02) 

700 19 (±2) 16.0 (±1.6) 0.11 (±0.01) 

800 8 (±1) - - 

900 4 (±0.4) - - 

T / oC 
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distribution (Figure 3.3) implying that the materials have regular mesopore channels. With the 

increase of calcination temperature to 600 oC, the mesopore size distribution becomes broader. T-

plot calculations reveal the absence of micropores. 

 

 
Figure 3.3 Mesopore size distribution of meso-TiO2 series with different calcination temperatures 

from 300 to 900 oC. 
  

T / oC 
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3.1.2 X-ray diffraction  

 

Ex-situ wide angle XRD diffractograms (Figure 3.4) for meso-TiO2-300 – 900 display seven well-

resolved diffraction peaks indexed (101), (004), (200), (105,211), (204), (116,220), (215) 

corresponding to anatase crystalline phase.227 Furthermore, samples meso-TiO2-500 – 900 exhibit 

additional peaks analogous to rutile crystalline phase. As calcination temperature increases, anatase 

crystalline phase is being transformed to rutile228 whose content rises greatly from 3% to 75% (Table 

3.2) with sample meso-TiO2-800 being an unusual exception (in more detail investigated in the 

paragraph 3.1.3 Raman spectroscopy). 

 

 
Figure 3.4 Wide angle XRD patterns of meso-TiO2 series with different calcination temperatures 

from 300 to 900 oC. 
 

Anatase and rutile nanocrystallites sizes are estimated using Scherrer formula177 from the average of 

FWHM of (101), (200), (215) anatase and (110) rutile reflections and summarised in Table 3.2. As 

meso-TiO2 calcination temperature increases both anatase and rutile nanocrystallites grow much 

larger indicating sintering of TiO2 phases. Unit cell parameters (Table 3.2) of tetragonal (a=b≠c, 

α=β=γ=90o) anatase crystalline phase, calculated using d(200) lattice spacing remains unchanged 

across the series and are in a good agreement with the literature (a=b=3.78 Å) 227. Rutile phase unit 

cell parameters for all rutile containing samples are a=b=4.58Å, analogous to the literature. 228  
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Table 3.2 Summary of XRD results of meso-TiO2 series. 

Sample 
Crystalline 

phase 

Nanocrystallite 

size / nm 

Anatase 

unit cell a 

(=b) / Å 

d10 spacing 

/ nm 

Pore 

spacing a / 

nm 

Pore wall 

thickness / 

nm 

300 Anatase 5 (±0.1) 3.78 (±0.04) 9.3 (±0.1) 10.7 (±1.1) 6.1 (±0.6) 

400 Anatase 7 (±0.1) 3.78 (±0.04) 10.6 (±0.1) 12.3 (±1.2) 6.9 (±0.7) 

500 
97% Anatase 

3% Rutile 

11 (±0.1) 

29 (±0.3) 
3.78 (±0.04) - - - 

600 
96%Anatase 

4% Rutile 

20 (±0.2) 

35 (±0.4) 
3.77 (±0.04) - - - 

700 
85% Anatase 

15% Rutile 

31 (±0.3) 

46 (±0.5) 
3.77 (±0.04) - - - 

800 
96% Anatase 

4% Rutile 

40 (±0.4) 

62 (±0.6) 
3.78 (±0.04) - - - 

900 
25% Anatase 

75% Rutile 

64 (±0.6) 

109 (±1.1) 
3.78 (±0.04) - - - 

 

An in-situ wide angle XRD (Figure 3.5) experiment was performed using as prepared meso-TiO2. 

The sample was heated to 900 oC at the same 1 oC / min ramp rate as for standard calcination, with 

1 h hold after every 100 oC, when the XRD diffractograms were recorded. Evolution of seven well-

resolved diffraction peaks indexed (101), (004), (200), (105,211), (204), (116,220), (215) equivalent 

to anatase crystalline phase are observed. Development of anatase crystalline phase including the 

size of nanocrystallites (Table 3.3) in 100 – 400 oC in – situ XRD patterns is analogues to samples 

calcined at 300 and 400 oC. On the contrary, in - situ formation of secondary rutile crystalline phase 

(marked R) is seen solely at 900 oC and it is only 5% of the sample while calcined meso-TiO2 samples 

displayed 3% rutile phase formation already at 500 oC and at 900 oC it is as high as 75%. Moreover, 

in-situ XRD recorded nanocrystallites are significantly smaller (especially for rutile) compared to ex 

– situ calcined meso-TiO2 materials (Table 3.3). This is a result of only 1 h hold time at each 

particular temperature during the in – situ experiment contrary to the catalyst calcination operated at 

the chosen temperature for 4h. Not only minimum 500 oC temperature but also sufficient hold time 

is required to form rutile crystalline phase. On the other hand, longer hold times lead to the formation 

of larger nanocrystallites and as discussed in porosimetry data, increase in the crystallite size cause 

decrease in specific surface area and mesopore volume. 
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Figure 3.5 In - situ wide angle XRD experiment results of meso- TiO2. 

 

 

Table 3.3 Comparison of nanocrystallite sizes of calcined and in – situ formed meso-TiO2. 

Sample 
Calcined materials: nanocrystallite size / 

(anatase, rutile) nm 
In-situ nanocrystallite size / nm 

100 - 5 (±0.1) 

200 - 6 (±0.1) 

300 5 (±0.1) 6 (±0.1) 

400 7 (±0.1) 7 (±0.1) 

500 11 (±0.1), 29 (±0.3) 7 (±0.1) 

600 20 (±0.2), 35 (±0.4) 12 (±0.1) 

700 31 (±0.3), 46 (±0.5) 22 (±0.2) 

800 40 (±0.4), 62 (±0.6) 34 (±0.3) 

900 64 (±0.6), 109 (±1.1) 43 (±0.4), 55 (±0.6) 
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Only samples 300 and 400 from the meso-TiO2 series display a single peak in the low angle X-ray 

diffraction patterns (Figure 3.6) indicating short ranges of regular spacing between the mesopores 

with overall mesostructure being worm-hole as for the rest of meso-TiO2-500 – 900 materials. Values 

of mesopore layer spacing d10, pore spacing a and pore wall thickness are calculated from (10) 

reflection of two-dimensional hexagonal mesostructure (Table 3.2).182, 183 Pore wall thickness is 

obtained by subtracting pore size given from N2 porosimetry data from pore spacing. For both meso-

TiO2-300 and 400 samples, it is equal to anatase nanocrystallite size which forms pore walls. 

Carbons, remains of the Pluronic F127 template, could, in theory, hold the shape of mesostructured 

but LA XRD pattern of uncalcined meso-TiO2 does not have a peak in LA XRD proving that short 

ranges of ordered mesopores are formed via calcination and is not a result of the presence of carbons, 

especially in meso-TiO2-300 sample (3.1.6 Temperature programmed oxidation).  

 

 
Figure 3.6 Low angle diffractograms of meso-TiO2 series with different calcination temperatures 

from 300 to 900 oC. 
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3.1.3 Raman spectroscopy 

 

In the WA XRD measurements, the sample meso-TiO2-800 did not fit the trend of increasing rutile 

crystalline phase content with increasing calcination temperature. For the meso-TiO2-800 material it 

is expected to have higher than 15% rutile content, however, it is just 4% which raises a question if 

all rutile is detected by XRD or if there any crystallites smaller than 2 nm or the amounts are beyond 

XRD threshold. Figure 3.7 shows the Raman spectrum for meso-TiO2-800 catalyst with 5 peaks 

observed, where those at 150 (Eg), 400 (B1g), 520 (A1g + B1g) and 640 (Eg) cm-1 corresponds to anatase 

phase while 200 (Eg) cm -1 corresponds to rutile.229 The ratio 19:1 of the peak intensity of strongest 

anatase and rutile peaks indicate 95% of anatase and 5% of rutile which is in a good agreement with 

XRD results. It is unknown why at 800 oC calcination the rutile formation is inhibited and forms only 

4% instead of expected between 15 – 75%. The sample has been synthesised on three different 

occasions but demonstrated the same 4% rutile content.  

 

 
Figure 3.7 Raman spectrum of meso-TiO2-800 sample. 
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3.1.4 High-resolution scanning transmission electron microscopy 

 

Meso-TiO2-400 exhibits the strongest LA XRD diffraction peak indicating the presence of an ordered 

mesopore framework. HRSTEM images (A – C) of meso-TiO2-400 sample presented in Figure 3.8 

supports this conclusion – image A demonstrates continuous channels with short ranges of order 

resembling a hexagonal array arrangement. Image B gives a closer look at the areas of ordered 

channels with uniform mesopore size of ~6 nm, which is in a good agreement with porosimetry data, 

and its worm-like surrounding mesostructure. Image C displays anatase nanocrystallites of ~7 nm 

which is in a great agreement with WA XRD data. In addition, lattice fringes d101 ~3.5 Å are seen in 

the picture that corresponds to the most predominant (101) anatase facet d=3.5 Å (WA XRD data). 

 

 
Figure 3.8 HRSTEM images of meso-TiO2-400. 
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3.1.5 X-ray photoelectron spectroscopy 

 

The XPS spectra of meso-TiO2 series Ti 2p region is shown in Figure 3.9. The binding energies for 

2p Ti core levels found at 458 and 464 eV correspond to Ti 2p3/2 and Ti 2p1/2 levels respectively.189 

The Ti 2p3/2 and Ti 2p1/2 peaks are symmetrical which indicates uniform chemical environment in all 

samples. Increase in calcination temperature leads to a shift of both Ti peaks to lower binding energy. 

The shift of binding energy from 458.58 eV in meso-TiO2-300 to 458.10 eV in meso-TiO2-900 

catalysts suggests an increase in the electron charge density of the Ti+4 ion. This dependence of XPS 

bands to calcination temperature is an influence of a significant increase in nanocrystallite size.230 

All samples displayed 2:1 oxygen to titanium surface atomic ratio, as expected for TiO2 structure. 

 

 
Figure 3.9 XPS spectra of Ti 2p region of meso-TiO2 series with different calcination temperatures 

from 300 to 900 oC. 
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3.1.6 Temperature programmed oxidation 

 

Results of TPO data summarised in Table 3.4 show mass loss decreases for samples prepared with 

increasing calcination temperature from 20% for meso-TiO2-300 sample to 1% for meso-TiO2-600 

sample. No mass loss is observed for materials meso-TiO2-700 – 900. The graphs of mass loss 

(Figure 3.10) and derivative of the mass loss (Figure 3.11) reveal two type of species desorbing 

from the surface. The decrease in mass at temperatures up to 150 oC is assigned to physisorbed 

atmospheric and crystalline water which decreases from 5% for meso-TiO2-300 sample to 1% for 

meso-TiO2-600 sample. Based on complementary heat flow data (Figure 3.12) the mass losses from 

150 to 450 oC correspond to an exothermic reaction, most feasibly the combustion of carbon species 

like partially combusted F127 organics (coke) present in the samples. Even though samples have 

been calcined over this range of combustion, it has been performed in a muffle furnace, under steady 

air conditions, most likely leading to some residual carbons being trapped within the structure. Meso-

TiO2-300 has significantly more carbon content than meso-TiO2-400 – 500 samples which contain 

only 3% and 1% respectively. Moreover, for the latter samples, a small amount of carbon is lost by 

combustion up to 300 oC indicative of F127 surfactant and residual carbons. The carbon loss for 

meso-TiO2-300 material is seen up to ~500 oC due to the same F127 or residual carbons trapped 

within the mesopores framework. During the calcination, the crystalline phase is formed more rapidly 

than carbon species are removed (due to air being steady in the muffle furnace), thus remains in the 

structure. 

 

Table 3.4 Summary of TPO results of meso-TiO2 series with different calcination temperatures 
from 300 to 900 oC. 

 

 

 

 

 

 

 

Calc. 

temp. / oC 
Water loss (up to 150 oC) / %  Carbon loss (150 – 500 oC) / % Total mass loss / % 

300 5.4 (±0.16)  14.6 (±0.44) 20.0 (±0.60) 

400 3.3 (±0.10)  2.7 (±0.08) 6.0 (±0.18) 

500 1.9 (±0.06)  1.3 (±0.04) 3.2 (±0.10) 

600 0.7 (±0.02)  0.5 (±0.01) 1.2 (±0.04) 

700 -  0.3 (±0.01) 0.3 (±0.01) 

800 -  0.1 (±0.004) 0.1 (±0.004) 

900 -  0.3 (±0.01) 0.3 (±0.09) 
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Figure 3.10 Mass loss % of meso-TiO2 series with different calcination temperatures from 300 to 

900 oC. 
 

 
Figure 3.11 Derivative of mass loss of meso-TiO2 series with different calcination temperatures 

from 300 to 900 oC. 
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Figure 3.12 Temperature programmed oxidation heat flow data of meso-TiO2-300 sample. 
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3.1.7 Diffuse reflectance UV-vis spectrophotometry 

 

Recorded solid diffuse reflectance UV-vis optical absorption spectra (Figure 3.13) and Tauc plot 

(Figure 3.14) of meso-TiO2-300 – 900 reveals a trend between calcination temperature and optical 

properties of the materials. Sample 300 possesses a dark brown colour due to high (15 wt%) carbon 

content which masks the band gap of the material by absorbing all light in UV – vis range. Spectra 

(Figure 3.13) of materials meso-TiO2-400 – 900 have a sharp edge in the absorption so-called the 

band gap of the material. The sharp edge of the band gap is observed in the DRUVS because, the 

light with lower energy than the difference between the valence and conductance bands, is not 

sufficient to excite an electron from the valence to conductance band leading and this light is not 

absorbed.35 Band gap absorption edges shifts from ~350 – 415 nm towards the visible region (~380 

– 435 nm) with increasing calcination temperature. 

 

 
Figure 3.13 UV – vis absorption spectra of meso-TiO2 series with different calcination 

temperatures from 300 to 900 oC. 
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The values of the band gaps of the materials are evaluated using Tauc plots (Figure 3.14). Band gap 

energies of meso-TiO2 semiconductors decrease from 3.07 to 2.90 eV with increasing calcination 

temperature. The shift of absorption edge to the more visible region and a decrease in the band gap 

with increasing temperature is a result of the increase in rutile phase content from 0% in meso-TiO2-

400 sample to 75% in meso-TiO2-900 sample. The values of the band gaps of meso-TiO2-600 and 

meso-TiO2-800 are in an agreement with the results of the rutile % obtained by Raman and WA 

XRD. An additional effect that can influence a band gap is a nanocrystallite (particle) size – an optical 

band gap decreases with increasing size of the nanocrystallite (and vice versa). This phenomenon is 

called quantum size effect.39 It is usually more pronounced in quantum dots or thin films where the 

sizes are very small (below 2-3 nm) rather than the bulk materials.231 In this case sample meso-TiO2-

600 and meso-TiO2-800 has exact the same 2.97 eV band gap but possess significantly different 

nanocrystallite size (20 and 40 nm respectively) evidencing no quantum size effect. 

 

 
Figure 3.14 Tauc plot and corresponding band gap values of meso-TiO2 series with different 

calcination temperatures from 300 to 900 oC. 
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900 2.90 (±0.02)  
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Figure 3.15 (a) illustrates how an increase in rutile (R) vs anatase (A) content in the commercial 

samples shifts absorption from the UV to the visible region. The most commonly used commercial 

catalyst P25, which contains 85% anatase and 15% rutile, displays an absorption edge corresponding 

to a combination of both phases. The Tauc plot (Figure 3.15 (b)) of commercial materials display a 

decrease in band gap from 3.12 eV for pure anatase sample (63 nm crystallite size) to 2.90 eV for 

96% Rutile material (86 nm). The P25 catalyst, which contains 85% anatase (21 nm) and 15% rutile 

(39 nm), exhibits a band gap of 2.95 eV. The commercial catalysts demonstrate the same trend 

observed in meso-TiO2 semiconductors (Figure 3.14) where the band gaps decrease with increasing 

amounts of rutile and calculated band gaps are in the same range. 

 

 
Figure 3.15 (a) UV – vis absorption spectra of commercial TiO2 catalysts (b) Tauc plot and 

corresponding band gap of commercial catalysts. 
  



  

83 
 

3.1.8 Time – resolved photoluminescence 

 

Time-resolved photoluminescence (PL) spectroscopy was performed to determine photogenerated 

charge carrier dynamics of meso-TiO2-400, 500, 700 and 800 photocatalysts (Figure 3.16). Results 

were obtained using 380 nm excitation and 470 nm emission wavelengths from the decay curves 

fitted to a double-exponential function. The average carrier lifetime is calculated (Table 3.5) 

employing 𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐵𝐵1 𝑡𝑡12+𝐵𝐵2 𝑡𝑡22

𝐵𝐵1 𝑡𝑡1+𝐵𝐵2 𝑡𝑡2
 formula (2.2.10 Time – resolved photoluminescence). Constants B1 

and B2 represent non-radiative and radiative relaxation processes, t1 and t2 correspond to decay 

lifetimes associated with the recombination of photogenerated holes and electrons.232 The average 

radiative lifetime (tavg) is fitted to arise from two separate components, designated t1 and t2. The value 

of tavg increases with calcination temperature with the highest tavg =11.18 ns for meso-TiO2-700 as a 

result of the increase in t2 (attributed to radiative relaxation processes originating from the indirect 

formation of self-trapped excitons) and therefore the overall increase in the average radiative lifetime 

is likely due to improved charge separation across a type-II, staggered anatase/rutile heterojunction 

interface.233, 234 All the samples display prolonged charge carrier lifetime compared to that of 

commercial P25 sample. Increase in the charge carrier lifetime demonstrates inhibited recombination 

and a higher probability for the redox reactions to take place. The activity should increase with 

prolonged lifetime of the electrons and holes. 

 

Table 3.5 TRPL data of meso-TiO2-400, 500, 700, 800 and P25. 
Calcination 

temperature / oC 
t1 / ns t2 / ns B1 B2 tavg / ns χ2 

400 2.2 (±0.1) (8.5 ±0.4) (595 ±10) (121 ±10) 5.0 1.10 

500 1.4 (±0.01) (22.6 ±1.9) (2435 ±15) (35 ±2) 5.4 1.10 

700 2.2 (±0.1) (17.0 ±1.1) (381 ±7) (76 ±4) 11.2 1.10 

800 2.2 (±0.1) (13.3 ±0.9) (389 ±6) (49 ±4) 7.0 1.11 

P25 1.0 (±0.02) (2.6 ±0.1) (3190 ±57) (610 ±66) 1.5 1.17 

 



  

84 
 

 
Figure 3.16 Time-resolved photoluminescence spectra of meso-TiO2 series with different 

calcination temperatures from 300 to 900 oC. 
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3.1.9 Summary of the key characteristics of mesoporous titania series 

 

Table 3.6 Summarises the main physicochemical and electronic properties of the 7 meso-TiO2 samples synthesised using different calcination temperatures 
from 300 to 900 oC. 

Calcination 

Temp / oC 

BET 

/ m2.g-1 (a) 

Mesopore size / 

nm (b) 

Mesopore 

volume / g.cm-3 (b) 
TiO2 Phase (XRD) 

Nanocrystallite 

size / nm(c) 

Band Gap / 

eV (d) 

Total mass loss 

(H2O) / % (e) 

300 313 (±31) 4.6 (±0.5) 0.41 (±0.04) Anatase 5 (±0.1) - 20 (±0.6) (5) 

400 194 (±19) 5.4 (±0.5) 0.34 (±0.03) Anatase 7 (±0.1) 3.07 (±0.02) 6 (±0.2) (3) 

500 126 (±13) 6.5 (±0.7) 0.28 (±0.03) 
97% Anatase 

3% Rutile 

11 (±0.1) 

29 (±0.3) 
3.02 (±0.02) 3 (±0.1) (2) 

600 51 (±5) 9.7 (±1.0) 0.15 (±0.02) 
96%Anatase 

4% Rutile 

20 (±0.2) 

35 (±0.4) 
2.97 (±0.02) 1 (±0.04) (1) 

700 19 (±2) 16.0 (±1.6) 0.11 (±0.01) 
85% Anatase 

15% Rutile 

31 (±0.3) 

46 (±0.5) 
2.94 (±0.02) 0 

800 8 (±1) - - 
96% Anatase 

4% Rutile 

40 (±0.4) 

62 (±0.6) 
2.97 (±0.02) 0 

900 4 (±0.4) - - 
25% Anatase 

75% Rutile 

64 (±0.6) 

109 (±1.1) 
2.90 (±0.02) 0 

aN2 BET; bfrom BJH desorption isotherm; cmean particle diameter from XRD via Scherrer analysis; dDRUVS; eTPO; 
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 Photocatalytic performance of mesoporous titania series 

 

The photocatalytic activity of the mesoporous TiO2 series characterised above was studied using the 

photocatalytic decomposition of methyl orange and H2 production via water splitting reaction under 

UV-vis light. 

 

3.2.1 Methyl Orange decomposition 

 

The initial approach of testing the photocatalytic activity of meso-TiO2 was by investigation of 

photodegradation of 20 ppm Methyl Orange (MO) aqueous solution (Figure 3.17 (a)). Prior to 

illumination, the catalysts were stirred in the dark for one hour to achieve MO adsorption equilibrium. 

After one hour up 15 % of MO adsorbed on the meso-TiO2-300 and only 3% on the remaining 

samples. The values are based on the difference between the absorption of the stock solution and to 

(absorption after 1 hour stirring in the dark before the light source is turned on). To ensure that no 

further adsorption takes place a test in the dark was performed for the most active meso-TiO2-700 

sample which displayed no further adsorption (Figure 3.17 (a)). The illumination of the dye under 

the UV-vis light in the absence of the photocatalyst for 5h showed no photolysis (Figure 3.17 (a)).  

 

 
Figure 3.17 (a) Time profiles of the percentage of Methyl Orange degradation including 

adsorption and photolysis tests (b) ln [MO] vs time profiles of meso-TiO2 series with different 
calcination temperatures from 300 to 900 oC under UV-vis. 

 

Ln [MO/MOo] versus time profiles (Figure 3.17 b) indicate first order rate kinetics with the rate 

constants summarised in Table 3.7. The first order kinetics are commonly observed in the Methyl 

Orange degradation reactions over the titania catalysts.235, 236 Moreover the R2 index over the linear 

75 min region is closer to 1 for the ln [MO/MOo] vs t graphs. All synthesised materials show 

promising photocatalytic activity under UV-vis irradiation. To more accurately evaluate MO 

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100 120

[M
O

] /
 [M

O
] o

Time / min

900
800
700
600
500
400
300
Adsorption
Photolysis

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80

ln
 [M

O
/M

O
o] 

Time / min

900
800
700
600
500
400
300

T / oC 
T / oC 



  

87 
 

photodegradation mass normalised initial rates are calculated and presented in Figure 3.18. Initial 

rates increase with increasing calcination temperature with the most active catalyst that was calcined 

at 700 oC. Above this calcination temperature, the initial rates significantly drop (Figure 3.18 a). The 

dramatic decline of the activity at meso-TiO2 800 and 900 samples mark the formation of large 

nanocrystallites (60 – 140 nm) leading to the absolute destruction of the mesopore framework and 

domination of a rutile crystalline phase. As a result, the majority of the loss in activity wass observed 

at 800 and 900 oC calcination temperatures. The prepared mesoporous TiO2 samples are thermally 

stable up to 700 oC, therefore further investigation of the photocatalytic activity will focus on meso-

TiO2-300 – 700 samples. Meso-TiO2-300 sample which is black in colour and has 15% of carbon 

species present, which is known to work as catalyst poison.237 

 

Table 3.7 First order rate constant k of meso-TiO2 series with different calcination temperatures 
from 300 to 900 oC. Determined using ln [MO] vs time data under UV-vis. 

 

 

 
Figure 3.18 (a) Initial rates vs calcination temperature of meso-TiO2 series with different 

calcination temperatures from 300 to 900 oC (b) Initial rates of (a) normalised to surface area of 
the catalysts from the N2 porosimetry results under UV-vis irradiation. 
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300 0.0086 (±0.0001) 

400 0.0089 (±0.0001) 

500 0.0105 (±0.0001) 

600 0.0126 (±0.0001) 

700 0.0169 (±0.0002) 

800 0.0055 (±0.0001) 

900 0.0056 (±0.0001) 
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Since calcination simultaneously alters the structural and optical properties of mesoporous titanias, 

it is difficult to unequivocally identify the origin of the rate enhancement. Increase in calcination 

temperature leads to a larger average mesopore diameter and as a result a decrease in surface area. 

Initial rates in Figure 3.18 a were normalised to surface area and displays the same trend, not a 

straight line, indicating that surface area does not have an effect on the photocatalytic activity of 

meso-TiO2 series (Figure 3.18 b). Furthermore, the phase transformation from anatase to rutile takes 

place and it directly influences the band gap of the materials. Increase in calcination temperature 

leads to higher crystallinity together with the drastic growth of crystallite size. Low calcination 

temperature semicrystalline materials suffer from fast electron-hole recombination owing to a large 

number of defects.238  

 
Figure 3.19 Initial rates vs band gap and mesopore diameter of meso-TiO2 series with different 

calcination temperatures from 300 to 700 oC under UV-vis. 
 

In this case, initial rate is affected by two key parameters: structural - mesopore diameter and 

electronic – rutile content/band gap, as illustrated in Figure 3.19. The photocatalytic activity linearly 

increases with increasing mesopore diameter and decreasing band gap energy which is controlled by 

the anatase:rutile content. The former may be readily understood in terms of improved mass transport 

of the bulky dye into the mesopore network through Knudsen diffusion, for which the diffusion 

coefficient is proportional to pore diameter.239, 240 Based on the value of the coefficient a from the 

function of y=ax+y displayed on the graph, photocatalysts performance is more sensitive to the band 

gap change, where the coefficient a is 100 fold higher (a=-12.796), than it is to mesopore size 

increase (a=0.176). Diffusion limitation is a minor factor because the major increase of mesopore 
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diameter from 5 nm to 16 nm only doubles the initial rate. The hydrated Methyl Orange molecule is 

approx. 2.6 nm, and fits in the smallest 5 nm mesopores. However, the absolute destruction of the 

mesopore structure and the growth of very large crystallites drastically reduces the photocatalytic 

activity as it is seen in the meso-TiO2-800 and 900 samples, even though they have a suitable band 

gap. The enhancement of photocatalytic performance with decreasing band gap is solely due to 

increasing amounts of rutile formed in addition to the dominant anatase phase. Mixed phase junction 

improves charge separation and as a result, reduce recombination by transfer of excited electrons 

from anatase to rutile at the interface. The interface creates defect sites with unique adsorption and 

charge trapping properties.233, 241 The time-resolved photoluminescence data (Table 3.5) shows the 

average radiative lifetime (tavg), fitted to arise from two separate components, designated t1 and t2. 

tavg increases with calcination temperature with the highest tavg =11.18 ns for meso-TiO2-700 as a 

result of the increase in t2 (attributed to radiative relaxation processes originating from the indirect 

formation of self-trapped excitons) and therefore the overall increase in the average radiative lifetime 

is likely due to improved charge separation, prolonged charge carrier lifetime and reduced 

recombination across a type-II, staggered anatase/rutile heterojunction interface.233, 234  

 

 
Figure 3.20 Initial rates vs calcination temperature of meso-TiO2 series with different calcination 

temperatures from 300 to 700 oC under UV-vis and UV light irradiations. 
 

The activity of meso-TiO2 series was also tested in solely UV light (<400 nm). It displays no 

difference in the photodegradation of MO by samples meso-TiO2-300 and 400 under UV or UV-vis 

light irradiation (Figure 3.20). It is suggesting that there is no significant Methyl Orange dye 

sensitisation because the majority of light absorption by MO is under visible light (Figure 2.7).135 
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The meso-TiO2-500 and 700 samples cannot be included in this comparison because these samples 

contain the rutile phase, which can absorb in the visible light region (>400 nm). 

 

The initial rate of commercial P25 tested under the exact same conditions as meso-TiO2 series 

displayed 9 ppm.min-.g-1, which is twice more active than the most active meso-TiO2-700 sample. 

However, based on observations, since P25 was manufactured commercially, it was a much finer 

powder and dispersed significantly better in the aqueous solution compared to meso-TiO2 series, 

ground by mortar and pestle. 
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3.2.2 Water splitting 

 

The photocatalytic activity of meso-TiO2 series in H2 production via water splitting is presented in 

Figure 3.21. Calcination of meso-TiO2 exerted a similar effect on photocatalytic hydrogen 

production from water splitting under UV-Vis irradiation to that observed for MO degradation (3.2.1 

Methyl Orange decomposition); hydrogen production rate increases almost linearly with increasing 

meso-TiO2 calcination temperature with the meso-TiO2-700 sample being most active. At calcination 

temperatures higher than 700 oC, rate decreases due to loss of pore structure and sintering of 

crystallites. The decline of activity is not as sharp as for MO tests indicating that mesopore structure 

has less influence on performance. 

 

 
Figure 3.21 H2 production rates of meso-TiO2 series with different calcination temperatures from 

300 to 900 oC under UV-vis. 
 

Figure 3.22 demonstrates an exponential increase in activity with increasing mesopore diameter with 

no considerable difference above 7 nm. In this instance mesopore expansion cannot be responsible 

for the (dramatic) 25-fold rate-enhancement observed, since chemical mass transport of water will 

never be rate-limiting in aqueous solution. In addition, products in this reaction are notably smaller 

than the MO molecule, thus intra-structural diffusion is not a limiting factor. The significant increase 

in H2 productivity with calcination temperature mirrors the concomitant decrease in band gap and 

must arise from the phase transition from anatase→rutile. As discussed above for MO degradation, 

this phase transition is expected to result in a type-II staggered semiconductor heterojunction, thereby 

increasing charge carrier lifetimes and hence activity for any photocatalytic process. Furthermore, it 

is important to recall that the energetic position of the conduction band minimum (CBM) should be 
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more negative than the reduction potential of water (−0.41 V vs SHE at pH 7) to produce H2 (2H++2e-

→H2).242 In water splitting reaction, electronic effects are the key factors affecting photocatalytic 

activity while structural components have very little influence. The H2 production rate of commercial 

P25 tested under the exact same conditions as meso-TiO2 series displayed 50 µmol.h-1.g-1 rate which 

correlates well with the most active meso-TiO2-600 and meso-TiO2-700 photocatalysts. 

 

 
Figure 3.22 H2 production rate vs band gap and mesopore diameter of meso-TiO2 series with 

different calcination temperatures from 300 to 700 oC under UV-vis irradiation. 
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 Characterisation of 0.02 – 12.33 wt% Cu promoted mesoporous titania 500 oC  

 

Previously evaluated meso-TiO2-500 catalyst support (3.1 Characterisation of mesoporous titania 

series) was synthesised on the large scale and promoted with Cu at six different loadings from 0.02 

to 12.33 wt% by classic wet impregnation method using Cu(NO3)2.3H2O as a precursor. Due to the 

large scale synthesis, there might be some very small differences in the characteristics of meso-TiO2-

500 with the previous (3.1 Characterisation of mesoporous titania series) chapter. In general, this 

support offers the optimal trade-off between textural properties such as high surface area and rutile 

content/band gap (Table 3.6), the latter desirable for heterojunction formation and enhanced 

photoactivity.  Meso-TiO2 materials proved to be fairly active catalysts under UV light, but inactive 

in visible light irradiation. The primary goal of promotion with Cu is to enhance the catalyst 

performance in the UV-vis range. Cu oxides are well known for their ability to absorb light in the 

visible region due to their small 1 – 2.2 eV band gaps.243 The characteristics of newly produced 

catalysts is examined to confirm the retention of mesoporous TiO2 support properties and to identify 

Cu species. 
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3.3.1 Nitrogen porosimetry 

 

N2 porosimetry was performed to establish the retention of the structural properties of meso-TiO2-

500 support which was impregnated with 0.02 – 12.33 wt% Cu loadings. N2 adsorption/desorption 

curves (Figure 3.23) of the support and Cu-impregnated samples are identical and display Type IV 

isotherms typical for mesoporous materials with H2 type hysteresis loop because of differing 

capillary condensation and evaporation within mesopores during adsorption and desorption 

respectively. Hysteresis indicates either restricted pore entrance (ink bottle shape) or irregular in 

channel structure of mesopore framework.174  

 

 
Figure 3.23 Stacked isotherm plot of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 

 

Specific surface area (Table 3.8) for Cu promoted samples is estimated using BET (Brunauer – 

Emmett - Teller) method with an average value of 98 m2 g-1 and matches that of the meso-TiO2-500 

support. The average mesopore volume of 0.21 g cm-3 (Table 3.8) and 6.2 nm mesopore size (Figure 

3.24) are also in a good agreement with values for the support. 

 

 

 

 

 

 

 

 

meso-TiO2 
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Figure 3.24 Mesopore size distribution of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 

 

 

Table 3.8 Summary of N2 porosimetry results of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 
Cu / wt% BET / m

2
 g

-1
 Mesopore size / nm Mesopore volume / g cm

-3
 

Meso TiO2 500 

(support) 
107 (±11) 6.0 (±0.6) 0.21 (±0.02) 

0.02 115 (±12) 6.1 (±0.6) 0.24 (±0.02) 

0.11 91 (±9) 6.5 (±0.7) 0.21 (±0.02) 

0.30 99 (±10) 6.4 (±0.6) 0.21 (±0.02) 

0.81 101 (±10) 6.1 (±0.6) 0.21 (±0.02) 

8.34 98 (±10) 6.1 (±0.6) 0.20 (±0.02) 

12.33 84 (±8) 6.4 (±0.6) 0.18 (±0.02) 

 

  

meso-TiO2 
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3.3.2 X-ray diffraction  

 

Ex-situ wide angle XRD diffractograms (Figure 3.25) for 0.02 – 12.33 wt% Cu/meso- TiO2  and the 

support display identical X-ray patterns with seven well-resolved diffraction peaks indexed (101), 

(004), (200), (105,211), (204), (116,220), (215) corresponding to a solely anatase crystalline phase. 

Additionally, only the 12.33 wt% sample exhibited CuO species peaks (marked *) revealing that CuO 

nanocrystallites in the remaining samples are smaller than 2 nm or the amounts are beyond the XRD 

detection limits.  

 

 
Figure 3.25 Wide angle XRD patterns of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 

 

Anatase crystallites sizes were estimated using the Scherrer formula from the average of FWHM of 

(101), (200), (215) and all possess an equal diameter of 11 nm (Table 3.9) across all Cu loadings. 

This diameter matches the 11 nm anatase crystallite diameter of the support meso-TiO2-500. The 

CuO crystallites of the 12.34 wt% loading sample are estimated to be 34 nm using 2θ=35.5 o
 (111). 

Unit cell parameters (Table 3.9) of tetragonal (a=b≠c, α=β=γ=90o) anatase crystalline phase is 

calculated using d(200) lattice spacing and are the same for all materials and are in a good agreement 

with the literature (a=b=3.78 Å).227 None of the samples display any peaks in their low angle X-ray 

diffraction patterns. 
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* * * 

* 

meso-TiO2 
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Table 3.9 Summary of XRD results of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 

Cu / wt% 
Crystalline 

phase 
Nanocrystallite size / nm Anatase unit cell a (=b) / Å 

Meso TiO2 

500 (support) 
Anatase 11 (±0.1) 3.78 (±0.04) 

0.02 Anatase 11 (±0.1) 3.78 (±0.04) 

0.11 Anatase 11 (±0.1) 3.78 (±0.04) 

0.30 Anatase 11 (±0.1) 3.78 (±0.04) 

0.81 Anatase 11 (±0.1) 3.78 (±0.04) 

8.34 Anatase 11 (±0.1) 3.78 (±0.04) 

12.33 Anatase 11 (±0.1) 3.78 (±0.04) 

 

3.3.3 Inductively coupled plasma optical emission spectrometry 

 

ICP – OES confirmed the successful preparation of a range of Cu loadings (Table 3.10).  The aim is 

a wide range of loadings spanning from ultra-low 0.03 to higher 10 wt% values. The range of 0.02 – 

12.33 wt% is determined for the resulting catalysts which are in a good agreement with the theoretical 

desired values. 

 

Table 3.10 ICP – OES data of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 

 

  

Theoretical Cu loading / wt% Experimental ICP - OES Cu loading / wt% 

0.03 0.02 (±0.001) 

0.10 0.11 (±0.003) 

0.30 0.30 (±0.009) 

0.50 0.81 (±0.024) 

5.00 8.34 (±0.250) 

10.00 12.33 (±0.370) 



  

98 
 

3.3.4 X-ray absorption spectroscopy 

 

Copper co-catalysts can promote titania by various means, including trapping of the charge carriers 

at the semiconductor surface and/or electron injection into the titania conduction by metallic 

nanoparticles, 244-246 heterojunction formation between discrete copper oxide and titania 

nanoparticles, 247, 248 or framework substitution of copper cations accompanied by band energy 

modification and/or charge transport.249, 250 It is critical to identify copper chemical environment 

within Cu/meso-TiO2 series to interpret their mode of activity. The oxidation state and the local 

environment of copper atom, as either atomically isolated species or smaller than 2 nm 

nanocrystallites are of interest.  WA XRD of loadings 0.02 – 8.34 wt% displayed no peaks 

corresponding to Cu species indicating crystallites being smaller than ~2 nm or the amounts being 

beyond XRD threshold. Employment of XPS for surface species identification is also complicated 

due to comparable binding energies of copper metal and copper(I) oxide, with the only subtle 

difference in the spectra from weak satellite peaks as well as ultra-low copper concentrations that are 

beyond signal to noise ratio.189 The ultra-low Cu loadings within some samples prohibits 

quantification and discrimination of Cu species and size using laboratory X-ray sources. Hence the 

local chemical environment and oxidation state of Cu species were probed by Cu K-edge X-ray 

absorption spectroscopy (XAS -synchrotron beam source). 

 

 
Figure 3.26 XAS spectrum of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support and reference Cu2O, 

CuO and Cu(NO3)2. 
 

Background subtracted, normalised XANES spectra of the 0.02-12.33 wt% Cu/meso-TiO2 series and 

Cu2O, CuO and Cu(NO3)2 references are shown in Figure 3.26. The copper local environment 

Cu(NO3)2 

CuO 

C
u / w

t%
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evolves from that reminiscent of the Cu(II) nitrate trihydrate complex to that of bulk CuO with 

increasing Cu loading, with spectra exhibiting three distinct features: a weak pre-edge feature around 

8977 eV, a strong rising-edge feature around 8986 eV, and an intense white line around 8996; these 

are attributed to dipole-forbidden 1s→3d (not observed for Cu(I) species), 1s→4pz (or 4px,ypz for 

Cu(I) species) and 1s→4p (continuum) transitions respectively. Least squares spectral fitting to Cu, 

Cu2O, CuO and Cu(NO3)2 references identified only Cu(II) in all Cu/meso-TiO2 samples (Figure 

3.27), with loadings ≥0.81 wt% a good fit to CuO, and those <0.3 wt% an excellent fit to a 

mononuclear copper species. However, Figure 3.26 reveals that the pre-edge feature characteristic 

of Cu(II) only emerges for Cu loadings ≥0.3 wt%, and hence copper atoms in the ultra-dilute 

Cu/meso-TiO2 materials appear electronically similar to Cu(I) but structurally similar to those in 

mononuclear complexes. Fitting of the corresponding EXAFS spectra of the 0.1 wt% Cu/meso-TiO2 

sample revealed only Cu-O scatterers around 1.94 Å, with no Cu-Cu interatomic distances (Table 

3.11, K3 Figure 3.28 (a) and R3 Figure 3.28 (b)), consistent with isolated Cu(I) species either within 

the titania framework or decorating the semiconductor surface. The Cu-O nearest neighbour 

coordination number of 2.5 (versus 4 for both CuO and Cu(NO3)2) for 0.1 wt% Cu/meso-TiO2 is 

consistent with either anion vacancy formation upon framework substitution of Ti(IV) with Cu(I), or 

atomically-dispersed, undercoordinated Cu(I) atoms at the titania surface. Since copper was 

introduced by post-modification of mesoporous titania, employing a comparatively low-temperature 

processing step, the latter scenario is more feasible. The constant band gap, and anatase lattice 

parameter and crystal size, following the addition of ultra-low Cu concentrations to the parent meso-

TiO2, supports the hypothesis that single copper atoms are dispersed over titania.  

 

Cu / wt% 
Mononuclear 

Cu (I) / % 
CuO / % 

0.02 100 (±0.1) 0 

0.11 100 (±0.1) 0 

0.30 71.7 (±0.1) 28.3 (±0.1) 

0.81 57.4 (±0.1) 42.6 (±0.1) 

8.34 20.2 (±0.1) 79.8 (±0.1) 

12.33 11.2 (±0.1) 88.8 (±0.1) 

Figure 3.27 Fitting and summary of % of mononuclear Cu (I) species and CuO from fitted XANES 
region of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 
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Table 3.11 EXAFS fitting data of 0.11 and 12.33 wt% Cu on meso-TiO2-500 support. 
 

Sample 1st Shell Scatter 2nd Shell scatter 3rd Shell scatter 4th Shell scatter 5th Shell scatter  

Cu Cu Cu Cu - -  

CuO O O Cu Cu Cu  

Cu(NO3)2 O O N - -  

12.33 wt.% Cu O O Cu Cu Cu  

0.11 wt.% Cu O O N - -  

       

Sample 1st shell CN 2nd shell CN 3rd shell CN 4th shell CN 5th shell CN  

Cu 12 6 24 - -  

CuO 4 2 4 4 2  

Cu(NO3)2 4 2 2 - -  

12.33 wt.% Cu 3.6 1.8 2.0 2.0 1.0  

0.11 wt.% Cu 2.5 0 0 - -  
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Sample 1st shell R 2nd shell R 3rd shell R 4th shell R 5th shell R  

Cu 2.55 (2.57) 3.6 (3.62) 4.42 (4.43) - -  

CuO 1.96 (1.96) 2.78 (2.78) 2.90 (2.90) 3.08 (3.08) 3.17 (3.17)  

Cu(NO3)2 1.97 (1.98) 2.54 (2.55) 2.72 (2.73) - -  

12.33 wt.% Cu 1.95 (1.96) 2.78 (2.78) 2.90 (2.90) 3.08 (3.08) 3.17 (3.17)  

0.11 wt.% Cu 1.94 (1.98) 0 0 - -  

       

Sample 1st shell σ 2nd shell σ 3rd shell σ 4th shell σ 5th shell σ r-factor 

Cu 0.0098 (±0.0010) 0.0157 (±0.0016) 0.0162 (±0.0016) - - 2.60% 

CuO 0.0043 (±0.0004) 0.0146 (±0.0015) 0.0060 (±0.0006) 0.0068 (±0.0007) 0.0198 (±0.0020) 2.46% 

Cu(NO3)2 0.0036 (±0.0004) 0.0287 (±0.0029) 0.0073 (±0.0007) - - 1.00% 

12.33 wt.% Cu 0.0054 (±0.0005) 0.0241 (±0.0024) 0.0063 (±0.0006) 0.0075 (±0.0008) 0.0556 (±0.0057) 1.65% 

0.11 wt.% Cu 0.0033 (±0.0003) 0 0 - - 1.30% 

 

 

 

 



  

102 
 

 
Figure 3.28 (a) k3factor from EXAFS spectra of 0.11 and 12.33 wt% Cu/meso-TiO2-500 catalysts 

(b) R3factor from EXAFS spectra of 0.11 and 12.33 wt% Cu/meso-TiO2-500 catalysts. 
  

B A 
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3.3.5 Diffuse reflectance UV-vis spectrophotometry 

 

Recorded solid diffuse reflectance UV-vis optical absorption spectra (Figure 3.29) and Tauc plots 

(Figure 3.30) for 0.02 – 12.33 wt% Cu/meso-TiO2 500 demonstrate a systematic evolution in optical 

properties of the parent meso-TiO2 with increasing loading of Cu functionalisation. The absorption 

spectra of the catalysts all displayed a sharp edge in absorption which progressively shifted from 

~350 – 450 nm → more visible ~430 – 550 nm region with increasing Cu loading. This was 

accompanied by increased absorption between 400-600 nm possibly due to interface states arising 

from charge transfer between TiO2 and Cu(I)/Cu(II) species, and the emergence of a new absorption 

band spanning 580-900 nm associated with d-d transitions in CuO251 for loadings ≥0.3 wt%. The 

band gaps of materials are calculated using Tauc plots (Figure 3.30). The band gap energies of the 

photocatalysts decrease from 3.00 eV for the parent titania to 1.10 eV for 12.33 wt% Cu sample. The 

shift of the absorption edge to a more visible region and a decrease in the band gap with increasing 

Cu loading is a result of the formation of bulk CuO252 (in accordance with XRD), which usually 

possess a visible band gap from 1 to 2.2 eV.243 In DRUVS measurements recorded 

absorbance/reflectance is inevitably dominated by the lowest available energy absorption, in this 

case, Cu. 

 

 
Figure 3.29 UV – vis absorption spectra of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support. 

 

 

Visible 

meso-TiO2 
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Sample Band Gap / eV 

Meso-TiO2-500 

(support) 
3.00 (±0.02) 

0.02 3.00 (±0.02) 

0.11 3.00 (±0.02) 

0.30 2.87 (±0.02) 

0.81 2.59 (±0.02) 

8.34 1.40 (±0.01) 

12.33 1.10 (±0.01) 

Figure 3.30 Tauc plot of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support and corresponding 
band gap values. 

meso-TiO2 

Decrease 
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3.3.6 Summary of the key characteristics of 0.02 – 12.33 wt% Cu promoted mesoporous titania 500 oC 

 

Table 3.12 Summarises the main physicochemical and electronic properties of 0.02 – 12.33 wt% Cu on the meso-TiO2-500 support. 

Cu / wt%
(a)

 
Mononuclear 

Cu (I) / % 
CuO / % 

BET / 

m
2
.g

-1(b)
 

Mesopore size / 

nm
(c)

 

Mesopore volume / 

g.cm
-3(c)

 

TiO2 Phase 

(XRD) 

Nanocrystallite size / 

nm
(d)

 

Band Gap / 

eV
(e)

 

Meso-TiO2 

(support) 
- - 107 (±11) 6.0 (±0.6) 0.21 (±0.02) Anatase 11 (±0.1) 3.00 (±0.02) 

0.02 100 (±0.1) 0 115 (±12) 6.1 (±0.6) 0.24 (±0.02) Anatase 11 (±0.1) 3.00 (±0.02) 

0.11 100 (±0.1) 0 91 (±9) 6.5 (±0.7) 0.21 (±0.02) Anatase 11 (±0.1) 3.00 (±0.02) 

0.30 71.7 (±0.1) 28.3 (±0.1) 99 (±10) 6.4 (±0.6) 0.21 (±0.02) Anatase 11 (±0.1) 2.87 (±0.02) 

0.81 57.4 (±0.1) 42.6 (±0.1) 101 (±10) 6.1 (±0.6) 0.21 (±0.02) Anatase 11 (±0.1) 2.59 (±0.02) 

8.34 20.2 (±0.1) 79.8 (±0.1) 98 (±10) 6.1 (±0.6) 0.20 (±0.02) Anatase 11 (±0.1) 1.40 (±0.01) 

12.33 11.2 (±0.1) 88.8 (±0.1) 84 (±8) 6.4 (±0.6) 0.18 (±0.02) Anatase 11 (±0.1) 1.10 (±0.01) 
aICP – OES; bN2 BET; cfrom BJH desorption isotherm; dMean particle diameter from XRD via Scherrer analysis; eDRUVS; 
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 Characterisation of 0.1 wt% Cu promoted mesoporous titania 400 - 800 oC  

 

The meso-TiO2 series prepared using calcination temperatures ranging from 400 – 800 oC, as 

discussed in 3.1 Characterisation of mesoporous titania series, was promoted with 0.1 wt% Cu by 

the wet impregnation method using Cu(NO3)2.3H2O as a precursor. In this case, the supports 

characterised in 3.1 Characterisation of mesoporous titania series are directly used for the Cu 

addition. The 0.1wt% was chosen as the most active loading from the results covered in 3.5 

Photocatalytic performance of Cu promoted mesoporous titania series. The characteristics of 

the newly produced catalysts were examined to confirm the retention of meso-TiO2 qualities and 

investigate the influence of the support on the Cu species and its resulting activity. 

 

3.4.1 Nitrogen porosimetry 

 

N2 porosimetry allows the evaluation of the structural properties of meso-TiO2-400 - 800 support 

series after deposition with Cu. N2 adsorption/desorption curves (Figure 3.31) of the promoted 

catalysts display the exact same trend seen in nitrogen porosimetry of the bare meso-TiO2 series: 

samples 0.1 wt% Cu/meso-TiO2-400 - 500 demonstrate type IV isotherms typical for mesoporous 

materials with an H2 type hysteresis loop revealing either restricted pore entrance (ink bottle shape) 

or variation in channel structure of mesopore framework; the 0.1 wt% meso-TiO2-800 sample 

exhibits a Type II isotherm with no significant hysteresis loop indicating absence of mesoporosity. 
174 

 
Figure 3.31 Stacked isotherm plot of 0.1 wt% Cu on meso-TiO2-400 - 800 supports. 

 

T / oC 
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The specific surface area (BET, Brunauer-Emmett-Teller method), mesopore volume and mesopore 

size (BJH, Barrett-Joyner-Halenda) of 0.1 wt% Cu mesoporous series are summarised in Table 3.13. 

In addition, the data collected for bare meso-TiO2-400 – 800 supports are presented for comparison. 

The Cu promoted materials displayed the same tendency for the reduced surface area and mesopore 

volume and a significant increase in mesopore size (Figure 3.32) with increasing calcination 

temperature. In comparison with the bare support, the surface areas of Cu/meso-TiO2-400 and 500 

samples are slightly lower but there is no major change in either mesopore size or in mesopore 

volume. It is evident that the supports retain their mesoporous structure after the Cu wet impregnation 

process.  

 

 
Figure 3.32 Mesopore size distribution of 0.1 wt% Cu on meso-TiO2 400 - 800 supports. 

 

Table 3.13 Summary of N2 porosimetry results of 0.1 wt% Cu on meso-TiO2-400 - 800 supports. On 
the right the corresponding values of the support before Cu promotion. 

 
  

 0.1 wt% Cu promoted meso-TiO2 meso-TiO2 supports 

Sample BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g 

cm
-3

 

BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g cm

-3
 

400 167 (±17) 5.1 (±0.5) 0.32 (±0.03) 194 (±19) 5.4 (±0.5) 0.34 (±0.03) 

500 91 (±9) 6.5 (±0.7) 0.21 (±0.02) 126 (±13) 6.5 (±0.7) 0.28 (±0.03) 

600 54 (±5) 9.7 (±1.0) 0.16 (±0.02) 51 (±5) 9.7 (±1.0) 0.15 (±0.02) 

700 24 (±2) 15.8 (±1.6) 0.12 (±0.01) 19 (±2) 16.0 (±1.6) 0.11 (±0.01) 

800 11 (±1) - - 8 (±1) - - 

T / oC 
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3.4.2 X-ray diffraction  

 

Ex-situ wide angle XRD diffractograms (Figure 3.33) of the 0.1 wt% Cu/meso-TiO2 series display 

X-ray patterns with seven well-resolved diffraction peaks indexed (101), (004), (200), (105,211), 

(204), (116,220), (215) corresponding to anatase.227 Moreover, samples meso-TiO2-600 – 800 exhibit 

rutile crystalline phase. The Cu-impregnated mesoporous TiO2 XRD results are the same as for the 

parent support. 

 

 
Figure 3.33 Wide angle XRD patterns of 0.1 wt% Cu on meso-TiO2 400 - 800 supports. 

 

Anatase and rutile nanocrystallite sizes for 0.1 wt% Cu/meso-TiO2 were estimated using the Scherrer 

formula (Table 3.14) and were found to be in a close agreement with those of the bare support. The 

trend of crystallite sintering with increasing calcination temperature is observed for both series: 

before and after Cu deposition. There is no major change in the unit cell parameter either. 
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Table 3.14 Summary of XRD results of 0.1 wt% Cu on meso-TiO2-400 to 800 supports. 
 

 0.1 wt% Cu promoted meso-TiO2 meso-TiO2 supports  

Sample 
Crystalline 

phase 

Crystallite 

size / nm 

Anatase unit 

cell a (=b) / 

Å 

Crystalline 

phase 

Crystallite 

size / nm 

Anatase unit 

cell a (=b) / 

Å 

400 Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.78 (±0.04) 

500 Anatase 11 (±0.1) 3.78 (±0.04) Anatase 
11 (±0.1) 

29 (±0.3) 
3.78 (±0.04) 

600 
96% Anatase 

4% Rutile 

20 (±0.2) 

39 (±0.4) 
3.78 (±0.04) 

96% Anatase 

4% Rutile 

20 (±0.2) 

35 (±0.4) 
3.77 (±0.04) 

700 
85% Anatase 

15% Rutile 

31 (±0.3) 

48 (±0.5) 
3.78 (±0.04) 

85% Anatase 

15% Rutile 

31 (±0.3) 

46 (±0.5) 
3.77 (±0.04) 

800 
96% Anatase 

4% Rutile 

35 (±0.4) 

53 (±0.5) 
3.78 (±0.04) 

96% Anatase 

4% Rutile 

40 (±0.4) 

62 (±0.6) 
3.78 (±0.04) 

 

LA XRD data (Figure 3.34) display a shoulder that resembles a similar peak seen in LA XRD data 

(3.1.2 X-ray diffraction) for the bare meso-TiO2-400 support, however, it appears to be smaller. N2 

porosimetry data of Cu-promoted meso-TiO2 series shows retention of the mesopore framework and 

also no change in crystallinity is observed in WA XRD. The decrease in the peak intensity is more 

likely an experimental artefact due to the amounts of the sample being very small. 

 

Figure 3.34 Low angle XRD patterns of 0.1 wt% Cu on meso-TiO2-400 to 800 supports. 
 

d10 

T / oC 
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3.4.3 Inductively coupled plasma optical emission spectrometry 

 

ICP – OES was employed to determine the precise Cu loading present on the meso-TiO2-400 – 800 

supports. The aim of the synthesis is to replicate the 0.11wt% Cu/meso-TiO2-500 loading, which is 

the most active Cu loading out of all 0.02 – 12.33 wt% loadings on the single support. The resulting 

0.13 wt% loadings on meso-400, 600 – 800 are very close to the intended value of 0.11 wt%. Since 

the difference is relatively small, all the samples are labelled as 0.1 wt% Cu loading (Table 3.15). 

 

Table 3.15 ICP – OES determined Cu loadings on meso-TiO2-400 to 800 supports. 

 

 

 

 

 

 

 

  

Theoretical Cu loading / wt% Experimental ICP - OES Cu loading / wt% 

Cu 400 0.13 (±0.004) 

Cu 500 0.11 (±0.003) 

Cu 600 0.13 (±0.004) 

Cu 700 0.13 (±0.004) 

Cu 800 0.13 (±0.004) 



  

111 
 

3.4.4 X-ray absorption spectroscopy 

 

The previous discussion of different Cu loadings on the same mesoporous TiO2 support (3.3.4 X-ray 

absorption spectroscopy) examined in detail the importance of determining copper oxidation state 

and chemical environment as either atomically isolated species or smaller than 2 nm nanocrystallites. 

Cu species has a direct impact on the photocatalyst activity (3.5 Photocatalytic performance of Cu 

promoted mesoporous titania series). However, XRD of 0.1 wt% Cu/meso-TiO2 series displayed 

no peaks corresponding to Cu species indicating crystallites smaller than ~2 nm or the amounts being 

beyond the detection limits. The ultra-low 0.1 wt% Cu loading is invisible in laboratory X-ray 

sources thus Cu species was probed by Cu K-edge X-ray absorption spectroscopy (XAS -synchrotron 

beam source). Only 0.1 wt% Cu/meso-TiO2-500 and 800 out of all Cu/meso-TiO2-400 – 800 series 

were analysed by XAS due to time constraint.  

 

 
Figure 3.35 XAS spectrum of 0.1 wt% Cu on meso-TiO2 400 - 800 supports and reference CuO and 

Cu(NO3)2. 
 

Background subtracted, normalised XANES spectra of the 0.1 wt% Cu/meso-TiO2-500 and 800 and 

Cu2O, CuO and Cu(NO3)2 references are shown in Figure 3.35. From the previous discussion (3.3.4 

X-ray absorption spectroscopy and 3.4.4 X-ray absorption spectroscopy) it is apparent that Cu 

loading and TiO2 support changes copper oxidation state and its local environment. The copper local 

environment evolves from that reminiscent of the Cu(II) nitrate trihydrate complex to that of bulk 

CuO with change in meso-TiO2 support, with spectra exhibiting three distinct features: a weak pre-

edge feature around 8977 eV, a strong rising-edge feature around 8986 eV, and an intense white line 

around 8996; these are attributed to dipole-forbidden 1s→3d (not observed for Cu(I) species), 

Cu(NO3)2 

CuO 

Tem
p. / oC
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1s→4pz (or 4px,ypz for Cu(I) species) and 1s→4p (continuum) transitions respectively. Least 

squares spectral fitting to Cu, Cu2O, CuO and Cu(NO3)2 references identified only Cu(II) in both 0.1 

wt% Cu/meso-TiO2 samples (Figure 3.36), where 0.1 wt% Cu/meso-TiO2-500 sample is perfect fit 

to a mononuclear copper species while 0.1 wt% Cu/meso-TiO2-800 material contains mixture of 42% 

mononuclear and 58% of bulk CuO. Nevertheless, Figure 3.35 demonstrates that the pre-edge 

feature characteristic of Cu(II) only arise for 0.1 wt% Cu/meso-TiO2-800. Despite both catalysts 

possessing the same 0.1 wt% loading, copper atoms in 0.1 wt% Cu/meso-TiO2-500 electronically 

resemble Cu(I) oxidation and structurally are similar to mononuclear complexes. While 0.1 wt% 

Cu/meso-TiO2-800 is a mixture of this mononuclear Cu (I) species and majority bulk CuO which 

induces the pre-edge feature.  

 

 
Figure 3.36 Fitting of XANES region of 0.1 wt% Cu on meso-TiO2-400 to 800 supports. 

 

The variation in Cu species based on the meso-TiO2 support can be explained by the dramatically 

different surface area where meso-TiO2-500 support has a surface area of 126 m2 g-1 while meso-

TiO2-800 only 8 m2 g-1
. Larger surface area of meso-TiO2-500 support allows the formation of 

isolated mononuclear Cu(I) while the lower surface of meso-TiO2-800 forces Cu aggregate leading 

to CuO formation.  

  

Cu 500 

 

Cu 800 

 

T / oC 

100 % 

58 % 

42 % 
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3.4.5 Diffuse reflectance UV-vis spectrophotometry 

 

The results of solid diffuse reflectance UV-vis optical absorption spectra Figure 3.37 a and Tauc 

plot b for 0.1 wt% Cu/meso-TiO2 demonstrate Cu promotion caused no significant changes in light 

absorption or band gap (Table 3.16). The absorbance shifts to the more visible region and band gaps 

decrease with increasing calcination temperature as they do in the bare support materials. Table 3.16 

shows a direct comparison of band gaps calculated before and after Cu promotion that are in a good 

agreement and fits well within a 0.008% error margin.  

 

 
Figure 3.37 (a) UV – vis absorption spectra and (b) Tauc plot of 0.1 wt% Cu on meso-TiO2-400 to 

800 supports. 
 

 

Table 3.16 Band gap values of 0.1 wt% Cu promoted mesoporous TiO2
 series. 

 

 

 0.1 wt% Cu promoted meso-TiO2 meso-TiO2 supports 

Sample Band Gap / eV Band Gap / eV 

400 3.10 (±0.02) 3.07 (±0.02) 

500 3.00 (±0.02) 3.02 (±0.02) 

600 2.90 (±0.02) 2.97 (±0.02) 

700 2.85 (±0.02) 2.94 (±0.02) 

800 2.90 (±0.02) 2.97 (±0.02) 

T / oC T / oC 

A B 
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3.4.6 Summary of the key characteristics of 0.1 wt% Cu promoted mesoporous titania 400 - 800 oC 

 

Table 3.17 Summarises the main physicochemical and electronic properties of the 0.1 wt% Cu promoted meso-TiO2 series with different calcination 
temperatures from 400 to 800 oC. 

Samples 
Cu loading / 

wt%(a) 

Mononuclear 

Cu (I) / % 
CuO / % BET / m

2
.g

-1(b)
 

Mesopore 

size / nm
(c)

 

Mesopore 

volume / g.cm
-3(c)

 

TiO2 Phase 

(XRD) 

Nanocrystallite 

size / nm
(d)

 

Band Gap / 

eV
(e)

 

Cu 400 0.13 (±0.004) - - 167 (±17) 5.1 (±0.5) 0.32 (±0.03) Anatase 7 (±0.1) 3.10 (±0.02) 

Cu 500 0.11 (±0.003) 100 (±0.1) 0 91 (±9) 6.5 (±0.7) 0.21 (±0.02) Anatase 11 (±0.1) 3.00 (±0.02) 

Cu 600 0.13 (±0.004) - - 54 (±5) 9.7 (±1.0) 0.16 (±0.02) 
96% Anatase 

4% Rutile 

20 (±0.2) 

39 (±0.4) 
2.90 (±0.02) 

Cu 700 0.13 (±0.004) - - 24 (±2) 15.8 (±1.6) 0.12 (±0.01) 
85% Anatase 

15% Rutile 

31 (±0.3) 

48 (±0.5) 
2.85 (±0.02) 

Cu 800 0.13 (±0.004) 42.0 (±0.1) 58.0 (±0.1) 11 (±1) - - 
96% Anatase 

4% Rutile 

35 (±0.4) 

53 (±0.5) 
2.90 (±0.02) 

aICP – OES; bN2 BET; cfrom BJH desorption isotherm; d Mean particle diameter from XRD via Scherrer analysis; eDRUVS; 
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 Photocatalytic performance of Cu promoted mesoporous titania series 

 

The photocatalytic activity of 0.02 – 12.33 wt% Cu/meso-TiO2-500 and 0.1wt% Cu/meso-TiO2-400 

– 800 series characterised above was studied using the photocatalytic decomposition of Methyl 

Orange and H2 production via water splitting under the UV-vis light. The initial aim of Cu deposition 

was to enhance the photocatalyst light absorption in both UV and visible light regions. The 

dependence of activity on Cu loading and resulting promoter type (mononuclear Cu (I) vs CuO) is 

identified. Moreover, the impact of copper on the photocatalytic performance meso-TiO2 supports is 

examined. 

 

3.5.1 Methyl Orange decomposition 

 

The prime approach of testing the photocatalytic activity of Cu promoted mesoporous titania is the 

photodegradation of a 20 ppm aqueous solution of Methyl Orange. The Figure 3.38 shows the 

reaction profiles of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support versus time. Prior to 

illumination, catalysts were stirred in the dark for one hour to achieve adsorption equilibrium. 

Materials display only ~3% MO adsorption. The illumination of the dye in the absence of the 

photocatalyst for 2h showed no photolysis (Figure 3.17). 

 

 
Figure 3.38 Time profiles of the percentage of Methyl Orange degradation of 0.02 – 12.33 wt% Cu 

on meso-TiO2-500 support under UV-vis irradiation. 
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The photocatalytic performance of 0.02 – 12.33 wt% Cu/meso-TiO2-500 series for photodegradation 

of Methyl Orange pollutant under UV - Vis irradiation is presented in Figure 3.39 (a). Mass 

normalised initial reaction rates are inversely proportional to copper loading. The activity of 0.81 – 

12.33 wt% loadings are very close to meso-TiO2-500 support and is significantly enhanced at ultra-

low loadings of 0.02 - 0.3 wt% with 0.11 wt% being the most active. To explain this trend, the % of 

both Cu species obtained from XAS data (Figure 3.27) are plotted together with the initial rates. A 

fivefold increase in activity at ultra-low Cu loadings directly correlates with the concentration of 

mononuclear Cu (I) species. While domination of bulk CuO species at high 0.81 – 12.33 wt% Cu 

loadings has very little effect on meso-TiO2-500 activity. Both 0.02 wt% and 0.11 wt% Cu samples 

contain 100% mononuclear Cu(I), however, the activity slightly drops for 0.02 wt% sample due to 

the very low loading. To conclude, the formation of mononuclear Cu(I) species accounts for the 

significant improvement of meso-TiO2-500 activity at 0.02 – 0.30 wt% loadings. The critical 

dependence of activity on promoter species, with optimal efficiency occurring at ultra-low loadings, 

is identified. 

 
Figure 3.39 (a) Initial rate vs Cu loading wt% and corresponding % of Mononuclear Cu(I) and 
CuO under UV-vis light (b) Schematic representation of mononuclear Cu(I) mode of activity. 

 

 

Table 3.18 Time-resolved photoluminescence results of bare meso-TiO2-500 and 0.02 wt% 
promoted support and CuO standard. Titania based materials were excited with 380 nm 

wavelength while CuO - 470 nm. 
Sample t1 / ns B1 χ2 

500 1.4 (±0.01) 2435 (±15) 1.4 (±0.01) 

0.02 wt% 500 5.6 (±0.02) 2328 (±7) 5.6 (±0.02) 

CuO 3.5 (±0.02) 1019 (±6) 3.5 (±0.02) 

A B 
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Most importantly, Cu promoted materials were additionally tested in the solely visible light 

irradiation (>400 nm, 8 mW cm-2) but the only active catalyst was 12.33 wt% Cu/meso-TiO2-500 

with an initial rate of 0.244 ppm.min-1.g-1. This confirms that Cu(I) species did not significantly 

modify the band gap of the titania support and the lack of activity under visible light irradiation of 

0.02 – 0.3 wt% Cu catalysts supports the results of band gap energy absorptions in the UV region 

(3.3.5 Diffuse reflectance UV-vis spectrophotometry). The observed poor initial rate of 12.33 wt% 

sample arose solely from the visible absorbing CuO phase. Samples 0.81 – 12.33 wt% Cu all display 

a shift of the band gap to visible light absorption by CuO species and should be active under the 

visible light however the activity is negligible from CuO despite its impact on optical properties. 

CuO displays poor performance as a promoter, probably due to its smaller valence band maximum 

relative to the meso-TiO2-500 anatase parent (~2.66 versus 2.95 eV)253 which offers a lower 

thermodynamic driving force for catalytic oxidation. In addition, the large size of CuO nanoparticles 

(34 nm for 12.33 wt% Cu) and corresponding insufficient interfacial contact leads to inefficient 

heterojunction formation with titania. Moreover, the operating conditions of the much lower visible 

irradiation energy of 8 mW cm-2 vs 26 mW cm-2 of UV-vis cause decrease in the activity. The results 

discussed above demonstrate that the goal of enabling TiO2 to absorb visible light through the 

addition of Cu was achieved. However, the activity is very low compared to when irradiating with 

UV light. 

 

 
Figure 3.40 Time-resolved photoluminescence spectra of the meso-TiO2-500 support, 0.02 wt% 

Cu/meso-TiO2-500 and CuO reference samples. 
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An enhanced photoactivity at ultra-low loadings is observed: mononuclear Cu(I) promotes Ti 

performance under UV light. The isolated nature of the mononuclear Cu (I) and promotion of activity 

only in UV light suggest that mononuclear Cu (I) works as a charge carrier trap (not as a light 

absorbing species) at the catalyst surface (Figure 3.39 (b)). Since copper was introduced by post-

modification of mesoporous titania, employing a comparatively low-temperature processing step, the 

surface deposition is more feasible. The constant band gap, and anatase lattice parameter and crystal 

size, following the addition of ultra-low Cu concentrations to the parent meso-TiO2, supports the 

hypothesis that single copper atoms are dispersed over titania. Time-resolved photoluminescence 

data of the 0.02 wt% Cu/meso-TiO2 (Table 3.18, Figure 3.40) in this case has only one type of 

excitation, t1 at 380 nm. The 0.02 wt% Cu/meso-TiO2, promoted by mononuclear Cu(I) species, 

highlight a significant increase in the average charge carrier relaxation time t1 relative to the bare 

meso-TiO2-500 support. The novel synthesised material exhibited charge carrier lifetimes twice as 

long as that for the CuO standard but it is important to note that the excitation wavelength for CuO 

is in the visible light region (480 nm). The proposed mode of action is that the titania support 

generates electron and hole charge carriers and when they reach the surface of the catalyst, they get 

trapped. The latter phenomenon is ascribed to the creation of oxygen vacancies upon introducing 

Cu(I) species into the titania framework; these oxygen vacancies likely capture photoexcited 

electrons to form F-centres,254 thereby suppressing charge carrier recombination, prolonging lifetime 

promoting either direct hole oxidation or indirect hydroxyl oxidation mechanisms (1.5.1 Methyl 

Orange decomposition Equation 1.2 A or B-D).83 The initial intent of Cu deposition was to 

improve photocatalysts absorption of visible light, which still needs further optimisation, but a new 

aspect of atomically-dispersed Cu as a great promoter species has been demonstrated. 

 
Figure 3.41 Fitting of XANES region of 0.11 wt% Cu/meso-TiO2-500 fresh and spent catalyst. 
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Comparison of fitted XANES spectra (Figure 3.41) fresh and spent 0.11 wt% meso-TiO2-500 

catalyst, which was the most active catalysts in the previous studies (Figure 3.39), shows that 

mononuclear Cu(I) species remains unchanged. After the reaction, the catalyst is recovered by 

centrifuging the reaction mixture and separating the solid from the liquid. The separated catalyst is 

washed 3 times with deionised water and dried at room temperature. The 0.02 wt% Cu/meso-TiO2 

catalyst also exhibited excellent stability, with negligible loss in photodegradation activity over three 

consecutive recycles (Figure 3.42), consistent with preservation of Cu(I) isolated sites observed for 

ultra-low loading from the XANES analysis. 

 

 
Figure 3.42 Results of three cycles of recovery tests of 0.02 wt% Cu meso-TiO2-500 under UV-vis 

irradiation. 
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The effect of the calcination temperature of the meso-TiO2-400 – 800 on the photocatalytic activity 

of 0.1 wt% Cu loading and resulting mononuclear Cu(I) species were investigated (Figure 3.43). For 

the more accurate comparison mass normalised initial rates are calculated and presented in Figure 

3.44 together with those achieved with the unpromoted mesoporous TiO2 series. Initial rates for 0.1 

wt% Cu mesoporous TiO2 are 3 to 4 times faster than pure supports and display a volcano curve with 

the 0.1 wt% Cu/meso-TiO2-500 being the most active and 0.1 wt% Cu/meso-TiO2-800 being the 

least active. The volcano trend for the promoted materials is different from the unpromoted 

mesoporous TiO2 series which demonstrates an increase in activity with calcination temperature. The 

% of Cu species obtained from XAS data (3.4.4 X-ray absorption spectroscopy) is displayed 

together with initial rate to interpret the superior activity. All meso-TiO2-400 – 800 retained 0.1 wt% 

loading but, depending on the support, either mononuclear Cu(I) promoter species or inactive CuO 

is formed. The optimum meso-TiO2-500 support promotes 100% mononuclear Cu(I) species 

formation producing the best photocatalytic activity. On the other hand, the least active meso-TiO2-

800 favours 58% CuO and only 42% of the mononuclear Cu(I). The formation of the active 

mononuclear Cu(I) component depends not only on the loading of Cu but also on the nature of the 

mesopore TiO2 support used. Meso-TiO2 supports have different surface areas, mesopore framework 

and crystallinity. The development of isolated mononuclear Cu(I) is promoted by supports combining 

sufficient surface area and mesopore diameter, which allows good diffusion of Cu(NO3)2.3H2O 

precursor and dispersion to form isolated mononuclear Cu(I) species. 

 

 
Figure 3.43 Time profiles of the percentage of methyl orange degradation of 0.1 wt% Cu on meso-

TiO2 400 - 800 supports under UV-vis light. 

T / oC 
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Figure 3.44 Initial rate of 0.1 wt% Cu on different meso-TiO2 supports calcined at 400 – 800 oC 

and corresponding % of mononuclear Cu (I) and CuO under UV-vis irradiation. The graph 
includes unpromoted meso-TiO2 series activity. 
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3.5.2 Water splitting 

 

Figure 3.45 illustrates H2 production rates achieved by the 0.02 – 12.33 wt% Cu promoted meso-

TiO2-500 series for water splitting under UV - Vis irradiation. To explain this trend, the % of both 

Cu species obtained from XAS data (Figure 3.26) are plotted together with the mass normalised 

initial rates. In the Methyl Orange degradation reaction (3.5.1 Methyl Orange decomposition) the 

activity is significantly enhanced by the formation of 100% mononuclear Cu(I) species at ultra low 

0.02 - 0.3 wt% loadings. In contrast to MO degradation, photocatalytic H2 production over Cu/meso-

TiO2-500 exhibited a volcano dependence on copper loading, reaching a maximum for 0.81 wt% Cu, 

a material comprising ~60 % mononuclear Cu(I) species and 40 % CuO. The lack of promotion at 

low Cu loadings, wherein only Cu(I) species exist, is understandable in terms of the preceding 

hypothesis that Cu(I) doping introduces F-centres into the meso-TiO2 framework (which trap 

photoexcited electrons required for H2 production). Similarly, the baseline activity of the 12.33 wt% 

Cu/meso-TiO2-500 which is dominated by crystalline CuO is also explicable, since the CBM of CuO 

lies ~0.96 eV below that necessary to reduce protons,253 and therefore cannot contribute directly to 

H2 production as a semiconductor photocatalyst. The origin of the synergy between Cu(I) and CuO 

responsible for the 3-4-fold rate-enhancement observed for the 0.81 wt% Cu/meso-TiO2-500 remains 

unclear, but highlights the impact of subtle variations in the composition of doped titania on 

corresponding photophysical/catalytic properties. 

 
Figure 3.45 H2 production rate vs Cu loading wt% and corresponding % of Mononuclear Cu(I) 

and CuO of 0.02 – 12.33 wt% Cu on meso-TiO2-500 support under UV-vis light. 



  

123 
 

Figure 3.46 shows the H2 production rate for singular 0.1 wt% loading deposited on different 

mesoporous TiO2 supports calcined at 400 – 800 oC. The volcano trend with the most active 0.1 wt% 

Cu meso TiO2-500 coincides with the trend in the MO degradation tests (Figure 3.44). In the case 

of the data shown in Figure 3.46, the wt% of Cu remains the same and the only change in Cu species 

is observed. Catalysts that possess higher amounts of mononuclear Cu(I) are more active than those 

containing CuO. In the water splitting reaction, as in the Methyl Orange degradation, a volcano curve 

(Figure 3.46) with the most active 0.1 wt% Cu meso-TiO2-500 being that with the highest 

mononuclear Cu(I) content. All meso-TiO2-400 – 800 retained 0.1 wt% loading but, depending on 

the support, either mononuclear Cu(I) promoter species or inactive CuO is formed. The optimum 

meso-TiO2-500 support promotes 100% mononuclear Cu(I) species formation producing the best 

photocatalytic activity. On the other hand, the least active meso-TiO2-800 favours 58% CuO and 

only 42% of the mononuclear Cu(I).  

 

 
Figure 3.46 H2 production rate of 0.1 wt% Cu on different meso-TiO2 supports calcined at 400 – 

800 oC and corresponding % of mononuclear Cu (I) and CuO under UV-vis irradiation. The graph 
includes unpromoted mesoporous TiO2 series activity. 
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 Characterisation of Pt promoted mesoporous titania series  

 

The meso-TiO2-300 – 900 series, discussed in 3.1 Characterisation of mesoporous titania series, 

was promoted with Pt via a straightforward wet impregnation method using chloroplatinic acid 

(H2PtCl6.6H2O). A single 1 wt% Pt loading was chosen for all the materials as one of the most 

commonly used active platinum loadings.94, 255 The retention of structural properties of the 

mesoporous TiO2 support and the impact of Pt on the improvement of the photocatalytic activity was 

investigated via a range of techniques. Furthermore, the nature of the active Pt promoter species and 

the effect of the different supports have been identified. 

 

3.6.1 Nitrogen porosimetry 

 

N2 porosimetry was employed to evaluate if the structural properties of the mesoporous framework 

are affected by Pt deposition. N2 adsorption/desorption curves (Figure 3.47) of Pt/meso-TiO2-300 to 

700 display Type IV isotherms with H2 type hysteresis loops indicating mesoporosity. Samples 

Pt/meso-TiO2-800 - 900 exhibit a Type II isotherm with no capillary condensation suggesting a loss 

of porosity. The trend of decreasing mesoporosity with increasing calcination temperature exhibited 

by meso-TiO2 supports is preserved. 

 

 
Figure 3.47 Stacked isotherm plot of Pt promoted meso-TiO2-300 – 900 supports. 
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The specific surface areas (BET) of Pt-promoted meso-TiO2 series (Table 3.19) underwent no 

significant change, with only a small increase in BET observed with regards to parent meso-TiO2. 

The only notable reduction in surface area of Pt/meso-TiO2-300 sample. The mesopore volume 

(Table 3.19) and mesopore diameter (Figure 3.48, Table 3.19) remain unchanged.  

 

 
Figure 3.48 Mesopore size distribution of Pt promoted meso-TiO2-300 - 900 supports. 

 

 

Table 3.19 Summary of N2 porosimetry results of Pt promoted meso-TiO2-300 - 900 supports and 
comparison to bare meso-TiO2 supports.  

 Pt promoted meso-TiO2 meso-TiO2 support 

Sample BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g cm

-3
 

BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g cm

-3
 

300 273 (±27) 4.5 (±0.5) 0.39 (±0.04) 313 (±31) 4.6 (±0.5) 0.41 (±0.04) 

400 188 (±19) 5.0 (±0.5) 0.33 (±0.03) 194 (±19) 5.4 (±0.5) 0.34 (±0.03) 

500 150 (±15) 6.7 (±0.7) 0.34 (±0.03) 126 (±13) 6.5 (±0.7) 0.28 (±0.03) 

600 82 (±8) 8.5 (±0.9) 0.20 (±0.02) 51 (±5) 9.7 (±1.0) 0.15 (±0.02) 

700 23 (±2) 16.0 (± 1.6) 0.13 (±0.01) 19 (±2) 
16.0 

(±1.6) 
0.11 (±0.01) 

800 16 (±2) - - 8 (±1) - - 

900 13 (±1) - - 4 (±0.4) - - 

 

  

T / oC 



  

126 
 

3.6.2 X-ray diffraction  

 

Ex-situ wide angle XRD diffractograms (Figure 3.49) of the Pt/meso-TiO2 series display seven well-

resolved diffraction peaks (indexed (101), (004), (200), (105,211), (204), (116,220), (215)) 

corresponding to a crystalline anatase phase.227 In addition, samples Pt/meso-TiO2-500 – 900 exhibit 

peaks assigned to rutile crystalline phase. Anatase and rutile nanocrystallites sizes and unit cell 

parameters are analogous to the meso TiO2 supports and are summarised in Table 3.20. Promotion 

with Pt does not affect the crystallinity of the meso-TiO2 supports. No Pt peaks are detected in WA 

XRD patterns nanocrystallites in the remaining samples is smaller than 2 nm or the amounts are 

beyond the XRD detection limits. 

 

 
Figure 3.49 Wide angle XRD patterns of Pt promoted meso-TiO2-300 - 900 supports. 

 

LA XRD data of Pt/meso-TiO2-300 and 400 exhibit a shoulder in the low angle X-ray diffraction 

patterns (Figure 3.50), that resembles a similar peak seen in LA XRD data (3.1.2 X-ray diffraction) 

for the bare meso-TiO2-300 and 400 supports. This indicates short range regular spacing between the 

mesopores with the overall mesostructure being worm-hole like as were the rest of the meso-TiO2-

500 – 900 materials (3.1.2 X-ray diffraction). However, low angle peaks of the Pt/meso-TiO2-300 

- 400 supports appear to be significantly less intense. N2 porosimetry data of Pt-promoted meso-TiO2 

series shows retention of the mesopore framework and also no change in crystallinity is observed in 

WA XRD. The decrease in the peak intensity is more likely an experimental artefact due to the 

amounts of the sample being very small. 
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Table 3.20 Summary of XRD results of Pt promoted meso-TiO2-300 - 900 supports. 
 Pt promoted meso-TiO2 meso-TiO2 supports 

Sample Crystalline 
phase 

Crystallite 
size / nm 

Anatase 
unit cell a 
(=b) / Å 

Crystalline 
phase 

Crystallite 
size / nm 

Anatase 
unit cell a 
(=b) / Å 

300 Anatase 5 (±0.1) 3.79 (±0.04) Anatase 5 (±0.1) 3.78 (±0.04) 

400 Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.78 (±0.04) 

500 
97% Anatase 

3% Rutile 

11 (±0.1) 

31 (±0.3) 
3.78 (±0.04) 

97% Anatase 

3% Rutile 

11 (±0.1) 

29 (±0.3) 
3.78 (±0.04) 

600 
95% Anatase 

5% Rutile 

20 (±0.2) 

33 (±0.3) 
3.78 (±0.04) 

96% Anatase 

4% Rutile 

20 (±0.2) 

35 (±0.4) 
3.77 (±0.04) 

700 
84% Anatase 

16% Rutile 

31 (±0.3) 

45 (±0.5) 
3.78 (±0.04) 

85% Anatase 

15 % Rutile 

31 (±0.3) 

46 (±0.5) 
3.77 (±0.04) 

800 
95% Anatase 

5% Rutile 

41 (±0.4) 

62 (±0.6) 
3.78 (±0.04) 

96% Anatase 

4% Rutile 

40 (±0.4) 

62 (±0.6) 
3.78 (±0.04) 

900 
27% Anatase 

73% Rutile 

73 (±0.7) 

91 (±0.9) 
3.78 (±0.04) 

25% Anatase 

75% Rutile 

64 (±0.6) 

109 (±1.1) 
3.78 (±0.04) 

 

 
Figure 3.50 Low angle diffractograms of Pt promoted meso-TiO2-300 - 900 supports. 
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3.6.3 High-resolution scanning transmission electron microscopy 

 

HRSTEM images of Pt meso-TiO2 were used to establish the Pt nanocrystallite sizes of the Pt 

promoted meso-TiO2 series which are undetectable in WA XRD measurements. In Figure 3.51 

image A displays a representative example of Pt distribution on the mesoporous TiO2 support of 

Pt/meso-TiO2-500 sample. Image B and C shows ~1.65 nm Pt particles both in the pores and on the 

catalyst surface. Image C also features lattice fringes d101 ~3.5 Å which correspond to the most 

predominant (101) anatase facet d=3.5 Å (3.6.2 X-ray diffraction). The same information is 

provided in Figure 3.52 and Figure 3.53 for samples Pt/meso-TiO2-700 and Pt/meso-TiO2-900 

respectively. The average Pt particle size of Pt/meso-TiO2-700 is 2.95 nm and 4.8 nm for meso-TiO2-

900. Mesoporous TiO2 supports calcined at higher temperatures dictate larger Pt crystallite formation 

most likely due to significantly lower surface areas. In the Pt/meso-TiO2-900 sample, particles are 

higher than 2 nm threshold of the XRD instrument, however, at low 1 wt% loading, excellent 

dispersion of Pt on TiO2 256 and intense peaks of the very large anatase and rutile crystallites (73, 91 

nm respectively) cause the absence of Pt peaks in the wide angle XRD diffractograms (3.6.2 X-ray 

diffraction). 
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Figure 3.51 HRSTEM images and Pt particle size distribution of Pt/meso-TiO2-500. 
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Figure 3.52 HRSTEM images and Pt particle size distribution of Pt/meso-TiO2-700. 
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Figure 3.53 HRSTEM images and Pt particle size distribution of Pt/meso-TiO2-900. 
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3.6.4 Inductively coupled plasma optical emission spectrometry 

 

ICP – OES was employed to ratify the deposition of Pt (which is not visible on WA XRD data Figure 

3.49) on mesoporous TiO2 300 – 900 oC supports (Table 3.21). A value of 1.8 wt.% loading was 

measured for all the catalysts. It is higher than the theoretical value of 1 wt%, which was intended, 

due to an error in purity of the chloroplatinic acid hexahydrate reagent. 

 

Table 3.21 Pt loadings on meso-TiO2-300 – 900 supports. 

 

 

 

 

 

 

 

 

  

Sample Pt loading / wt% 

Pt 300 1.84 (±0.06) 

Pt 400 1.83 (±0.05) 

Pt 500 1.85 (±0.06) 

Pt 600 1.84 (±0.06) 

Pt 700 1.80 (±0.05) 

Pt 800 1.82 (±0.05) 

Pt 900 1.80 (±0.05) 
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3.6.5 X-ray photoelectron spectroscopy 

 

The Ti 2p regions of the XPS spectra of the Pt/meso-TiO2 series are shown in Figure 3.54. The 

binding energies for  Ti 2p core levels found at 458 and 464 eV correspond to Ti 2p3/2 and Ti 2p1/2 

levels respectively.189 The Ti 2p3/2 and Ti 2p1/2 peaks are symmetric, which indicates a uniform 

chemical environment in all samples. The Ti region results mirror those of the support materials 

(3.1.2 X-ray diffraction). All samples displayed 2:1 oxygen to titanium surface atomic ratio, as 

expected for TiO2 structure. 

 

 
Figure 3.54 XPS spectra of Ti 2p region of Pt promoted meso-TiO2-300 - 900 supports. 

 

The Pt region of the Pt/meso-TiO2 series (Figure 3.55) reveals three different Pt species. The binding 

energies of Pt 4f found at 71.0, 72.4 and 74.9 eV corresponds to Pt metal, Pt(II) and Pt(IV).189 The 

surface atomic % (At%) and weight % (wt%) of each Pt species and Pt:Ti surface ratio are 

summarised in Table 3.22. The amounts of Pt species and Pt:Ti varies greatly depending on the 

mesoporous TiO2 support. Increasing calcination of meso-TiO2 series leads to higher Pt:Ti surface 

ratio. Since Pt loading on these materials remains constant the increase in Pt:Ti surface ratio is 

attributed to decrease in surface area of the TiO2 supports (3.6.1 Nitrogen porosimetry) and 

sintering of titania crystallites (3.6.2 X-ray diffraction). Formation of Pt(II) is a stepping stone for 

Pt(IV) – photocatalysts that have higher % of Pt(II) contains more Pt(IV) as well. The development 

of oxidised species is promoted by smaller 1.65 nm particles while 4.8 nm particles lead to 56% Pt 

metal formation. The formation of Pt(0) species increases with increasing crystallite size (Figure 

3.56). 
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Figure 3.55 XPS spectra of Pt/meso-TiO2 series Pt 4f region. 

 

 

Table 3.22 Summary of % Pt species of Pt/meso-TiO2-300 - 900 series. 
Sample Pt surface / At% Pt surface / Wt% Pt(0) / % Pt(II)/ % Pt(IV)/ % Pt:Ti 

Pt 300 0.20 (±0.01) 1.85 (±0.09) 2 (±0.1) 89 (±4) 9 (±0.5) 0.010 

Pt 400 0.20 (±0.01) 1.61 (±0.08) 49 (±2) 26 (±1) 25 (±1) 0.008 

Pt 500 0.20 (±0.01) 1.66 (±0.08) 26 (±1) 50 (±3) 24 (±1) 0.008 

Pt 600 0.36 (±0.02) 2.91 (±0.16) 20 (±1) 56 (±3) 24 (±1) 0.014 

Pt 700 0.64 (±0.03) 5.35 (±0.27) 31 (±2) 49 (±2) 20 (±1) 0.029 

Pt 800 1.18 (±0.06) 9.44 (±0.48) 48 (±2) 38 (±2) 14 (±1) 0.052 

Pt 900 1.24 (±0.06) 10.41 (±0.52) 56 (±3) 34 (±2) 10 (±0.5) 0.066 
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Figure 3.56 The Pt metal dependence on Pt particle size of Pt promoted meso-TiO2 series. 

 

3.6.6 Temperature programmed oxidation 

 

TPO analysis of the Pt/meso-TiO2-300 – 800 series displayed the same trend of the mass loss 

decrease with increasing calcination temperature like that of the titania support (Figure 3.57). The 

derivative of the mass loss (Figure 3.58) reveals three types of species desorbing from the surface, 

while only two are seen on bare supports (Figure 3.11). A decrease in mass at temperatures up to 

150 oC is assigned to physisorbed atmospheric and crystalline water while the mass loss from 150 to 

450 oC is assigned to combustion of carbons. The % of water and carbon losses for Pt/meso-TiO2 

(Table 3.23) come from meso-TiO2-300 – 900 supports and are exactly the same (3.1.6 

Temperature programmed oxidation). The mass decrease at >450 oC corresponds to a loss of PtOx 

species and it reflects PtOx amounts present on the different meso-TiO2-300 – 900 supports (3.6.5 X-

ray photoelectron spectroscopy). 

 

Table 3.23 Summary of TPO results of Pt promoted meso-TiO2-300 to 900 supports. 

 

 

Sample 
Water (<150 oC) / 

%  
Carbon (150 – 450 oC) / 

% 
PtOx (>450 oC) / 

% 
Total mass loss / 

% 
Pt 300 5.8 (±0.17)  14.1 (±0.42) 0.9 (±0.91) 20.8 (±0.62) 
Pt 400 3.8 (±0.12)  2.3 (±0.07) 1.3 (±0.04) 7.4 (±0.22) 
Pt 500 2.3 (±0.07)  1.7 (±0.05) 0.7 (±0.02) 4.7 (±0.14) 
Pt 600 0.9 (±0.03)  1.0 (±0.03) 0.6 (±0.02) 2.5 (±0.07) 
Pt 700 -  0.3 (±0.01) 0.5 (±0.01) 0.8 (±0.03) 
Pt 800 -  0.2 (±0.01) 0.4 (±0.01) 0.6 (±0.02) 
Pt 900 -  0.3 (±0.01) 0.3 (±0.01) 0.6 (±0.02) 
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Figure 3.57 Mass loss % of Pt promoted meso-TiO2300 to 900 supports. 

 

 
Figure 3.58 Derivative of mass loss of Pt promoted meso-TiO2-300 to 900 supports. 
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3.6.7 Diffuse reflectance UV-vis spectrophotometry 

 

Solid diffuse reflectance UV-vis optical absorption spectra and Tauc plots (Figure 3.59) were 

measured for Pt promoted meso-TiO2-300 – 900 in order to assess the effect of Pt on the optical 

properties of the titania supports. Sample Pt/meso-TiO2-300, like the pure support, absorbs all light 

in the UV – vis range owing to residual carbons present. Spectra (Figure 3.59 (a)) of Pt/meso-TiO2-

400 – 900 materials have a sharp band gap absorption edge. However, at wavelengths >400 nm, light 

is being absorbed even below the energy of the band gap absorption. Pure TiO2 supports do not 

display this phenomenon, therefore it could be assigned to absorption by Pt species. The same trend 

of band gap absorption shifting to a visible region with increasing calcination temperature is seen as 

for the parent TiO2. 

 

 
Figure 3.59 (a) UV – vis absorption spectra (b) Tauc plot of Pt promoted meso-TiO2-300 to 900 

supports. 
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Tauc plot (Figure 3.59 (b)) and the values of the band gaps (Table 3.24) exhibit an identical trend 

as the meso-TiO2 supports: band gap energy decreases and shifts to a visible region with increasing 

amounts of rutile. Nonetheless, Pt promoted meso-TiO2 exhibit slightly larger band gaps than the 

parent supports. Based on the theory, the Kubelka-Munk function is only accurate when materials 

are single oxides or doped composites, where modification is within the whole structure. When KM 

is used for the surface modified photocatalysts, the results are less accurate, because of the band 

bending which in this case occurs due to the Schottky barrier. As a result, the shift of the conductance 

and/or valence edges is observed and this influences the band gap evaluation via KM.257-259 This is 

the most probable cause of the shift of the band gap values for Pt promoted series. 

 

Table 3.24 Band gap values of Pt promoted meso-TiO2-300 - 900 and corresponding values of the 
bare supports.  

  

 Pt promoted meso-TiO2 meso-TiO2 support 

Sample Band Gap / eV Band Gap / eV 

300 - - 

400 3.09 (±0.02) 3.07 (±0.02) 

500 3.04 (±0.02) 3.02 (±0.02) 

600 2.98 (±0.02) 2.97 (±0.02) 

700 2.95 (±0.02) 2.94 (±0.02) 

800 2.97 (±0.02) 2.97 (±0.02) 

900 2.92 (±0.02) 2.90 (±0.02) 
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3.6.8 Summary of the key characteristics of Pt promoted mesoporous titania series 

 

Table 3.25 Summarises the main physicochemical and electronic properties of the Pt promoted meso-TiO2 series with different calcination temperatures from 
300 to 900 oC.  

Sample 
Pt loading / 

wt%(a) 

SSA 

/ m2.g-1 (b) 

Mesopore size / 

nm (c) 

Mesopore 

volume / g.cm-3 (c) 

TiO2 Phase 

(XRD) 

Nanocrystallite 

size / nm(d) 

Band Gap / 

eV (e) 

Total mass loss 

(H2O) / % (f) 

Pt 300 1.84 (±0.06) 273 (±27) 4.5 (±0.5) 0.39 (±0.04) Anatase 5 (±0.1) - 20.8 (±0.6) (5.8) 

Pt 400 1.83 (±0.05) 188 (±19) 5.0 (±0.5) 0.33 (±0.03) Anatase 7 (±0.1) 3.09 (±0.02) 7.4 (±0.2) (3.8) 

Pt 500 1.85 (±0.06) 150 (±15) 6.7 (±0.7) 0.34 (±0.03) 
97% Anatase 

3% Rutile 

11 (±0.1) 

31 (±0.3) 
3.04 (±0.02) 4.7 (±0.1) (2.3) 

Pt 600 1.84 (±0.06) 82 (±8) 8.5 (±0.9) 0.20 (±0.02) 
95% Anatase 

5% Rutile 

20 (±0.2) 

33 (±0.3) 
2.98 (±0.02) 2.5 (±0.1) (0.9) 

Pt 700 1.80 (±0.05) 23 (±2) 16.0 (± 1.6) 0.13 (±0.01) 
84% Anatase 

16% Rutile 

31 (±0.3) 

45 (±0.5) 
2.95 (±0.02) 0.8 (±0.03) 

Pt 800 1.82 (±0.05) 16 (±2) - - 
95% Anatase 

5% Rutile 

41 (±0.4) 

62 (±0.6) 
2.97 (±0.02) 0.6 (±0.02) 

Pt 900 1.80 (±0.05) 13 (±1) - - 
27% Anatase 

73% Rutile 

73 (±0.7) 

91 (±0.9) 
2.92 (±0.02) 0.6 (±0.02) 

aICP – OES; bN2 BET; cfrom BJH desorption isotherm; dMean particle diameter from XRD via Scherrer analysis; eDRUVS;  fTPO; 
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 Photocatalytic performance of Pt promoted mesoporous titania 300 – 900 oC 

 

The photocatalytic activity of the Pt/meso-TiO2 series characterised above was studied using the 

photocatalytic decomposition of Methyl Orange, H2 production via water splitting reaction and CO2 

photocatalytic reduction under UV-vis light. The effect of Pt deposition on performance and mode 

of action is established and compared to pure and Cu promoted titania series. 

 

3.7.1 Methyl Orange decomposition 

 

The time profiles of Pt promoted meso-TiO2 MO degradation under UV-vis light are presented in 

Figure 3.60. Prior to the illumination catalysts were stirred in the dark for one hour to achieve MO 

adsorption equilibrium. Pt promoted meso-TiO2 catalysts display 30% MO dye adsorption. To check 

if no further adsorption takes place, an adsorption test in the dark was performed for the most active 

Pt meso-TiO2-500 sample, which displayed no further adsorption. Photolysis was not observed for 

MO dye at 20 ppm concentration (Figure 3.17). Pt/meso-TIO2-500 gave the fastest rate of MO 

decomposition while Pt/meso-TiO2-300 the slowest. 

 

 
Figure 3.60 Time profiles of the percentage of methyl orange degradation of Pt promoted meso-

TiO2 300 to 900 supports including adsorption and photolysis tests under UV-vis light. 
 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35 40

[M
O

] /
 [M

O
] o

Time / min

Pt 900
Pt 800
Pt 700
Pt 600
Pt 500
Pt 400
Pt 300
Adsorption

T / oC 



  

141 
 

For a more accurate comparison, mass normalised initial rates (Figure 3.61) were calculated for the 

1.8 wt% (0.092 mmol g-1
cat) Pt/meso-TiO2 series and compared to the 0.1 wt% (0.016 mmol g-1

cat) 

Cu/meso-TiO2 group of catalysts, where, in both cases, meso-TiO2-400 – 800 supports are used. The 

Pt/meso-TiO2 series was twice as active as the Cu promoted photocatalysts and five times more active 

than the support alone. The activity of the Pt photocatalysts follows a volcano trend with the most 

active being the Pt/meso-TiO2-500. The trend is identical to the one observed for 0.11 wt% Cu/meso-

TiO2 photocatalysts, where either active mononuclear Cu(I) or inactive CuO species are formed 

depending on the support. All Pt meso-TiO2 materials have the same wt% Pt loading thus the variable 

factor is the effect of the support on the Pt. XPS data (3.6.5 X-ray photoelectron spectroscopy) 

indicate that depending on the meso-TiO2 support, Pt:Ti surface ratio changes. Higher support 

calcination temperatures lead to the higher Pt:Ti ratio due to a dramatic decrease in TiO2 surface area 

and sintering of crystallites. 

 

 
Figure 3.61 Initial rates of Pt/meso- TiO2-300 – 900 together with 0.11 wt% promoted series and 

unpromoted meso-TiO2 supports under UV-vis irradiation. 
 

The dependence of the initial rate on the Pt:Ti ratio is demonstrated in Figure 3.62. The Pt/meso-

TiO2-300 sample is excluded from the Pt:Ti trend because of inactivity due to the poisoning by 

carbons (15%) (3.1.6 Temperature programmed oxidation). Activity decreases with increasing 

Pt:Ti surface ratio. In this case increase in Pt:Ti surface ratio indicates poorer Pt dispersion (Pt 

particle sintering 3.6.3 High-resolution scanning transmission electron microscopy) owing to 

significantly decreasing the surface area of the meso-TiO2 support (3.6.1 Nitrogen porosimetry) 

and drastically increasing TiO2 crystallites size (3.6.2 X-ray diffraction). Variation in Pt species is 

also observed for different meso-TiO2 supports but during the reaction, Pt(II) and Pt(IV) are reduced 
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to Pt (0) (Figure 3.64). In theory, metallic platinum nanoparticles act as trap sites for the electron 

charge carriers by forming a Schottky barrier (3.1.7 Diffuse reflectance UV-vis 

spectrophotometry) and reducing recombination leading to an increased lifetime of the charge 

carriers (Figure 3.63).95, 260, 261 Schottky barrier arises when metal is in contact with n-type 

semiconductor and electrons populate on metal species while holes remain on the semiconductor 

(TiO2) if the Fermi level of the metal (in this case Pt) is lower than conductance band of the 

semiconductor (1.4.1 Surface trapping). Accumulated electrons on metal particles can then be used 

to carry out reduction reactions, while holes on the photocatalyst can be used to carry out the 

oxidation reactions.  Pt metal is a very effective promoter for MO degradation, however, the price of 

Pt is too high to be used for depollution of water and cheaper options like Cu are available. 

 

 
Figure 3.62 (a) Initial rates vs Pt species of Pt promoted meso-TiO2-300 - 900 supports under UV-

vis light. 
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Figure 3.63 (a) Schematic representation of Pt mode of activity (b) Schottky barrier illustration. 
 

 

 
Figure 3.64 XPS data of Pt/meso-TiO2-600 fresh and spent catalyst. 
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3.7.2 Water splitting 

 

The H2 production rate of Pt promoted meso-TiO2-300 -900 photocatalysts follow a volcano trend 

(Figure 3.65) as observed in MO dye degradation tests (Figure 3.61). In this case, the Pt mesoporous 

TiO2 series is eight times more active than Cu promoted photocatalysts and ten times more active 

than the titania support. The trend is identical to the one observed for 0.11 wt% Cu/meso-TiO2 

photocatalysts for both MO and WS reactions. 

 

 
Figure 3.65 H2 production rates of Pt promoted meso-TiO2-300 - 900 supports together with 0.11 

wt% Cu promoted meso-TiO2 and unpromoted mesoporous TiO2 supports under UV-vis 
irradiation. 

 

The same dependence of activity on the Pt:Ti ratio as observed in Methyl Orange degradation is also 

seen in the water splitting reaction. The hydrogen production rate decreases with increasing Pt:Ti 

(Figure 3.66) because of increase in Pt:Ti surface ratio indicates poorer Pt dispersion owing to 

significant decrease in the surface area of the meso-TiO2 support (3.6.1 Nitrogen porosimetry) and 

drastically increasing TiO2 crystallites diameter (3.6.2 X-ray diffraction). The identified active Pt 

metal species, in theory, act as trap sites for the electron charge carriers, reducing recombination and 

pro-longing lifetime, which leads to the increased photoactivity (discussed in detail in 3.7.1 Methyl 

Orange decomposition and 1.4.1 Surface trapping). Despite WS and MO degradation reactions 

being mechanistically very different, in both cases, the promoted photocatalysts display enhanced 

activity. The commercial 2 wt% Pt/P25 showed a low H2 production rate of 0.2 mmol h-1.g-1 which 

is equal to the least active Pt/meso-TiO2-800 and 900 photocatalyst and is five times less active than 

the most active 1.8 wt% Pt/meso-TiO2-600 sample. 
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Figure 3.66 H2 production rates vs surface Pt:Ti atomic ratio of Pt promoted meso-TiO2-300 – 900 

supports under UV-vis light. 
 

3.7.3 Carbon dioxide reduction 

 

The CO2 photoreduction reaction yielded methane and hydrogen gas products only. The reaction was 

performed by saturating an aqueous catalyst suspension with CO2 gas, and therefore, a H2 production 

via side water splitting reaction is detected. The most important CH4 product generation demonstrates 

a volcano trend with maximum generation rate of 1.5 µmol h-1 g-1
 (Figure 3.67). The 1.8 wt% Pt 

promoted meso-TiO2-300 – 900 series were the only catalysts to produce a significant amount of 

CO2 reduction products to overcome GC detection limits. An identical volcano trend was seen in 

Methyl Orange degradation (3.7.1 Methyl Orange decomposition) and WS (3.7.2 Water splitting) 

reactions where activity improves with a decrease in Pt:Ti ratio. Increase in Pt:Ti surface ratio 

indicates poorer Pt dispersion owing to the significantly lower surface area of the meso-TiO2 support 

(3.6.1 Nitrogen porosimetry) and drastically larger TiO2 crystallites diameter (3.6.2 X-ray 

diffraction). As expected, methane production decrease with increase in surface Pt:Ti (Figure 3.68). 

Once again Pt metal is the promoter species which, in theory, trap the electrons and separates the 

charges, resulting in suppressed recombination and increased activity (discussed in detail in 3.7.1 

Methyl Orange decomposition). 
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Figure 3.67 Methane production rate via CO2 photoreduction by Pt promoted meso-TiO2-300 - 900 

supports under UV-vis irradiation. 
 

 
Figure 3.68 H2 and CH4 production rates vs surface Pt:Ti atomic ratio of Pt promoted meso-TiO2-

300 - 900 supports under UV-vis light. 
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 Conclusions of the mesoporous titania photocatalysts 

 

Control over the structural and photophysical properties of mesoporous titania enables the systematic 

transformation of the materials. A facile route is demonstrated to the high area (194 m2 g-1), 

mesoporous TiO2 with tunable pore diameter, anatase:rutile phase composition and corresponding 

electro-optical properties through thermal processing of a surfactant-templated sol-gel. The surface 

area and the mesopore structure is in a good agreement with the literature, where ordered 150 – 200 

m2 g-1 mesoporous TiO2 are commonly synthesised.211, 217, 218 Increasing calcination temperature from 

300→700 °C induces progressive expansion of uniform mesopores from 5→16 nm respectively, and 

a concomitant decrease in surface area, accompanied by the transformation of smaller (11→31 nm) 

anatase to larger (30→46 nm) rutile nanocrystallites and slight band gap narrowing. Tunable textural 

and photophysical properties enable facile control over the photocatalytic activity for both Methyl 

Orange degradation (in the absence of dye sensitisation) and water splitting under UV-Vis 

irradiation. Initial rates of MO photodegradation exhibit a weak, direct correlation with mesopore 

diameter and a strong, direct correlation to rutile concentration expressed by the band gap, enabling 

over a two-fold rate enhancement through high-temperature calcination. The increase in the 

photoactivity is attributed to improved charge separation, prolonged charge carrier lifetime and 

reduced recombination across a type-II, staggered anatase/rutile heterojunction interface.233, 234 

Photocatalytic H2 production is even more sensitive to the anatase→rutile phase transition, which 

confers a dramatic 25-fold increase in water splitting, likely due to a combination of heterojunction 

formation and the higher conduction band minimum of rutile titania. When the performance is 

compared to commercial P25 photocatalyst meso-TiO2 series were twice less active in Methyl 

Orange most likely due to better P25 dispersion in the MO solution. On the other hand, in water 

splitting reaction P25 and meso-TiO2-700 displayed the same H2 production rate. All the samples 

displayed prolonged charge carrier lifetime compared to that of the commercial P25 sample with the 

most active meso-TiO2-700 sample having 7 times longer lifetime than that of P25. 

 

Post-functionalisation of mesoporous TiO2 by wet-impregnation with ultra-low (0.1 wt%) 

concentrations of copper affords atomically-dispersed Cu(I) species, likely extra-framework 

decorating the surface of titania crystallites. Despite their high dilution, the incorporation of Cu(I) 

species results in a six-fold rate enhancement for Methyl Orange photodegradation relative to the 

unmodified (500 °C) mesoporous TiO2, possibly due to the introduction of oxygen vacancies which 

may act as electron traps to increase charge carrier lifetimes. A symbiosis between Cu(I) and CuO 

over 0.81 wt% Cu/meso-TiO2-500 increased photocatalytic H2 production four-fold relative to the 

mesoporous anatase scaffold. This observation provides an important step towards understanding the 

synergy between copper promoter species and improved photocatalytic performance. The results 

correlate well with the previously performed studies which, first of all, indicated Cu(I) as the most 

common active Cu species. 222, 223 Secondly, Liu et al.88 identified the importance of well-dispersed 
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Cu and the highest photocatalytic activity at ultra-low ≤ 0.03 wt% loadings. Moreover, different 

mesoporous TiO2 supports dictate formation of different copper species. These findings give an 

insight into the rational synthetic approach to tunable Cu/mesoporous TiO2 photocatalysts for 

environmental remediation and renewable energy. An in-depth comparison of the activity results 

with the literature is complicated because of the broad spectrum and complexity of the operating 

conditions used in literature, such as light intensity and distribution, change in stock solution 

concentrations, etc. However, in order to have a broader picture of how active Cu promoted meso-

TiO2 series are, the photoactivity of the photocatalysts were compared to the activity observed in the 

literature. Thu and co-workers synthesised 0.05 wt% copper-doped TiO2 nanoparticles (surface area 

65 m2.g-1) which degraded 50% Methyl Orange over 60 min (pH=9, 15 ppm, irradiated by 365 nm 

wavelength). The 0.1 wt% Cu/meso-TiO2 and 0.02 wt% Cu/meso-TiO2 described in this thesis are 

twice more active than the literature values, even in the higher 20 ppm MO concertation. 

Approximately 100 µmol.h-1 H2 hydrogen was produced (36 W cm-2 365 nm) by using 0.8 wt% 

Cu/TiO2 nanoparticles via sol-gel synthesis.262 In this thesis, the most active 0.81 wt% Cu/meso-TiO2 

material showed 160 µmol.h-1. It is important to note, that the light intensity is this reactor is only 

150 mW.cm-2 while the one in the publication is drastically larger - 36 W cm-2. 

 

Promotion with the 1.8 wt% Pt is another way of significantly enhancing the photocatalytic 

performance of meso-TiO2-300 – 900 series. Pt wet-impregnated materials were twice as active as 

the Cu promoted photocatalysts and five times more active than the bare supports in the Methyl 

Orange degradation. Furthermore, the Pt/meso-TiO2 series are eight times more active than Cu 

promoted photocatalysts and ten times more active than the titania supports in the WS reaction. The 

activity in all photocatalytic reactions (MO degradation, water splitting, CO2 photoreduction) is 

strongly depended on mesoporous TiO2 support. The dependence was expressed in Pt:Ti ratio; the 

activity increased with decreasing Pt:Ti ratio. In this case, small Pt:Ti ratio corresponds to better 

dispersed Pt because of the higher surface area of TiO2 and small (~ 2 nm) Pt nanoparticles. Since 

the loading of the Pt was kept uniform for all the materials, the severe decrease in TiO2 surface area 

across the series led to increase in Pt nanoparticles (~5 nm) and as a result -  Pt:Ti ratio. Out of all 

materials synthesised so far, the only Pt/meso-TiO2-300 – 900 produced methane via CO2 

photocatalytic reduction (1.3 µmol.h-1 .g-1). Selectivity solely to methane product is commonly 

observed for Pt/TiO2 photocatalysts and the productivity is well within the range of 0.06 - 6 µmol.h-

1 .g-1, detected in the literature.263-265 Since the reaction takes place in aqueous media, the side water 

splitting reaction forms H2 product. The significantly improved activity, in comparison to pure and 

Cu promoted series, arises from the metallic platinum nanoparticles, which, in theory, act as trap 

sites for electron charge carriers by forming a Schottky barrier. This leads to increased lifetimes of 

the carriers and reduced recombination. The Pt promoter species formed, relates well to the literature, 

where the Schottky barrier is often observed. 95, 96, 202 The most active Pt/meso-TiO2 sample showed 

a five-fold increase in H2 production rate in comparison with commercial 2 wt% P25. 
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The importance of tailoring both textural and photophysical properties of heterogeneous 

photocatalysts to optimise chemical mass transport, and the energetics and lifetime of charge carriers, 

emerge as principal design features. The key factors dominating the activities of Methyl Orange 

degradation and water splitting reactions are titania crystalline phase, percentage of Mononuclear Cu 

(I) species and dispersion of Pt(0) promoter. Furthermore, for the CO2 reduction reaction, the 

presence of Pt(0) promoter species is essential and photocatalytic performance is dictated by Pt(0) 

distribution on the TiO2 surface. 
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4 Macro-mesoporous titania photocatalysts 

 

Hierarchically ordered porous (HOP) materials can consist of micro and mesopores or meso and 

macropores or in rare occasions all three: micro-meso-macropores.266 In the past few years, 

hierarchically ordered porous materials have received increasing interest as catalysts for adsorption, 

batteries, waste disposal and photocatalysis, with the merit of larger surface area, easier mass 

transport and enhanced optical properties.267-269 The very first macro-mesoporous silica was 

synthesised in 1998 by Yang and co-workers270 and since then the most well-established HOP 

materials are based on carbon and silica.271  

 

Hierarchical TiO2 has been previously fabricated via phase separation, spin-coating, nanocasting, 

hydrothermal and sol-gel methods.272, 273 Most common sol-gel synthesis of hierarchical macro-

mesoporous TiO2 involves a combination of the hard template of polymer spheres like PSA or 

polystyrene to form macropores, and a surfactant templating synthesis involving non-ionic 

copolymers such as P123 and F127 for mesostructure fabrication.274, 275 However, the relatively weak 

interaction between the macropore template and titania precursors, and the shrinkage of titania 

framework during the calcination process often result in disordered or broad size distribution 

macropores.274  Moreover, it has proven difficult to synthesise macro-mesoporous TiO2 materials 

with ordered mesopores as well, because fast hydrolysis and condensation steps of titania precursor 

lead to worm-hole like mesopore structures and stabilisation of a hexagonal mesopore array after the 

calcination has rarely been reported.167 The overall ordered bimodal pore network is desired in order 

to achieve the best diffusional and optical properties. 

 

Jin et al.167 synthesised hierarchical ordered macro-mesoporous TiO2 via surfactant templating 

synthesis involving P123 non-ionic triblock copolymer, P(St-MMA-SPMAP) (poly(styrene-methyl 

methacrylate-3-sulfopropyl methacrylate potassium salt) hard spheres and titanium chloride as 

titanium precursor. The resulting material shows disordered mesoporosity (mesopore diameter 5 nm) 

within well-ordered periodic inverse opal macropore walls (macropore diameter 170 nm) and 139 

m2.g-1 surface area. The macro-mesoporous TiO2 demonstrates higher surface area and better 

electrochemical performance than it’s purely macroporous TiO2 equivalent (99 m2 g-1). The 

improvement in the performance is attributed to the higher surface area and the presence of the 

mesoporosity which advances diffusion and provides a shorter path length for Li ions. Another 

publication presents successful one-pot fabrication of hierarchically ordered porous TiO2 involving 

PSA colloidal spheres and P123 as macro and meso structure-directing agents respectively, and 

titanium chloride and titanium tetraisopropoxide as Ti precursors.274 The synthesis yielded typical 

surface area (135 m2 g-1), ordered uniform face-centred cubic (fcc) macropore framework (macropore 

diameter 170 nm) and most importantly ordered hexagonal mesopore structure with narrow 

mesopore diameter (3.4 nm). The newly synthesised HOP TiO2 displayed an increased light 
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harvesting properties in the photocurrent measurements and 33% improved photoactivity in the 

Rhodamine B photodegradation reaction compared to the P25. As discussed in 3 Mesoporous titania 

photocatalysts chapter the use of TiCl4 precursor, which is highly volatile and in the contact with 

humid air, and it forms TiO2 and HCl,216 results in the extremely hazardous environment, especially 

if synthesised on the large scale. Wu and co-workers276 synthesized macroporous TiO2 with an 

inverse opal structure with four different macropore sizes (130, 250, 370 and 450 nm) and varied 

calcination temperature (550, 700 and 900 oC). The photodegradation of Rhodamine B results 

showed that the most active were the samples calcined at 700 oC and it was accounted to an optimal 

balance of uniformly sized nanocrystals, an excellent crystalline structure, specific surface area, a 

well-ordered macroporous structure and the band-gap energy. However, the activity dependence on 

macropore diameter is not well defined, the more active photocatalysts were the ones with macropore 

size identical to the wavelength of the irradiation (370 nm) as well as the very small diameter (130 

nm) macroporous TiO2. The comparison of characteristics and photoactivity between mesoporous 

and macro-mesoporous TiO2 and the trends of macropore diameter to hierarchical macro-

mesoporous TiO2 remains unknown.  

 

Macroporous TiO2 display enhanced optical properties when the macropores form inverse opal 

structures in which by definition the pore arrangement is well ordered in three dimensions.70-72 

Commonly, the macropores are arranged in an fcc or hcp structures and each pore is connected to 

the twelve nearest neighbours. Highly ordered uniform diameter inverse opals exhibit a periodic 

modulation of the refractive index, and therefore behave as photonic crystals.277 Photonic crystals 

exhibit a periodic dielectric constant, in the scale of the wavelength of the light, thus the light with 

certain energies is forbidden to propagate through the material in a particular crystallographic 

direction by the coherent Bragg diffraction.278 This induces a stop-band reflection resulting in the 

range of energies reflected back. The stop-band reflection wavelength depends on the periodicity and 

dielectric constant of the photonic crystal. At the frequency edges of these stop bands, photons 

propagate with strongly reduced group velocity, therefore, they are called slow photons. Slow 

photons can be observed in periodic photonic structures at energies just above and below the photonic 

stop band. If the energy of the slow photons overlaps with the absorbance of the material (the 

conductance edge of the band gap), an enhancement of the absorption can be expected. 279, 280 

 

The enhanced optical properties of macroporous TiO2 inverse opal structures with photonic crystal 

characteristics can significantly enhance macroporous TiO2 photocatalytic performance. 281-283  Chen 

et al.71, 72 demonstrated that the amplified photocatalytic activity occurs while using inverse 

TiO2 opals and it is attributed to the slow-photon effect, utilizing slow photons with energies close 

to the electronic bandgap of the semiconductor.  Furthermore, Zheng and et al.284 designed an 

inverse-opal macroporous TiO2 photonic crystals with photonic band gaps that are matched with the 

absorption peaks of the dyes (Methyl Orange, Rhodamine B, and Methylene Blue) and the 



  

153 
 

photocatalytic activity of the corresponding samples are significantly improved because the slow 

photon effect on the edges of the photonic band gaps enhances the dye sensitization. The positions 

of the photonic stop bands are precisely tuned by controlling the polystyrene diameters. In addition, 

the materials show the higher activity and stability than TiO2 nanoparticle film as a result of the slow 

photon effect, and the enhanced mass transfer. Ordered Pt promoted crystalline macro-mesoporous 

TiO2 (12 nm mesopores and 300 nm macropores) were synthesised for a photocatalytic water 

splitting and showed 100 µmol.h-1.g-1 production rate, which was more than double compared to 

macro-mesoporous tantalum, niobium, zirconia and aluminium oxides. However, the surface area of 

this hierarchical TiO2 was very low (13 m2 g-1). The copper supported inverse opal titania were coated 

by sol-gel synthesis on the optical fibre reactor.285 The inverse opal macroporous titania improved 

the quantum efficiency of the photoreduction of CO2 to methanol in the presence of water vapour 

and UV light. Methanol production rates (36.4 nmol.gcat
-1.h-1) were comparable to those of a 

conventional fibre optic reactor using Cu supported unstructured titania but required much lower 

light intensity. To conclude, one-pot synthesis of highly ordered inverse opal materials with 

hierarchical macro-mesoporous TiO2 structure with photonic crystal properties remains a challenging 

task. 

 

To further improve the photocatalytic performance of hierarchical macro-mesoporous TiO2, 

materials can be promoted by introducing transition metal species such as Cu and Pt to improve the 

light absorption and reduce electron and hole recombination. Wang et al.286 fabricated a TiO2 sponge, 

consisting of a macroporous framework with interconnected mesoporous channels, via co-gelation 

of lotus root starch with the TiO2 precursor, followed by lyophilisation and subsequent calcination. 

This synthesis combined both the traditional hard-templating technique for well-defined 

macroporous architecture and soft-templating for intrapore connectivity. The photocatalytic CO2 

reduction to CH4 over macro/mesoporous TiO2 sponge was significantly enhanced from 5.13 ppm h-

1 to 11.95 ppm h-1 by co-loading with Pt (0.9 wt%) and Cu (1.7 wt%) as a result of the improved 

separation of the hole and electron charge carriers. Different loadings of Pt nanoparticles (2 - 4wt%) 

were photodeposited on the surface of inverse opal TiO2 and the photodegradation of acid orange 

was tested. 287 The photoactivity increased by 4-fold via dual synergistic optical and chemical slow 

photon in photonic crystal and the Pt nanocluster effects.  While slow photons increased the effective 

path length of light, Pt nanoparticles extended the lifetimes of the charge carriers. Another group288 

further demonstrated that the recombination of photogenerated holes and electrons is effectively 

reduced by the Schottky barrier between Pt and TiO2, as the platinised samples show higher 

photocurrents and the faster phenol degradation. The inverse opal Pt/TiO2 materials with a photonic 

pseudo gap and photonic modes with slow group velocity that match to the irradiation wavelength, 

further improve the photocurrents and photocatalytic activity. 
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The aim is to synthesize uniform ordered hierarchical macro-meso-TiO2 with uniform tunable 

macropore size and investigate the impact of the macropores to the photocatalytic activity. Also, the 

influence of the macro-mesopore framework to the Cu and Pt promoters is explored. Cu or Pt was 

deposited via the classical wet-impregnation process. The photocatalytic activity was tested in 

Methyl Orange degradation, water splitting and CO2 reduction reactions. 

 

 Characterisation of macro-mesoporous titania series  

 

Hierarchical macro-mesoporous TiO2 photocatalysts (macro-meso-TiO2) were prepared by adopting 

the mesoporous TiO2 surfactant-templating synthesis, discussed in the previous chapter, and 

introducing polystyrene (PS) hard template. Five different polystyrene sizes were employed to 

achieve a range of macropore sizes. As a result, macro-meso-TiO2 series with 140, 200, 240, 290 and 

310 nm macropores were obtained by soft-hard templating. The characteristics of newly designed 

macro-meso-TiO2 materials were investigated using a variety of techniques to assess the impact of 

incorporation of macropores to structural and electronic properties of the catalysts. The introduction 

of macroporosity can improve accessibility and diffusion of larger molecules. Furthermore, 3-D 

inverse opal ordered macroporous TiO2 can demonstrate photonic crystal properties resulting in 

improved photoactivity. 284, 289 

 

4.1.1 High – resolution scanning transmission electron microscopy 

  

HRSTEM images are used to establish polystyrene bead size which is further employed in macro-

meso-TiO2 photocatalysts synthesis. Figure 4.1 (a) is an example electron micrograph image of 

polystyrene beads of 370 nm diameter. During synthesis, PS beads are centrifuged to separate the 

solvent and as a result, beads form a close-packed ordered structure, however, STEM is run on 

samples while they are still in solution, thus the packing is not observed. Figure 4.1 (b) – (f) represent 

polystyrene bead size distributions which reveal average PS size of 370, 570, 660, 685 and 700 nm.  

Figure 4.2 shows an HRSTEM image of hierarchical macro-meso-TiO2 with 200 nm macropores. 

To synthesise this sample 370 nm PS beads were used and based on the SEM data, the macropore 

diameter is 140 nm (4.1.2 Scanning electron microscopy) and 140 nm is the label for this sample 

in the further text. HRSTEM images demonstrate hierarchical structure containing long-range 

uniform hexagonally ordered opal shape macropores imparted by polystyrene template and extended 

mesoscopic close-packed structure with 4 nm mesopores, resulting from the self-assembly of the 

F127 block copolymer. The mesopore network is perturbed by interpenetrating spherical macropores, 

which place geometric constraints on the hexagonal configuration of mesostructure.290 Thus, short-

range mesopore order, displayed by the meso-TiO2-400 counterpart (3.1.4 High-resolution 

scanning transmission electron microscopy) prepared under comparable conditions, is not 

retained. 
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Figure 4.1 (a) HRSTEM image of 370 nm polystyrene beads (b) Bead size distribution of 370 nm 

(c) Bead size distribution of 570 nm (d) Bead size distribution of 660 nm (e) Bead size distribution 
of 685 nm (f) Bead size distribution of 700 nm.  
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4.1.2 Scanning electron microscopy 

 

Macro-meso-TiO2 series morphology and macroporosity were imaged by scanning electron 

microscopy (SEM). Figure 4.3 (a) – (j) demonstrate representative images of the five supports with 

different macropore size. All images show the successful incorporation of an ordered uniform 

macropore network throughout titania crystallites (>70%), which based on the previous TEM and 

following N2 porosimetry contain the meso-TiO2 structure. The average 140, 200, 240, 290 and 310 

nm macropore diameters (Table 4.1) are calculated using pore size distribution (Figure 4.4). When 

compared to the average polystyrene sphere size, macropore size is twice smaller indicating 

macropore contraction occurs during high temperature (400 oC) calcination. Images show large 

angular TiO2 particles spanning a very wide range from one to hundred microns. 

 

Table 4.1 Polystyrene bead and macropore sizes of macro-meso-TiO2 series. 

 

 

 

 

 

 

 

 

 

PS size TEM / nm Macropore size SEM / nm 

370 (±22) 140 (±8) 

570 (±34) 200 (±12) 

660 (±40) 240 (±14) 

685 (±41) 290 (±17) 

700 (±42) 310 (±19) 

Figure 4.2 HRSTEM images of macro-meso-TiO2 sample where 570 nm PS beads were used.  
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Figure 4.3 Representative SEM images of macro-meso-TiO2 series: (a)-(b) 140 (c)-(d) 200 nm (e)-

(f) 240 nm (g)-(h) 290 nm (i)-(j) 310 nm macropores. 
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Figure 4.4 Macropores size distribution from SEM images (a) 140 nm (b) 200 nm (c) 240 nm (d) 

290 nm (e) 310 nm of macro-meso-TiO2 series. 
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4.1.3 Nitrogen porosimetry 

 

N2 porosimetry was used to assess mesopore framework properties within hierarchical macro-meso-

TiO2. N2 adsorption/desorption isotherms (Figure 4.5 (a)) of mesopores within TiO2 samples of 

different macropore sizes. The sizes ranging from 140 to 310 nm display Type IV isotherms with H2 

type hysteresis loop as a consequence of differing capillary condensation and evaporation within 

mesopores during adsorption and desorption respectively. The hysteresis indicates either restricted 

pore entrance (ink bottle shape) or irregular channel structure of mesopore framework. 174 

 

 
Figure 4.5 (a) Stacked isotherm plot (b) Mesopore size distribution of macro-meso-TiO2 series with 

140-310 nm macropores. 
 

Table 4.2 Summary of N2 porosimetry results of macro-meso-TiO2 series with 140-310 nm 
macropores. 

 

The average, 165 m2.g-1, specific surface area (Table 4.2) is estimated using BET model and it is 

only 20 m2.g-1 less than mesoporous equivalent – meso-TiO2-400, a photocatalyst that has been 

synthesised using the identical method as macro-meso-TiO2 series but without macropores. BJH pore 

size distribution (Figure 4.5 (b)) demonstrates a uniform 4 nm mesopore size for macro-meso TiO2 

Macropore size / nm BET / m
2
 g

-1
 Mesopore size / nm Mesopore volume / g cm

-3
 

140 164 (±16) 4.2 (±0.4) 0.24 (±0.02) 

200 155 (±16) 4.2 (±0.4) 0.21 (±0.02) 

240 186 (±19) 4.4 (±0.4) 0.29 (±0.03) 

290 162 (±16) 4.7 (±0.5) 0.27 (±0.03) 

310 156 (±16) 4.4 (±0.4) 0.22 (±0.02) 

Average 165 (±17) 4.4 (±0.4) 0.25 (±0.03) 

Meso-TiO2-400 194 (±19) 5.4 (±0.5) 0.34 (±0.03) 

A Macropores / nm Macropores / nm 

 

B 
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series which is however 1 nm smaller than the meso-TiO2 counterpart. The decrease in mesopore 

diameter is observed because during soft-hard templating procedure macropore framework limits 

how much mesopores can expand since mesopores are formed via surfactant-templating method 

while solid polystyrene spheres are used to form macropores. Macro-meso-TiO2 series have an 

average 0.25 g cm-3 mesopore volume which is also lower than the meso-TiO2-400 due to smaller 

mesopore diameter (Table 4.2). Incorporation of macropores to meso-TiO2 only marginally affected 

mesopore framework by reduction of mesopore size.  

 

4.1.4 X-ray diffraction  

 

Wide angle XRD diffractograms (Figure 4.6) of macro-meso-TiO2 140 – 310 nm all displayed 

identical X-ray patterns with seven well-resolved diffraction peaks indexed (101), (004), (200), 

(105,211), (204), (116,220), (215) analogues to anatase crystalline phase. Anatase nanocrystallites 

sizes are estimated using Scherrer formula from the average of FWHM of (101), (200), (215) and are 

all 7 nm (Table 4.3). This value is in a good agreement with meso-TiO2-400 counterpart. Unit cell 

parameters (Table 4.3) of the tetragonal (a=b≠c, α=β=γ=90o) anatase crystalline phase is calculated 

using d(200) lattice spacing and are 3.79 Å for all the macropore sizes. Integration of macroporosity 

does not affect crystallinity of catalysts. Macro-meso-TiO2 series do not exhibit a peak in the low 

angle X-ray diffraction contrary to the meso-TiO2 equivalent. The mesopore network is perturbed by 

interpenetrating spherical macropores which place geometric constraints on the hexagonal 

configuration of mesostructure.290 Thus, short-range mesopore order, observed in mesoporous TiO2 

equivalent (3.1.2 X-ray diffraction), is distorted. 

 
Figure 4.6 Wide angle XRD patterns of macro-meso-TiO2 series with 140-310 nm macropores. 
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Table 4.3 Summary of XRD results of macro-meso-TiO2 series with 140-310 nm macropores. 

Macropore size / nm 
Crystalline 

phase 
Nanocrystallite size / nm Anatase unit cell a (=b) / Å 

140 Anatase 7 (±0.1) 3.79 (±0.04) 

200 Anatase 7 (±0.1) 3.79 (±0.04) 

240 Anatase 7 (±0.1) 3.79 (±0.04) 

290 Anatase 7 (±0.1) 3.79 (±0.04) 

310 Anatase 7 (±0.1) 3.79 (±0.04) 

Average Anatase 7 (±0.1) 3.79 (±0.04) 

Meso-TiO2-400 Anatase 7 (±0.1) 3.78 (±0.04) 

 

4.1.5 Temperature programmed oxidation 

 

TPO data of macro-meso-TiO2 140 – 310 nm is summarised in Table 4.4 and demonstrate average 

mass loss of 5.5%. The graph showing the derivative of the mass loss (Figure 4.7) displays two 

desorptions at different temperature ranges. The average 3.5% decrease in mass at temperatures up 

to 150 oC is assigned to physisorbed atmospheric and crystalline water while 1.9% mass loss from 

150 to 400 oC correspond to carbon species. A small amount of carbon being lost up to 300 oC is 

indicative of the F127 surfactant. TPO results show evidence that removal of polystyrene template 

was successful. The macro-meso-TiO2 series demonstrate slightly higher water but smaller carbon 

losses compared to meso-TiO2-400 equivalent. 

 

 
Figure 4.7 TPO derivative mass loss of macro-meso-TiO2 series with 140-310 nm macropores. 

-5

-4

-3

-2

-1

0

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

50 150 250 350 450 550 650

D
er

iv
at

iv
e 

F1
27

 &
 P

S
 M

as
s 

Lo
ss

 / 
%

 
m

in
-1

D
er

iv
at

iv
e 

M
as

s 
Lo

ss
 / 

%
 m

in
-1

Temperature / oC

310
290
240
200
140
F127
PS beads

Water 
loss 

Organic 
decomposition 

Macropores / nm 
 



  

163 
 

Table 4.4 Summary of TPO results of macro-meso-TiO2 series with 140-310 nm macropores. 

 

4.1.6 Diffuse reflectance UV-vis spectrophotometry 

 

The results of solid diffuse reflectance UV-vis optical absorption spectra (Figure 4.8 (a)) and Tauc 

plot (Figure 4.9) of macro-meso-TiO2 series demonstrate a 340 – 418 nm band gap absorption with 

the average band gap of 3.06 eV. They are in good agreement (within the error margin) with meso-

TiO2-400 counterpart displaying absorption at 340 – 418 nm and 3.07 eV band gap. In some cases,  

the inverse opal materials such as three-dimensional ordered macroporous TiO2 exhibit photonic 

crystal properties, in particular, the presence of the stop bands – a spectral range of extensive 

reflectance.291 In theory, titania compounds with ordered uniform 310 nm macropores (based on 

SEM) display a stopband (increased reflectance) at ~ 572 nm.279 Unfortunately, the synthesised 

macro-meso-TiO2 do not show any peaks of increased reflectivity (stop bands) (Figure 4.8 (b)), 

suggesting that photonic crystal type materials are not formed. No significant change of titania optical 

properties was observed with the introduction of macropores. 

 

 
Figure 4.8 (a) UV – vis absorption spectra (b) % Reflectance of macro-meso-TiO2 series with 140-

310 nm macropores. 

Macropore size / nm Water (up to 150 oC) / %  Carbon (150 – 400 oC) / % Total mass loss / %  

140 3.9 (±0.1)  2.1 (±0.1) 6.0 (±0.2)  

200 3.4 (±0.1)  2.1 (±0.1) 5.5 (±0.2)  

240 3.7 (±0.1)  2.0 (±0.1) 5.7 (±0.2)  

290 3.4 (±0.1)  1.8 (±0.1) 5.2 (±0.2)  

310 3.3 (±0.1)  1.9 (±0.1) 5.2 (±0.2)  

Average 3.5 (±0.1)  2.0 (±0.1) 5.5 (±0.2)  

Meso-TiO2-400 3.3 (±0.1)  2.7 (±0.1) 6.0 (±0.2)  

Macropores / nm 

 

Macropores / nm 

 

A B 
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Figure 4.9 Tauc plot and band gap values of macro-meso-TiO2 series with 140-310 nm macropores  
 

.

Macropore size / nm Band gap / eV 

140 3.02 (±0.02) 

200 3.06 (±0.02) 

240 3.10 (±0.02) 

290 3.07 (±0.02) 

310 3.03 (±0.02) 

Average 3.06 (±0.02) 

Meso-TiO2-400 3.07 (±0.02) 

Macropores / nm 
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4.1.7 Summary of the key characteristics of macro-mesoporous titania series 

 

Table 4.5 Summarises the main physicochemical and electronic properties of macro-meso-TiO2 series with 140-310 nm macropores and compares with 
mesoporous TiO2 400 oC counterpart. 

Macropore 

diameter / nm 

BET 

/ m2.g-1 (a) 

Mesopore size / 

nm (b) 

Mesopore 

volume / g.cm-3 (b) 

TiO2 Phase 

(XRD) 

Nanocrystallite 

size / nm(c) 
Band Gap / eV (d) 

Total mass loss 

(H2O) / % (e) 

140 164 (±16) 4.2 (±0.4) 0.24 (±0.02) Anatase 7 (±0.1) 3.02 (±0.02) 6.0 (±0.2) 

200 155 (±16) 4.2 (±0.4) 0.21 (±0.02) Anatase 7 (±0.1) 3.06 (±0.02) 5.5 (±0.2) 

240 186 (±19) 4.4 (±0.4) 0.29 (±0.03) Anatase 7 (±0.1) 3.10 (±0.02) 5.7 (±0.2) 

290 162 (±16) 4.7 (±0.5) 0.27 (±0.03) Anatase 7 (±0.1) 3.07 (±0.02) 5.2 (±0.2) 

310 156 (±16) 4.4 (±0.4) 0.22 (±0.02) Anatase 7 (±0.1) 3.03 (±0.02) 5.2 (±0.2) 

Average 165 (±17) 4.4 (±0.4) 0.25 (±0.03) Anatase 7 (±0.1) 3.06 (±0.02) 5.6 (±0.2) 

Meso-TiO2-400 194 (±19) 5.4 (±0.5) 0.34 (±0.03) Anatase 7 (±0.1) 3.07 (±0.02) 6.0 (±0.2) 
a SEM; bN2 BET; cfrom BJH desorption isotherm; dmean particle diameter from XRD via Scherrer analysis; eDRUVS; fTPO; 
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 Photocatalytic performance of macro-mesoporous titania series 

 

Photocatalytic activity of macro-meso-TiO2 series characterised above was examined using the 

photocatalytic decomposition of Methyl Orange and H2 production via water splitting reaction under 

UV-vis light irradiation. The key interest is the effect of macroporosity and macropore diameter on 

the activity of the catalysts. Produced photocatalysts were compared to the meso-TiO2-400 

counterpart which was synthesised via identical procedure without a hard template. 

 

4.2.1 Methyl Orange decomposition 

 

The initial testing of photocatalytic activity of macro-meso-TiO2 with macropores from 140 to 310 

nm was photodegradation of 20 ppm Methyl Orange (MO) aqueous solution. Prior to illumination 

catalysts were stirred in the dark for one hour to achieve MO adsorption equilibrium. Macro-meso-

TiO2 catalysts display 3% MO adsorption. The illumination of the dye in the absence of the 

photocatalyst for 5h showed no photolysis (Figure 3.17 (a)). The time profiles of MO degradation 

in Figure 4.10 do not show an obvious trend for different macropore size. 

 

 
Figure 4.10 Time profiles of the percentage of Methyl Orange degradation by macro-meso-TiO2 

series with 140-310 nm macropores under UV-vis light. 
 

For a more accurate comparison, mass normalised initial rates (Figure 4.11) were calculated and 

they showed uniform activity despite the change in the macropore size. The lack of dependence of 

activity to macropore diameter is maybe due to the relatively slow decomposition rate (in comparison 

to Cu or Pt promoted series) and diffusion within the macropores is not busy and limited. In addition, 

Macropores / nm 
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macro-meso-TiO2 series was slightly less active than the meso-TiO2-400 equivalent. It is important 

to note, that addition of the macroporosity to macro-meso-TiO2 series did not significantly reduce or 

increase the overall surface area.  Results of the initial rates are unexpected, because MO molecule 

is approx. 2.6 nm and in the previous chapter (3.2.1 Methyl Orange decomposition) it was identified 

that framework diffusion is a limiting factor. The introduction of macroporosity should assist 

accessibility to mesopores and resolve the diffusion constraint. The surprising outcome can be 

explained by a decrease in mesopore size from 5.4 nm in meso-TiO2-400 counterpart to the average 

4.4 nm in macro-meso-TiO2 series (4.1.3 Nitrogen porosimetry). Despite macropores providing 

better access to reach mesopore framework, Methyl Orange molecules have restricted entrance to the 

actual mesopores, where the majority of the catalyst surface is. More detailed dependence of the 

activity on mesopore diameter was discussed in detail in 3.2 Photocatalytic performance of 

mesoporous titania series paragraph. In pure macro-meso-TiO2 series, the relationship between 

mesopore size and access to the mesopores is the key factor influencing the activity, not the overall 

framework diffusion.  

 
Figure 4.11 Initial rates of macro-meso-TiO2 series with 140-310 nm macropores together with 

meso-TiO2-400 equivalent under UV-vis irradiation. 
 

The addition of macropores to the meso-TiO2 structure can have a dual effect – influence on the 

framework diffusion, discussed above, and/or improved light absorption by the formation of the 

photonic crystal. Despite the absence of photonic crystal properties from DRUVS measurements 

(4.1.6 Diffuse reflectance UV-vis spectrophotometry), Methyl Orange degradation tests were also 

performed using monochromatic 365 nm light source, while previously full UV-vis spectrum was 

used. Figure 4.12 and Figure 4.13 demonstrate that despite the macropore size ranging from 140 to 

310 nm (SEM), the activity was the same for all macropore diameters under monochromatic 365 nm 
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light. Furthermore, it was twice smaller than the one under UV-vis irradiation. If the material forms 

a photonic crystal, depending on the macropore size, a certain irradiation wavelength would enhance 

the activity. The wavelength approximately should be twice the size of the macropore. Unfortunately, 

this phenomenon was not observed. However, the results are in a good agreement with diffuse 

reflectance UV-vis spectrophotometry (DRUVS) data.  

 
Figure 4.12 Time profiles of the percentage of Methyl Orange degradation by macro-meso-TiO2 

series with 140-310 nm macropores under monochromatic 365 nm light.  

  
Figure 4.13 Initial rates of MO degradation under monochromatic 365 nm light by macro-meso-

TiO2 series with 140-310 nm macropores. 

Macropores / nm 
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4.2.2 Water splitting 

 

Photocatalytic activity in H2 production via water splitting under UV-vis irradiation of macro-meso-

TiO2 series with macropores from 140 to 310 nm is presented in Figure 4.14. The rates of hydrogen 

production were the same regardless the variation in macropore size and were twice more active than 

the meso-TiO2-400 counterpart. It is important to note, that addition of the macroporosity to macro-

meso-TiO2 series did not significantly reduce or increase the overall surface area.  It is unsurprising 

that the rate is independent of macropore diameter because water diffusion cannot be a rate-limiting 

factor in a reactor full of water. Moreover, the previous investigation revealed the negligible impact 

of mesopore diameter on water splitting reaction (3.2.2 Water splitting). It is puzzling, how the 

incorporation of the macropores greatly improved the photoactivity. Based on DRUVS results (4.1.6 

Diffuse reflectance UV-vis spectrophotometry) and MO photocatalytic tests under monochromatic 

365 nm wavelength (4.2.1 Methyl Orange decomposition), it was established that addition of the 

macroporosity did not affect the optical properties of the catalysts. Even though, in theory, the 

reaction takes place on the all surface (external and mesopores), maybe in the water splitting case, 

more of the reactions occur on the external surface, which increases when the macropores are 

incorporated.  The results showed that 140 nm macropores are sufficient.  

 

 
Figure 4.14 H2 production rates of macro-meso-TiO2 series with 140-310 nm macropores under 

UV-vis light. 
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 Characterisation of 0.1 wt% Cu promoted macro-mesoporous titania series  

 

Macro-meso-TiO2 series with different macropore sizes from 140 to 310 nm discussed in 4.1 

Characterisation of macro-mesoporous titania series were deposited with 0.1 wt% Cu by classic 

wet impregnation method using Cu(NO3)2.3H2O as a precursor. The 0.1wt% has been chosen as the 

most active Cu loading from the photocatalytic activity evaluated in 3.5 Photocatalytic 

performance of Cu promoted mesoporous titania series. The recently synthesised photocatalysts 

have been characterised to determine if the characteristics of macro-meso-TiO2 support have been 

retained. In addition, the impact of the titania framework to metal deposition and the resulting activity 

was assessed. Characterisation and photoactivity were compared to 0.1 wt% Cu/meso-TiO2-400 – an 

analogous mesoporous material, synthesised via identical method but without the macropores. 

 

4.3.1 Nitrogen porosimetry 

 

 

 

Figure 4.15 (a) Stacked isotherm plot (b) Mesopore size distribution of 0.1 wt% Cu/macro-meso-
TiO2 with 140-310 nm macropores. 

 

N2 porosimetry was employed to evaluate retention of mesopore framework of macro-meso-TiO2 

140 – 310 nm support after deposition with Cu. N2 adsorption/desorption curves (Figure 4.15 (a)) 

of Cu promoted catalysts display identical isotherms to those of macro-meso-TiO2 supports and 0.1 

wt% Cu/meso-TiO2: type IV isotherms with H2 type hysteresis loop indicating either restricted pore 

entrance (ink bottle shape) or irregular channel structure of mesopore framework.174 Specific surface 

area (BET), mesopore volume and mesopore size (BJH, Barrett-Joyner-Halenda) of 0.1 wt% 

Cu/macro-meso-TiO2 are summarised in Table 4.6 and compared to unpromoted macro-meso-TiO2 

series and Cu/meso-TiO2-400 equivalent. Cu promoted macro-meso-TiO2 showed average 175  

Macropores / nm 

 

A B Macropores / nm 
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m2.g-1 surface area, 4.4 nm mesopores and 0.26 g.cm-3 mesopore volume demonstrating that the 

supports retained their qualities after Cu impregnation process. In comparison with 0.1 wt%, 

Cu/meso-TiO2 counterpart, pore diameter (Figure 4.15 (b)) and thus pore volume are slightly lower. 

 

Table 4.6 Summary of N2 porosimetry results of 0.1 wt% Cu/macro-meso-TiO2 series. On the right-
hand side, the corresponding values of the macro-meso-TiO2 support before Cu promotion. At the 
bottom of the table values for Cu promoted and unpromoted meso-TiO2 equivalents are presented. 

 

 
0.1 wt% Cu promoted macro-meso-

TiO2 
macro-meso-TiO2 support 

Macropore 
size / nm 

BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g 

cm
-3

 

BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g 

cm
-3

 
Cu 140 155 (±16) 4.4 (±0.4) 0.25 (±0.03) 164 (±16) 4.2 (±0.4) 0.24 (±0.02) 

Cu 200 154 (±15) 4.4 (±0.4) 0.20 (±0.02) 155 (±16) 4.2 (±0.4) 0.21 (±0.02) 

Cu 240 189 (±19) 4.1 (±0.4) 0.25 (±0.03) 186 (±19) 4.4 (±0.4) 0.29 (±0.03) 

Cu 290 210 (±21) 4.4 (±0.4) 0.31 (±0.03) 162 (±16) 4.7 (±0.5) 0.27 (±0.03) 

Cu 310 168 (±17) 5.1 (±0.5) 0.31 (±0.03) 156 (±16) 4.4 (±0.4) 0.22 (±0.02) 

Average 175 (±18) 4.4 (±0.4) 0.26 (±0.03) 165 (±17) 4.4 (±0.4) 0.25 (±0.03) 

Cu meso 

TiO2 400 oC 

and  meso 

TiO2 400 oC 

167 (±17) 5.1 (±0.5) 0.32 (±0.03) 194 (±19) 5.4 (±0.5) 0.34 (±0.03) 

 

4.3.2 X-ray diffraction  

 

Wide angle XRD diffraction patterns (Figure 4.16) of 0.1 wt% Cu/macro-meso-TiO2 with 

macropores ranging from 140 to 310 nm  exhibit seven well-resolved diffraction peaks indexed (101), 

(004), (200), (105,211), (204), (116,220), (215) corresponding to solely anatase crystalline phase. 

The average sized 7 nm anatase nanocrystallites are estimated using Scherrer formula (Table 4.7). 

There is no major change in the unit cell parameters. The Cu impregnated macro-meso-TiO2 series 

results are exactly the same as the parent support, therefore, impregnation with Cu does not affect 

crystallinity of the macro-meso-TiO2. Moreover, 0.1 wt% Cu/macro-meso-TiO2 data matches with 

the Cu promoted and unpromoted meso-TiO2 counterparts. Despite the support, at 0.1 wt% Cu 

loadings Cu peaks are not present due to atomically dispersed Cu species (4.3.4 X-ray absorption 

spectroscopy). 
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Figure 4.16 Wide angle XRD patterns of 0.1 wt% Cu/macro-meso-TiO2 series. 

 

Table 4.7 Summary of XRD results of 0.1 wt% Cu macro-meso-TiO2 series with 140-310 nm 
macropores. 

 
0.1 wt% Cu promoted macro-meso 

TiO2 
macro-meso TiO2 support 

Macropore 
size / nm 

Crystalli
ne phase 

Crystallite 
size / nm 

Anatase unit 
cell a (=b) / 

Å 

Crystalline 
phase 

Crystallite 
size / nm 

Anatase unit 
cell a (=b) / Å 

Cu 140 Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Cu 200 Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Cu 240 Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Cu 290 Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Cu 310 Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Average Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Cu/meso-

TiO2-400 

and meso-

TiO2-400 

Anatase 7 (±0.1) 3.78 (±0.04) Anatase 7 (±0.1) 3.78 (±0.04) 

 

4.3.3 Inductively coupled plasma optical emission spectrometry 

 

Cu promoted macro-meso TiO2 loadings (Table 4.8) are equivalent to the 0.1 wt% Cu/meso-TiO2-

400 counterpart.  Moreover, it closely matches the desired 0.11 wt% (3.5 Photocatalytic 

performance of Cu promoted mesoporous titania series) and can be rounded to 0.1 wt%. 

A - anatase 
 

A 
(101) 

A 
(004) 
 

A 
(200) 

 A 
(215) 

A 
(105,211) A 

(204) A 
(116,220) 

Macropores / nm 
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Table 4.8 ICP – OES determined Cu loadings of 0.1 wt% Cu macro-meso-TiO2 series with 140-310 
nm macropores. 

 

 

 

 

 

 

 

 

 

 

4.3.4 X-ray absorption spectroscopy 

 

3.3.4 X-ray absorption spectroscopy section discusses in detail the importance of identifying 

copper oxidation state and chemical environment which has a direct impact on activity within Cu 

promoted titania materials (3.5 Photocatalytic performance of Cu promoted mesoporous titania 

series). However, the ultra-low 0.1 wt% Cu loading was invisible in laboratory X-ray sources thus 

Cu species was probed by Cu K-edge X-ray absorption spectroscopy (XAS -synchrotron beam 

source). 

 
Figure 4.17 XAS spectrum of 0.1 wt% Cu macro-meso-TiO2 series with 140-310 nm macropores 

and reference Cu2O, CuO and Cu(NO3)2. 
 

Macropore size / nm Cu loading / wt% 

Cu 140 0.15 (±0.005) 

Cu 200 0.13 (±0.004) 

Cu 240 0.13 (±0.004) 

Cu 290 0.13 (±0.004) 

Cu 310 0.15 (±0.005) 

Average 0.14 (±0.004) 

0.1 wt% Cu/meso-TiO2-400 0.13 (±0.004) 

CuO 

Cu(NO3)2 

M
acropores 

/ nm
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Background subtracted, normalised XANES spectra of the 0.1 wt% Cu/macro-meso-TiO2 series and 

Cu2O, CuO and Cu(NO3)2 references are shown in Figure 4.17. From the previous results (3.3.4 X-

ray absorption spectroscopy and 3.4.4 X-ray absorption spectroscopy) it is evident that Cu 

loading and TiO2 support changes copper oxidation state and its local environment. The spectra of 

0.1 wt% Cu/macro-meso-TiO2 with 140 and 310 nm macropore diameter display a strong rising-

edge feature around 8986 eV and an intense white line around 8996; these are attributed to 1s→4pz 

(or 4px,ypz for Cu(I) species) and 1s→4p (continuum) transitions respectively. In this case, the local 

environment of Cu species strongly resembles Cu(II) nitrate trihydrate complex rather than bulk CuO 

indicating isolated Cu species. Least squares spectral fitting to Cu, Cu2O, CuO and Cu(NO3)2 

references identified only Cu(II) oxidation state in all Cu/macro-meso-TiO2 samples with uniform 

fit to a mononuclear copper and CuO mixture (Figure 4.18). Nonetheless, it uncovers that these 

samples do not display the pre-edge feature characteristic of Cu(II). Therefore, the majority of copper 

species (73% for 140 nm and 78% for 310 nm samples) is electronically alike Cu(I) but structurally 

resemble mononuclear complexes where single copper atoms are dispersed over titania. Ultra-low 

copper concentration was introduced by post-modification (wet-impregnation) of macro-meso-TiO2, 

which involves a relatively low calcination temperature, moreover, samples demonstrate constant 

band gap, anatase lattice parameter and crystal size which supports the hypothesis. Despite the 

variation in macropore diameter Cu species deposited on macro-meso-TiO2 support remained the 

same. 

 

 
Figure 4.18 XANES region fitting and % of mononuclear Cu (I) species and CuO of mesoporous 

TiO2 exhibiting 140 and 310 nm macropore size.   
 

  

Cu 310 

Cu 140 

22% 

78% 

73% 

Macropores / nm 

27% 
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4.3.5 Diffuse reflectance UV-vis spectrophotometry 

 

Recorded solid diffuse reflectance UV-vis optical absorption spectra (Figure 4.19 (a)) and Tauc plot 

(Figure 4.19 (b)) of 0.1 wt% Cu/macro-meso-TiO2 show 340 – 418 nm region of the band gap 

absorption with the average band gap of 3.06 eV, which are identical to macro-meso-TiO2 support 

materials (Table 4.9). Moreover, values are in a good agreement (within the error margin) with 0.1 

wt% Cu/meso-TiO2-400 counterpart featuring 3.1 eV band gap. DRUVS results confirm that 

deposition of 0.1 wt% Cu does not influence light absorption and the resulting band gaps of the 

Cu/macro-meso-TiO2 catalysts. 

 

 
Figure 4.19 (a) UV – vis absorption spectra and (b) Tauc plot of 0.1 wt% Cu macro-meso-TiO2 

series with 140-310 nm macropores. 
 

Table 4.9 Summary of the band gap values of 0.1 wt% Cu macro-meso-TiO2 series with 140-310 
nm macropores. 

 0.1 wt% Cu promoted macro-meso TiO2 macro-meso TiO2 supports 

Macropore size / nm Band Gap / eV Band Gap / eV 

Cu 140 3.01 (±0.02) 3.02 (±0.02) 

Cu 200 3.05 (±0.02) 3.06 (±0.02) 

Cu 240 3.10 (±0.02) 3.10 (±0.02) 

Cu 290 3.07 (±0.02) 3.07 (±0.02) 

Cu 310 3.05 (±0.02) 3.03 (±0.02) 

Average 3.06 (±0.02) 3.06 (±0.02) 

0.1 wt% Cu/meso-

TiO2-400 and meso-

TiO2-400 

3.10 (±0.02) 3.07 (±0.02) 

Macropores / nm 

 

A B 

Macropores / nm 
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4.3.6 Summary of the key characteristics of 0.1 wt% Cu promoted macro-mesoporous titania series 

 

Table 4.10 Summarises the main physicochemical and electronic properties of the 0.1 wt% Cu/macro-meso-TiO2 series with 140-310 nm macropores and 
compares with 0.1 wt% Cu/meso-TiO2-400 counterpart. 

Samples 
Cu loading / 

wt%(a) 

Mononuclear 

Cu (I) / % 
CuO / % BET / m

2
.g

-1(b)
 

Mesopore 

size / nm
(c)

 

Mesopore 

volume / g.cm
-3(c)

 

TiO2 Phase 

(XRD) 

Nanocrystallite 

size / nm
(d)

 

Band Gap / 

eV
(e)

 

Cu 140 0.15 (±0.005) 73.0 (±0.1) 27.0 (±0.1) 155 (±16) 4.4 (±0.4) 0.25 (±0.03) Anatase 7 (±0.1) 3.01 (±0.02) 

Cu 200 0.13 (±0.004) - - 154 (±15) 4.4 (±0.4) 0.20 (±0.02) Anatase 7 (±0.1) 3.05 (±0.02) 

Cu 240 0.13 (±0.004) - - 189 (±19) 4.1 (±0.4) 0.25 (±0.03) Anatase 7 (±0.1) 3.10 (±0.02) 

Cu 290 0.13 (±0.004) - - 210 (±21) 4.4 (±0.4) 0.31 (±0.03) Anatase 7 (±0.1) 3.07 (±0.02) 

Cu 310 0.15 (±0.005) 78.0 (±0.1) 22.0 (±0.1) 168 (±17) 5.1 (±0.5) 0.31 (±0.03) Anatase 7 (±0.1) 3.05 (±0.02) 

Average 0.14 (±0.004) 75.5 (±0.1) 24.5 (±0.1) 175 (±18) 4.4 (±0.4) 0.26 (±0.03) Anatase 7 (±0.1) 3.06 (±0.02) 

Cu/meso-

TiO2-400 
0.13 (±0.004) - - 167 (±17) 5.1 (±0.5) 0.32 (±0.03) Anatase 7 (±0.1) 3.10 (±0.02) 

aICP – OES; bN2 BET; cfrom BJH desorption isotherm; dMean particle diameter from XRD via Scherrer analysis; eDRUVS; 
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 Photocatalytic performance of 0.1 wt% Cu promoted macro-mesoporous titania series 

 

The catalytic activity of 0.1 wt% Cu promoted macro-meso-TiO2 with macropores ranging from 140 

to 310 nm were studied using the photocatalytic decomposition of Methyl Orange and H2 production 

via water splitting under UV-vis light. The impact of copper on the photocatalytic performance of 

macro-meso-TiO2 supports is investigated. Moreover, materials are compared to 0.1 wt% Cu/meso-

TiO2-400 counterpart which was synthesised via identical procedure without incorporation of 

macropores. 

 

4.4.1 Methyl Orange decomposition 

 

The initial way of testing the photocatalytic activity of Cu promoted mesoporous titania is 

photodegradation of 20 ppm Methyl Orange (MO) aqueous solution (Figure 4.20). Prior to the 

illumination catalysts were stirred in the dark for one hour to achieve adsorption equilibrium and it 

displays 3% MO adsorption. The illumination of the dye in the absence of the photocatalyst for 2h 

showed no photolysis. 

 

 
Figure 4.20 Time profiles of Methyl Orange degradation by 0.1 wt% Cu macro-meso-TiO2 series 

with 140-310 nm macropores under UV-vis light. 
 

The effect of Cu deposition on the macro-meso-TiO2 series activity and comparison to the 

unpromoted supports, together with 0.1wt% Cu/meso-TiO2-400 equivalent is introduced in Figure 

4.21. Cu/macro-meso-TiO2 series possess uniform 0.1 wt% Cu loading and the promoter 

mononuclear Cu(I) species is on average 76% across all series (4.3.3 Inductively coupled plasma 

Macropores / nm 
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optical emission spectrometry and 4.3.4 X-ray absorption spectroscopy). However, this is 24% 

less than 0.1 wt% Cu/meso-TiO2 counterpart, where 100% mononuclear Cu(I) species is observed. 

Mass normalised initial rates of Cu/macro-meso-TiO2 were 2-5 times higher than pure the macro-

mesoporous titania supports. A significant enhancement of activity upon addition of Cu promoter 

reflects the effect observed for Cu promoted mesoporous TiO2 (3.5.1 Methyl Orange 

decomposition). The latter relationship is attributed to the creation of oxygen vacancies upon 

introducing Cu(I) species into the titania framework; these oxygen vacancies likely capture 

photoexcited electrons to form F-centres,254 thereby suppressing charge carrier recombination, 

prolonging lifetime promoting either direct hole oxidation or indirect hydroxyl oxidation 

mechanisms (1.5.1 Methyl Orange decomposition Equation 1.2 A or B-D).83 

 

 
Figure 4.21 Initial rates of 0.1 wt% Cu/macro-meso-TiO2 series together with Cu/meso-TiO2-400 

equivalent and macro-meso-TiO2 140 – 310 nm supports under UV-vis irradiation. 
 

The initial rates displayed a linear growth as the macropore diameter increased, starting a little below 

the 0.1wt% Cu/meso-TiO2-400 counterpart. It is important to note, that addition of the macroporosity 

to Cu/macro-meso-TiO2 series did not significantly reduce or increase the overall surface area.  

DRUVS results (4.1.6 Diffuse reflectance UV-vis spectrophotometry) and MO photocatalytic tests 

under monochromatic 365 nm wavelength (4.2.1 Methyl Orange decomposition) established that 

addition of the macroporosity did not affect the optical properties of the catalysts. In the activity data 

of unpromoted macro-meso-TiO2 series, the effect of macropore diameter was not noticed probably 

because of the relatively slower reaction (4.2.1 Methyl Orange decomposition). However, in this 

case, the reaction rate was up to five times faster. Increase in the activity with the increase in the 

macropore diameter could probably arise from significantly improved overall diffusion and 
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accessibility to the photocatalyst surface. The photocatalytic MO decomposition performance of 0.1 

wt% Cu/macro-meso-TiO2 was dominated by overall framework diffusion which improved with 

larger macropore diameter. Presumably, the activity would be even higher if all Cu species, present 

on the surface would be 100 % mononuclear Cu(I) (instead of 76 %), like it is on 0.1 wt% Cu/meso-

TiO2-400. 

 

4.4.2 Water splitting 

 

Mass normalised H2 production rates of 0.1 wt% Cu/macro-meso-TiO2 series with macropores 

spanning from 140 to 310 nm with a comparison to the unpromoted supports, together with 0.1wt% 

Cu/meso-TiO2-400 equivalent is presented in Figure 4.22. Uniform 0.1 wt% Cu loading and the 

resulting amounts of the promoter mononuclear Cu(I) is on average 76% across all series (4.3.3 

Inductively coupled plasma optical emission spectrometry and 4.3.4 X-ray absorption 

spectroscopy). However, this 24% less than 0.1 wt% Cu/meso-TiO2 counterpart, where 100% 

mononuclear Cu(I) species is observed. It is also important to note, that addition of the macroporosity 

to Cu/macro-meso-TiO2 series did not significantly reduce or increase the overall surface area. Based 

on DRUVS results (4.1.6 Diffuse reflectance UV-vis spectrophotometry) and MO photocatalytic 

tests under monochromatic 365 nm wavelength (4.2.1 Methyl Orange decomposition), it was 

established that addition of the macroporosity did not affect the optical properties of the catalysts.   

 

 
Figure 4.22 H2 production rates of 0.1 wt% Cu/macro-meso-TiO2 series in comparison with 

Cu/meso-TiO2-400 equivalent and macro-meso-TiO2 140 – 310 nm supports under UV-vis light. 
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Photocatalytic activity in H2 production via water splitting under UV-vis irradiation of Cu/macro-

meso-TiO2 series was twice faster than the bare macro-meso-TiO2 supports. The activity 

enhancement upon addition of Cu promoter species was discussed in detail in the previous sections 

(3.5 Photocatalytic performance of Cu promoted mesoporous titania series, 4.4.1 Methyl 

Orange decomposition). It was identified, that atomically-dispersed Cu(I) species generate oxygen 

vacancies in the titania framework and then these oxygen vacancies most likely capture photoexcited 

electrons to form F-centres,254 thereby suppressing recombination and prolonging the lifetime of 

charge carriers. 

 

The initial rates of hydrogen production were the same regardless the variation in macropore size 

and were ~20% more active than the 0.1 wt% Cu/meso-TiO2-400 counterpart. The activity would be 

even higher if all Cu species, present on the surface would be mononuclear Cu(I), like it is on 0.1 

wt% Cu/meso-TiO2. This activity trend is the same as for the unpromoted macro-meso-TiO2 series 

water splitting activity (4.2.2 Water splitting). It is unsurprising that the rate is independent of 

macropore diameter because H2O diffusion cannot be a rate-limiting factor in an aqueous media. 

Moreover, the initial investigation revealed the negligible impact of mesopore diameter on water 

splitting reaction (3.2.2 Water splitting). Lastly, the results show that 140 nm macropores are 

sufficient.  
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 Characterisation of Pt promoted macro-mesoporous titania series  

 

Macro-meso-TiO2 series with increasing macropore sizes from 140 to 310 nm examined in 4.1 

Characterisation of macro-mesoporous titania series were promoted with Pt by straightforward 

wet impregnation method using chloroplatinic acid (H2PtCl6.6H2O). The newly synthesised 

photocatalysts have been characterised to assess retention of macro-meso-TiO2 support qualities via 

a range of techniques. The active Pt promoter species, the effect on it by the different supports and 

the following activity have been studied and compared. In addition, Pt/macro-meso-TiO2 series are 

correlated with 1.8 wt% Pt/meso-TiO2-400 – an analogue mesoporous material, synthesised and 

promoted via identical processes but not containing the macropores. 

 

4.5.1 Nitrogen porosimetry 

 

N2 porosimetry was employed to evaluate retention of mesopore framework of macro-meso-TiO2 

140 – 310 nm support after deposition with Pt. N2 adsorption/desorption graphs (Figure 4.23 (a)) of 

Pt/macro-meso-TiO2 photocatalysts feature identical isotherms to those of macro-meso-TiO2 

supports and Pt/meso-TiO2 : type IV isotherms with H2 type hysteresis loop reveals either restricted 

pore entrance (ink bottle shape) or irregular channel structure of mesopore framework.174 Specific 

surface area (BET), mesopore volume and mesopore size (BJH) of Pt/macro-meso-TiO2 are compiled 

in Table 4.11. Pt/macro-meso-TiO2 series display average 190 m2.g-1 surface area, 4.2 nm mesopores 

and 0.28 g.cm-3 mesopore volume. When compared to unpromoted macro-meso-TiO2 series, 

mesopore diameter and volume remains unchanged but there is a small increase in surface area. 

Overall, macro-meso-TiO2 supports retained their characteristics after Pt deposition process. In 

comparison with Pt/meso-TiO2 counterpart, no major changes are observed only pore diameter 

(Figure 4.23 (b)) and thus pore volume are slightly lower. 
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Figure 4.23 (a) Stacked isotherm plot (b) Mesopore size distribution of Pt macro-meso-TiO2 series 

with 140-310 nm macropores. 
 

 

Table 4.11 Summary of N2 porosimetry results of Pt macro-meso-TiO2 series with 140-310 nm 
macropores. On the right-hand side corresponding values of the macro-meso-TiO2 supports before 

Pt promotion are displayed. At the bottom of the table values for Pt promoted and unpromoted 
meso-TiO2 equivalents are presented. 

 

 

 

 

 Pt promoted macro-meso TiO2 macro-meso TiO2 support 

Macropore 
size / nm 

BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g 

cm
-3

 

BET / m
2
 

g
-1

 
Mesopore 
size / nm 

Mesopore 
volume / g 

cm
-3

 
Pt 140 190 (±19) 4.4 (±0.4) 0.29 (±0.03) 164 (±16) 4.2 (±0.4) 0.24 (±0.02) 

Pt 200 185 (±19) 3.9 (±0.4) 0.23 (±0.02) 155 (±16) 4.2 (±0.4) 0.21 (±0.02) 

Pt 240 214 (±21) 4.4 (±0.4) 0.33 (±0.03) 186 (±19) 4.4 (±0.4) 0.29 (±0.03) 

Pt 290 183 (±18) 4.4 (±0.4) 0.28 (±0.03) 162 (±16) 4.7 (±0.5) 0.27 (±0.03) 

Pt 310 176 (±18) 3.9 (±0.4) 0.25 (±0.03) 156 (±16) 4.4 (±0.4) 0.22 (±0.02) 

Average 190 (±19) 4.2 (±0.4) 0.28 (±0.03) 165 (±17) 4.4 (±0.4) 0.25 (±0.03) 

Pt/meso 

TiO2-400 

and meso-

TiO2-400 

188 (±19) 5.0 (±0.5) 0.33 (±0.03) 194 (±19) 5.4 (±0.5) 0.34 (±0.03) 

Macropores / nm 

 

A B Macropores / nm 
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4.5.2 X-ray diffraction 

 

XRD graphs (Figure 4.24) of Pt/macro-meso-TiO2 series with macropores sizes varying from 140 

to 310 nm demonstrate seven well-resolved diffraction peaks indexed (101), (004), (200), (105,211), 

(204), (116,220), (215) matching to TiO2 anatase crystalline phase. Based on calculations using 

Scherrer formula, the average size of anatase nanocrystallites is 7 nm (Table 4.12). In addition, 

a=b=3.79 Å unit cell parameter is identical to unpromoted supports and Pt/meso-TiO2-400 

counterpart. Promotion with Pt does not affect crystallinity of macro-meso-TiO2 supports. Pt/macro-

meso-TiO2 data also mirrors the Pt/meso-TiO2 counterpart. No Pt peaks were detected in WA XRD 

patterns disclosing either that Pt crystallites are smaller than 2 nm or the amounts are beyond XRD 

threshold. 

 

 
Figure 4.24 Wide angle XRD patterns of Pt macro-meso-TiO2 series with 140-310 nm macropores. 
  

A - anatase 
 

A 
(101) 

 

A 
(004) 
 

 

A 
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(215) 
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Table 4.12 Summary of XRD results of Pt/macro-meso-TiO2 series. On the right-hand side 
corresponding values of the macro-meso-TiO2 supports before Pt promotion are displayed. At the 
bottom of the table values for Pt promoted and unpromoted meso-TiO2 equivalents are presented. 

  
 Pt promoted macro-meso TiO2 macro-meso TiO2 support 

Macropore 
size / nm 

Crystallin
e phase 

Crystallite 
size / nm 

Anatase unit 
cell a (=b) / 

Å 

Crystallin
e phase 

Crystallite 
size / nm 

Anatase unit 
cell a (=b) / 

Å 
Pt 140 Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 
Pt 200 Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 
Pt 240 Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 
Pt 290 Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 
Pt 310 Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 

Average Anatase 7 (±0.1) 3.79 (±0.04) Anatase 7 (±0.1) 3.79 (±0.04) 
Pt/meso 

TiO2-400 
and meso 
TiO2-400 

Anatase 7 (±0.01) 3.79 (±0.04) Anatase 7 (±0.1) 3.78 (±0.04) 

 

4.5.3 High-resolution scanning transmission electron microscopy 

 

HRSTEM images of Pt/macro-meso-TiO2 140, 290, 310 nm were used to determine the size of Pt 

nanocrystallites which were invisible in WA XRD measurements (4.5.2 X-ray diffraction). In 

Figure 4.25, Figure 4.26, Figure 4.27, images A - C represent a snapshot of Pt distribution on 

macro-meso-TiO2 support while graph D shows Pt particle size distribution. Samples Pt/macro-meso 

TiO2 with 140, 290 and 310 nm macropore diameters all demonstrate average 2.4 nm Pt particles 

both in the pores and on the catalyst surface. Image C also features lattice fringes d101 ~3.5 Å which 

correlate with the most predominant (101) anatase facet d=3.5 Å (4.5.2 X-ray diffraction). The 

difference in macropore size of the macro-meso-TiO2 supports does not affect Pt particle size. Pt 

nanoparticle size of 2.4 nm agrees with the literature where a common 1-3 nm Pt nanoparticles are 

observed on porous titania.91, 292  
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Figure 4.25 HRSTEM images and particle size distribution of 1.8 wt% Pt dispersed on macro-

meso-TiO2 with 140 nm macropores. 
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Figure 4.26 HRSTEM images and particle size distribution of 1.8 wt% Pt dispersed on macro-

meso-TiO2 with 290 nm macropores. 
 

 

  



  

187 
 

 
Figure 4.27 HRSTEM images and particle size distribution of 1.8 wt% Pt dispersed on macro-

meso-TiO2 with 310 nm macropores. 
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4.5.4 Inductively coupled plasma optical emission spectrometry 

 

ICP – OES was used to determine experimental wt% loading of Pt on macro - mesoporous TiO2 

supports with macropores ranging from 140 to 310 nm. The average 1.3 wt% loading was measured 

for all the catalysts (Table 4.13). This 1.3 wt% loading is 0.5 wt% lower than the theoretical/expected 

1.8 wt%, which was deposited on Pt/meso-TiO2-400 counterpart. For both series of materials, 

identical synthesis method and the same stock solution of Pt precursor was used. 

 

Table 4.13 ICP – OES determined Pt loadings of Pt macro-meso-TiO2 series with 140-310 nm 
macropores. 

 

 

 

 

 

 

 

 

 

  

Macropore size / nm Pt loading / wt% 

Pt 140 1.36 (±0.04) 

Pt 200 1.34 (±0.04) 

Pt 240 1.27 (±0.04) 

Pt 290 1.30 (±0.04) 

Pt 310 1.30 (±0.04) 

Average 1.31 (±0.04) 

Pt/meso-TiO2-400 1.83 (±0.05) 
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4.5.5 X-ray photoelectron spectroscopy 

 

The XPS spectra of Pt/macro-meso-TiO2 series with macropores sizes from 140 nm to 310 nm Ti 2p 

region is shown in Figure 4.28. The binding energies for Ti 2p core levels found at 458 and 464 eV 

correspond to Ti 2p3/2 and Ti 2p1/2 levels respectively.189 The Ti 2p3/2 and Ti 2p1/2 peaks are symmetric 

which indicates uniform chemical environment in all samples. All samples displayed 2:1 oxygen to 

titanium surface atomic ratio, as expected for TiO2 structure. 

 

 
Figure 4.28 XPS spectra Ti 2p region of Pt macro-meso-TiO2 series with 140-310 nm macropores. 
 

The Pt region of Pt/macro-meso-TiO2 series (Figure 4.29) reveals three different Pt species. The 

binding energies of Pt 4f found at 71.0, 72.4 and 74.9 eV corresponds to Pt metal, Pt(II) and Pt(IV). 

The % of each Pt species, At% and wt% of surface and Pt:Ti ratio is summarised in Table 4.14. The 

binding energies and amounts of different Pt species on the surface are consistent and it compares 

well with Pt/meso-TiO2-400 counterpart. To conclude, Pt species and dispersion was similar 

regardless of variation in macropore diameter. The evaluation of the Pt species is challenging because 

of the weak signal, especially at 1.3 wt% loading, thus the standard deviations between At%, wt%, 

Pt(0) %, Pt(II) % and Pt(IV) % values are large. 

 

 

 

 

 

 

Ti 2p1/2 

 

Macropores /nm 
 

Ti 2p1/2 
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Figure 4.29 XPS spectra of Pt 4f region of Pt macro-meso-TiO2 series with 140-310 nm 

macropores. 
 

 

Table 4.14 Summary of % Pt species of Pt macro-meso-TiO2 series with 140-310 nm macropores. 
Macropore 

size / nm 

Pt surface / 

At% 

Pt surface / 

wt% 
Pt(0) / % Pt(II)/ % Pt(IV)/ % Pt:Ti 

Pt 140 0.19 (±0.01) 1.55 (±0.08) 49 (±2) 30 (±2) 21 (±1) 0.007 

Pt 200 0.20 (±0.01) 1.69 (±0.08) 51 (±3) 31 (±2) 18 (±1) 0.008 

Pt 240 0.21 (±0.01) 1.80 (±0.09) 51 (±3) 30 (±2) 19 (±1) 0.009 

Pt 290 0.20 (±0.01) 1.72 (±0.09) 49 (±2) 30 (±2) 21 (±1) 0.009 

Pt 310 0.23 (±0.01) 1.92 (±0.10) 51 (±3) 31 (±2) 18 (±1) 0.010 

Average 0.21 (±0.01) 1.74 (±0.09) 50  (±3) 30 (±2) 19 (±1) 0.009 

Pt/meso 

TiO2-400 
0.20 (±0.01) 1.61 (±0.08) 49 (±2) 26 (±1) 25 (±1) 0.008 

 

  

Macropores / nm 

 

Pt 140 

Pt 200 

Pt 240 

Pt 290 

Pt 310 
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4.5.6 Temperature programmed oxidation 

 

The derivative of the mass loss acquired from TPO results of Pt/macro-meso-TiO2 with macropores 

sizes varying from 140 to 310 nm (Figure 4.30) display three types of species desorbing from the 

surface (Table 4.15). TPO of pure macro-meso-TiO2 supports reports only two species (4.1.5 

Temperature programmed oxidation). The decrease in mass at temperatures up to 150 oC was 

attributed to physisorbed atmospheric and crystalline water while the mass loss from 150 to 450 oC 

was combustion of carbons. The % of water and carbon losses for Pt/macro-meso-TiO2 (Table 4.15) 

are identical to mass losses of macro-meso-TiO2 supports (4.1.5 Temperature programmed 

oxidation). The mass decrease at >450 oC corresponds to a loss of PtOx (4.5.5 X-ray photoelectron 

spectroscopy),  which is smaller than the Pt/meso-TiO2-400 counterpart because of the decrease in 

Pt wt% loading from 1.8 wt% of the Pt/meso-TiO2-400 to 1.3 wt% of Pt/macro-meso-TiO2 series 

(4.5.4 Inductively coupled plasma optical emission spectrometry).  

 

 
 

Figure 4.30 Derivative of mass loss of Pt macro-meso-TiO2 series with 140-310 nm macropores. 
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Table 4.15 Summary of TPO results of Pt macro-meso-TiO2 series with 140-310 nm macropores. 

 

4.5.7 Diffuse reflectance UV-vis spectrophotometry 

 

Solid diffuse reflectance UV-vis optical absorption spectra and Tauc plot (Figure 4.31) were 

recorded for Pt/macro-meso-TiO2 to evaluate the impact of Pt deposition on optical properties of the 

titania supports. Absorbance spectra (Figure 4.31 (a)) of the catalysts have a sharp band gap 

absorption edge at 325 – 380 nm. However, at wavelengths >380 nm light is still being absorbed 

even below the energy of the band gap absorption. Pure macro-meso-TiO2 supports do not show this 

feature thus it is attributed to Pt species. Tauc plot (Figure 4.31 (b)) and Table 4.16 report an average 

3.15 eV band gap of Pt/macro-meso-TiO2.The band gap is notably larger than the parent macro-

meso-TiO2 support and closer to Pt/meso-TiO2 equivalent. In both Pt/meso-TiO2 and Pt/macro-meso-

TiO2 cases, Pt promoted titania materials exhibit a small increase in the band gaps. Based on the 

theory, the Kubelka-Munk function is only accurate when materials are single oxides or doped 

composites, where modification is within the whole structure. When KM is used for the surface 

modified photocatalysts, the results are less accurate, because of the band bending which in this case 

occurs due to the Schottky barrier. As a result, the shift of the conductance and/or valence edges is 

observed and this influences the band gap evaluation via KM.257-259 This is the most probable cause 

of the shift of the band gap values for Pt promoted series. DRUVS results revealed that deposition 

of Pt increases light absorption of the Pt/macro-meso-TiO2 catalysts. 

Macropore size 

/ nm 

Water (<150 oC) 

/ % 

Carbon (150 – 450 oC) 

/ % 
 

PtOx (>450 oC)  

/ % 

Total mass loss 

/ % 

Pt 140 3.5 (±0.10) 2.1 (±0.06)  0.9 (±0.03) 6.5 (±0.20) 

Pt 200 3.1 (±0.09) 2.6 (±0.08)  0.9 (±0.03) 6.6 (±0.20) 

Pt 240 4.6 (±0.14) 2.0 (±0.06)  1.0 (±0.03) 7.6 (±0.23) 

Pt 290 3.1 (±0.09) 1.8 (±0.05)  0.8 (±0.02) 5.7 (±0.17) 

Pt 310 3.3 (±0.10) 2.1 (±0.06)  0.8 (±0.02) 6.2 (±0.18) 

Average 3.5 (±0.11) 2.1 (±0.06)  0.9 (±0.03) 6.5 (±0.20) 

macro-meso-

TiO2 average 
3.5 (±0.11) 2.0 (±0.06)  - 5.5 (±0.17) 
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Figure 4.31 (a) UV – vis absorption spectra and (b) Tauc plot of Pt macro-meso-TiO2 series with 

140-310 nm macropores. 
 

 

Table 4.16 Summary of the band gap values of Pt macro-meso-TiO2 series with 140-310 nm 
macropores. 

 

 

 Pt promoted macro-meso TiO2 macro-meso TiO2 supports 

Macropore size / nm Band Gap / eV Band Gap / eV 

Pt 140 3.15 (±0.03) 3.02 (±0.02) 

Pt 200 3.13 (±0.03) 3.06 (±0.02) 

Pt 240 3.16 (±0.03) 3.10 (±0.02) 

Pt 290 3.16 (±0.03) 3.07 (±0.02) 

Pt 310 3.16 (±0.03) 3.03 (±0.02) 

Average 3.15 (±0.03) 3.06 (±0.02) 

Pt/meso-TiO2-400 and  

meso-TiO2-400 
3.10 (±0.02) 3.07 (±0.02) 

A 

Pt species 
Macropores / nm 

 
Macropores / nm 

 

B 
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4.5.8 Summary of the key characteristics of Pt promoted macro-mesoporous titania series 

 

Table 4.17 Summarises the main physicochemical and electronic properties of Pt macro-meso-TiO2 series with 140-310 nm macropores. 

Sample 
Pt loading  

/ wt%(a) 

SSA 

/ m2.g-1 (b) 

Mesopore size 

/ nm (c) 

Mesopore 

volume / g.cm-3 (c) 

TiO2 Phase 

(XRD) 

Nanocrystallite 

size / nm(d) 

Band Gap 

/ eV (e) 

Total mass loss 

(H2O) / % (f) 

Pt 140 1.36 (±0.04) 190 (±19) 4.4 (±0.4) 0.29 (±0.03) Anatase 7 (±0.1) 
3.15 

(±0.03) 
6.5 (±0.2) 

Pt 200 1.34 (±0.04) 185 (±19) 3.9 (±0.4) 0.23 (±0.02) Anatase 7 (±0.1) 3.13 (±0.03) 6.6 (±0.2) 

Pt 240 1.27 (±0.04) 214 (±21) 4.4 (±0.4) 0.33 (±0.03) Anatase 7 (±0.1) 3.16 (±0.03) 7.6 (±0.2) 

Pt 290 1.30 (±0.04) 183 (±18) 4.4 (±0.4) 0.28 (±0.03 Anatase 7 (±0.1) 3.16 (±0.03) 5.7 (±0.2) 

Pt 310 1.30 (±0.04) 176 (±18) 3.9 (±0.4) 0.25 (±0.03) Anatase 7 (±0.1) 3.16 (±0.03) 6.2 (±0.2) 

Average 1.31 (±0.04) 190 (±19) 4.2 (±0.4) 0.28 (±0.03) Anatase 7 (±0.1) 3.15 (±0.03) 6.5 (±0.2) 

Pt/meso-TiO2-

400 
1.83 (±0.05) 188 (±19) 5.0 (±0.5) 0.33 (±0.03) Anatase 7 (±0.1) 3.10 (±0.02) 7.4 (±0.2) 

aICP – OES; bN2 BET; cfrom BJH desorption isotherm; dMean particle diameter from XRD via Scherrer analysis; eDRUVS;  fTPO; 
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 Photocatalytic performance of Pt promoted macro-mesoporous titania series 

 

Photoactivity of the Pt/macro-meso-TiO2 series with macropores ranging from 140 to 310 nm, 

discussed above, was investigated via photocatalytic depollution of Methyl Orange, H2 production 

via water splitting and CO2 reduction to hydrocarbons under UV-vis light irradiation. The impact of 

Pt deposition on photocatalyst’s performance is assessed and compared to pure and Cu promoted 

titania series. Additionally, catalysts are correlated to the Pt/meso-TiO2-400 counterpart which was 

synthesised via identical procedure without incorporation of macropores. However, Pt loading on 

Pt/meso-TiO2 is 1.8 wt% while on Pt/macro-meso-TiO2 it is lower - 1.3 wt%. 

 

4.6.1 Methyl Orange decomposition 

 

The time profiles of Pt/macro-meso-TiO2 Methyl Orange degradation are presented in Figure 4.32.  

Before the illumination, catalysts were stirred in the dark for one hour to achieve MO adsorption 

equilibrium. Pt promoted macro-meso-TiO2 catalysts display 30% MO adsorption. Photolysis is not 

observed for 20 ppm Methyl Orange dye (Figure 3.17).  

 

 
Figure 4.32 Time profiles of Methyl Orange decomposition of Pt macro-meso-TiO2 series with 140-

310 nm macropores under UV-vis irradiation. 
 

The impact of Pt addition on macro-meso-TiO2 series photoactivity and comparison to the Cu 

promoted and pure supports together with Pt/macro-meso-TiO2-400 counterpart are summarised in 

Figure 4.33. In the Pt/macro-meso-TiO2 series Pt loading, species and Pt:Ti ratios are uniform across 

the series, the only variation is in a macropore size (4.5.4 Inductively coupled plasma optical 

Macropores / nm 
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emission spectrometry, 4.5.5 X-ray photoelectron spectroscopy). However, the Pt loading on 

macro-meso-TiO2 series is 1.3 wt% while on Pt/meso-TiO2 counterpart – higher, 1.8 wt%. Mass 

normalised initial rates of Pt/macro-meso-TiO2 are 6-12 times higher than the bare macro-meso-TiO2 

supports and 2-3 times more active than Cu/macro-meso-TiO2 series. A dramatic increase in the 

photoactivity coincides with the one observed for Pt/mesoporous TiO2  where, in principle, Pt metal 

acts as an electron trap and prolongs the lifetime of the charge carriers, suppresses recombination 

and more holes are available to form OH radical or directly oxidise the dye (3.7.1 Methyl Orange 

decomposition). As the Fermi level of the Pt metal is lower than the conductance band of TiO2, 

photo-excited electrons can be transferred from the conductance band of TiO2 to the metal particles 

deposited on its surface, while photo-generated holes remain on the photocatalyst (Schottky barrier, 

1.4.1 Surface trapping). Separated electrons on the metal particles can then carry out a reduction 

reaction, while holes on the TiO2 participate in the oxidation reaction.   

 

 
Figure 4.33 Initial rates of Pt/macro-meso-TiO2 series together with Pt/meso-TiO2 counterpart, 0.1 
wt% Cu/macro-meso-TiO2 series and unpromoted macro-meso-TiO2 supports under UV-vis light.   

 

The initial rates displayed a linear growth as macropore diameter increased, starting with the same 

initial rate as the Pt/meso-TiO2-400 equivalent. It is also important to remark, that addition of the 

macroporosity to Pt/macro-meso-TiO2 series did not significantly reduce or increase the overall 

surface area.  DRUVS results (4.1.6 Diffuse reflectance UV-vis spectrophotometry) and MO 

photocatalytic tests under monochromatic 365 nm wavelength (4.2.1 Methyl Orange 

decomposition) demonstrated that addition of the macroporosity did not affect the optical properties 

of the catalysts. Pt/macro-meso-TiO2 catalysts displayed an identical trend as the Cu/macro-meso-

TiO2 series, where initial rates increase as macropore size expands. In both cases, the MO degradation 
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reaction was remarkably faster than the bare macro-meso-TiO2, especially for Pt series (up to 12-

fold). Therefore, the rate enhancement originates from the critical improvement of overall framework 

diffusion and accessibility to the catalyst surface with larger macropore diameter, with 310 nm 

macropores being the most active. Moreover, Pt/macro-meso-TiO2 materials potentially would be 

even more active, if it would have 1.8 wt% Pt loading as Pt/meso-TiO2 counterpart. 

 

4.6.2 Water splitting 

 

Mass normalised H2 production rate of Pt/macro-meso-TiO2 series with macropores spanning from 

140 to 310 nm is presented in Figure 4.34. Pt loading, species and Pt:Ti ratios are uniform across all 

series, the only change is in macropore size (4.5.4 Inductively coupled plasma optical emission 

spectrometry, 4.5.5 X-ray photoelectron spectroscopy).  However, the Pt loading on macro-meso-

TiO2 series is 1.3 wt% while on Pt/meso-TiO2 counterpart – higher, 1.8 wt%. It is also important to 

note, that addition of the macroporosity to Pt/macro-meso-TiO2 series did not significantly reduce or 

increase the overall surface area. DRUVS results (4.1.6 Diffuse reflectance UV-vis 

spectrophotometry) and MO photocatalytic tests under monochromatic 365 nm wavelength (4.2.1 

Methyl Orange decomposition) demonstrated that addition of the macroporosity did not affect the 

optical properties of the catalysts.  

 

 
Figure 4.34 H2 production rates of Pt/macro-meso-TiO2 140-310 nm series in comparison with 

Pt/meso-TiO2 counterpart, 0.1 wt% Cu/macro-meso-TiO2 series and unpromoted macro-meso-TiO2 
supports under UV-vis irradiation.   
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Pt promotion improves the activity of macro-meso-TiO2 supports by 33 times, while Cu - 17 times. 

Pt metal nanoparticles act as an electron trap suppressing recombination and prolonging charge 

carrier lifetime. As discussed in detail 1.4.1 Surface trapping and 3.7.1 Methyl Orange 

decomposition as well as in the above paragraph of Pt/macro-meso-TiO2 decomposition of Methyl 

Orange, loading with metals such as Pt, which in principle, acts as a co-catalyst on the TiO2 surface 

and forms the Schottky barrier. As the Fermi level is lower than the conductance band of the titania, 

photo-excited electrons flow from the conductance band of TiO2 to the metal particles deposited on 

its surface, while photo-generated holes remain on the photocatalyst. Separated electrons on the metal 

perform reduction reactions, while holes on the TiO2 proceed with the oxidation reactions. Therefore, 

metals with suitable work-function prevent electron-hole recombination, leading to the higher 

photocatalytic activity of TiO2.  

 

H2 production was the same regardless the variation in macropore size, the identical trend to the pure 

macro-meso-TiO2 support and Cu/macro-meso-TiO2, and 3 times more active than the Pt/meso-TiO2-

400 equivalent. It is expected that the rate is independent of macropore diameter because water 

diffusion cannot be a rate-limiting factor in the aqueous media. Initial investigation revealed the 

negligible impact of mesopore diameter on water splitting reaction (Figure 3.22). It is evident that 

140 nm macropores are sufficient. Furthermore, Pt/macro-meso-TiO2 potentially would be even 

more active if it would have 1.8 wt% Pt loading when compared to Pt/meso-TiO2 counterpart. 

 

4.6.3 Carbon dioxide reduction 

 

Pt/macro-meso-TiO2 with 140 – 310 nm macropores were the only macro-meso-TiO2 series to 

produce significant amounts of methane to overcome GC detection limits. Macro-meso-TiO2 and 

Cu/macro-meso-TiO2 series were tested and did not produce methane or any other CO2 reduction 

products. In theory, Pt metal acts as an electron trap, which separates electrons from holes and 

suppresses recombination and results in prolonged charge carrier lifetime and significantly improved 

photocatalytic activity (as discussed in detail 1.4.1 Surface trapping and 3.7.1 Methyl Orange 

decomposition as well as in the two paragraphs above). It is important to note, that addition of the 

macroporosity to Pt/macro-meso-TiO2 series did not significantly reduce or increase the overall 

surface area.   Furthermore, DRUVS results (4.1.6 Diffuse reflectance UV-vis spectrophotometry) 

and MO photocatalytic tests under monochromatic 365 nm wavelength (4.2.1 Methyl Orange 

decomposition), showed that addition of the macroporosity did not affect the optical properties of 

the catalysts. 
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Figure 4.35 (a) H2 (b) methane production rates via CO2 photoreduction by Pt/macro-meso-TiO2 

series and comparison with Pt/meso-TiO2 counterpart under UV-vis light. 
 

Mass normalised rates of generation of CH4 and H2 side product are presented in Figure 4.35 (b) 

Figure 4.35 (a) respectively. CO2 photoreduction reaction only formed methane gas and no liquid 

compounds, while the side water splitting reaction - hydrogen gas. The reaction was performed by 

saturating water and catalyst suspension with CO2 gas, therefore, the H2 production is detected. 

Methane production displays a linear increase with macropore size, starting with the same initial rate 

as Pt/meso-TiO2-400 equivalent. The exact linear trend is seen in the Methyl Orange decomposition 

reactions of Cu and Pt promoted macro-meso-TiO2 series (4.4.1 and 4.6.1 Methyl Orange 

decomposition). In principle, it corresponds to an enhancement in framework diffusion by 

macropores leading to improved performance and greater access to the photocatalyst surface, with 

largest 310 nm macropores being the most active. CO2 reduction and Methyl Orange decomposition 

reactions are diffusionally challenging, in contrast to water splitting, where macropore diameter did 

not affect the activity. In CO2 photoreduction, reactants and products (H2O, CO2, H2 and CH2) are 

smaller than Methyl Orange (2.6 nm), however, the CO2 reactant is in the gas phase. 

 

 

 

  

A B 



  

200 
 

 Conclusions of macro-mesoporous titania photocatalysts 

 

Newly synthesised macro-mesoporous TiO2 series with macropores ranging from 140 to 310 nm 

displayed average 165 m2 g-1 surface area indicating that surface area provided by the mesoporous 

framework (194 m2 g-1) is preserved and is in a good agreement with literature. 167, 274  HRSTEM and 

SEM images confirmed successful incorporation of macropores and formation of ordered structure. 

Images displayed hierarchical macro-mesoporous TiO2 structure with long-range hexagonal ordering 

imparted by polystyrene template and extended mesoscopic ordering resulting from the self-

assembly of the F127 block copolymer. The mesopore network is perturbed by interpenetrating 

spherical macropores which place geometric constraints on the hexagonal configuration of 

mesostructure.290 Thus, short-range mesopore order, observed in mesoporous TiO2 equivalent (3.1.2 

X-ray diffraction low-angle XRD data), is not retained. Moreover, this resulted in shrinkage of 

mesopore diameter from 5.4 nm in meso-TiO2 to 4.4 nm in macro-meso-TiO2. No further 

macroporosity effect on crystallinity or band gap was observed. Unfortunately, a stop-band feature, 

that is indicative of the formation of a photonic crystal in ordered macroporous structures,277, 278 was 

not visible in the DRUVS measurements (4.1.6 Diffuse reflectance UV-vis spectrophotometry). 

The absence of photonic crystal properties could probably be a result of insufficient periodicity 

because of incorporation of disordered mesostructure or still incomplete (approx. 70%) order of the 

macropores. The Methyl Orange degradation tests under the monochromatic 365 nm wavelength did 

not show any enhancement in photocatalytic activity and when compared to the mesoporous TiO2 

counterpart, sadly confirming that photonic crystal structure was not formed and optical properties 

of the photocatalysts are unaffected. On the other hand, the hydrogen production rates were doubled 

from 18 µmol h-1 g-1 (of meso-TiO2-400) to 34 µmol h-1 g-1. The variation in the macropore diameter 

influenced neither Methyl Orange degradation nor water splitting reactions. 

 

In the Methyl orange decomposition, Cu/macro-meso-TiO2 series were 2-5-fold and Pt/macro-meso-

TiO2 6-12-fold more active than the parent macro-meso-TiO2 supports. In water splitting reactions, 

Cu/macro-meso-TiO2 was twice, while Pt/macro-meso-TiO2 33 times better than the bare macro-

meso-TiO2 series. Out of all macro-meso-TiO2 series, Pt/macro-mesoTiO2 photocatalysts were the 

only ones, which demonstrated the activity in CO2 photoreduction, with maximum methane 

production rate of 0.95 µmol.h-1.g-1.  Post-modification of macro-meso-TiO2 with Cu and Pt did not 

affect structural properties or crystallinity of the supports thus the resulting changes in activity can 

be accounted for Cu and Pt promotion effects. The exact same promoter loadings were deposited 

across the series of macro-mesoporous TiO2 with macropores spanning from 140 to 310 nm – 0.1 

wt% for the Cu and 1.3 wt% for the Pt species. Across all 0.1wt%, Cu/macro-meso-TiO2 series the 

same mononuclear Cu(I) amounts were formed. Similarly, the variation in macropore diameter did 

not influence Pt species. Cu and Pt mode of action was discussed in detail in chapter 3 Mesoporous 

titania photocatalysts; 0.1 wt% Cu contains mononuclear Cu(I) species which creates oxygen 
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vacancies that trap electrons on TiO2 surface, in that way suppressing the recombination of holes and 

electrons; in a similar manner Pt metallic species formed on the titania surface, in theory, develops 

the Schottky barrier which also helps to trap electrons and prolong the lifetime of the charge carriers. 

The Methyl Orange degradation and CO2 reduction reactions showed that increase in macropore 

diameter led to an increase in the activity, while the water splitting tests displayed no change in 

hydrogen production rate across different macropore sizes. The macropore diameter becomes 

significant in the reactions involving bulky or gas reactants or products indicating that improved 

diffusion and accessibility to the catalyst increases the activity. This effect is more pronounced when 

macro-mesoporous TiO2 series are promoted with Cu or Pt because the rates of the reactions are 

faster and diffusion limitations become more significant. Most importantly, in all reactions (Methyl 

Orange depollution, water splitting, CO2 photoreduction) Cu and Pt/macro-meso-TiO2 series were 

significantly better than their Cu and Pt/meso-TiO2 counterparts. The key factor dominating the 

activities of Methyl Orange degradation and CO2 photoreduction reactions is the diameter of 

macropores and for the CO2 reduction reaction to take place, the presence of Pt(0) promoter species 

is required. On the other hand, for the water splitting reaction, the photoactivity is still significantly 

improved by the incorporation of macropores but the variation in their size has no affect. 

 

Comparison of the activity results with the literature is challenging because of the broad spectrum of 

operating conditions used in the publications, such as light intensity and distribution, change in stock 

solution concentrations, etc. As a result, the activity of the synthesized materials has been compared 

with the meso-TiO2 equivalent and within the series, to understand the effect of the macroporosity 

and metal promotion. However, since Pt/macro-meso-TiO2 is the only macro-meso-TiO2 series, 

which displayed photoactivity in CO2 reduction reactions, in this case, the activity will be parallelised 

with the literature. In the publications, most frequently observed selectivity is to entirely or a majority 

of the methane product, which correlates well with Pt/macro-meso-TiO2 results.286 293 Since the 

reaction takes place in aqueous media, the side water splitting reaction forms H2 product. Fang et 

al.294 synthesised 3.5 µmol.h-1.g-1 of methane (254 nm, 20 mW.cm-2, 3.5 bar) by using 0.6 wt% 

Pt/hierarchical TiO2 microspheres. The photoactivity of 1.3 wt% Pt/macro-meso-TiO2 produced in 

this thesis displayed 0.95 µmol.h-1.g-1 methane production rate and it is in a range with the literature, 

especially taking into account that Fang and co-workers performed the reaction under nearly four 

times higher pressure. As a rule, the higher reaction pressure increases CO2 solubility resulting in 

improved production rates. 
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5 Overall conclusions and future work 

 

The main aims of this PhD research project were to investigate the impact of nanostructures, in this 

case mesopore and macropore frameworks, on the activity of TiO2 photocatalysts in various reactions 

such as Methyl Orange degradation, water splitting and CO2 photoreduction, and to establish the 

effect of porous architectures on the Cu and Pt promoter species. The research was divided into two 

main subtasks: Chapter 3 Mesoporous TiO2 and Chapter 4 Macro-mesoporous TiO2. These two areas 

have been investigated and demonstrated in this thesis and all measurable aims were achieved. 

 

Chapter 3 presented a facile route to a series of high area mesoporous TiO2 materials synthesised by 

a one-pot surfactant templating method and thermal processing at temperatures spanning from 300 

to 900 oC. The mesoporous TiO2 series demonstrated tunable structural and photophysical properties 

and the resulting impact on photocatalytic activity. Increasing calcination temperature induced 

continuous expansion of uniform mesopores accompanied by the decrease in the surface area leading 

to the absolute collapse of mesopore framework at 800 oC. Furthermore, the rutile crystalline phase 

was promoted by the increase of thermal processing temperature, which narrowed the band gap. 

Methyl Orange degradation under UV-vis irradiation displayed a weak direct correlation with 

mesopore diameter and strong direct correlation with rutile %, imparting a two-fold rate 

improvement. While MO decomposition was influenced by both structural and electronic effects, 

photocatalytic H2 production via water splitting is more sensitive to rutile formation, inducing a 25-

fold increase in productivity. The enhanced activity could be attributed to anatase/rutile 

heterojunction formation which improved charge separation and reduced recombination. All meso-

TiO2 samples displayed prolonged charge carrier lifetime compared to that of the commercial P25 

sample with the most active meso-TiO2-700 sample having 7 times that of P25. The impact of surface 

area to photoactivity was negligible. 

 

Post-modification of mesoporous TiO2 by wet-impregnation with ultra-low (≤0.1 wt%) 

concentrations of Cu formed undercoordinated atomically-dispersed Cu(I) species, which, as extra-

framework, decorated the surface of titania. The formation of atomically-dispersed Cu(I) was 

strongly controlled by the copper loading and mesoporous TiO2 support. Mass normalised initial 

rates of MO dye degradation were inversely proportional to copper loading but directly proportional 

to the concentration of mononuclear Cu(I) and were six-times faster, relatively to the unmodified 

meso-TiO2-500 support. Moreover, a synergy between Cu(I) and CuO in 0.81 wt% Cu/meso-500 

sample enhanced H2 production by four-fold in comparison to the mesoporous scaffold. The 

promotion of the activity could be ascribed to the creation of oxygen vacancies by mononuclear Cu(I) 

species into the titania framework, which capture photoexcited electrons and suppress charge carrier 

recombination. Three consecutive reactions confirmed the retention and stability of mononuclear 
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Cu(I) species. The most suitable support for promoting 100% atomically-dispersed Cu(I) was meso-

TiO2-500, while the worst – meso-TiO2-800. 

 

Post-functionalisation of mesoporous TiO2 by wet-impregnation with the optimum 1.8 wt% Pt 

loading formed metallic platinum species, which, in theory, creates a Schottky barrier. Multiple 

characterisation techniques confirmed the retention of mesoporous TiO2 structure and crystallinity.  

According to the values of mass normalised initial rates, the Pt promoted series were five times more 

active than the bare supports, and twice better than Cu promoted series, for the methyl orange 

decomposition. Furthermore, H2 production via water splitting showed ten-fold increase in 

comparison to the unpromoted meso-TiO2 photocatalysts and eight-fold enhancement to Cu/meso-

TiO2 series. Only promotion with Pt produced the CO2 reduction product – methane, at a comparable 

to literature rate (1.3 µmol.h-1 .g-1). The considerably improved activity arose from the formation of 

the Schottky barrier which, in principle, channels electrons to populate on the metal and creates 

electron trap sites. This results in increased lifetimes and lower recombination of charge carriers. The 

activity of Pt promoted series were significantly conditioned by on the mesoporous TiO2 support 

used, which dictated nanoparticle size of Pt species. 

 

Chapter 4 introduced a straightforward route to a series of high surface area macro-mesoporous TiO2 

materials with macropore diameters ranging from 140 to 310 nm, synthesised by a one-pot soft-hard 

templating technique involving polystyrene as a hard template. The impact of incorporation of 

macropores into the mesopore framework discussed in Chapter 3 was investigated. Successful 

production of hierarchical macro-mesoporous TiO2 architecture with ordered long-range hexagonal 

macropore structure and extended mesoscopic ordering was confirmed. The addition of macropores 

to the meso-TiO2 structure can influence the framework diffusion and/or improve light absorption 

by the formation of the photonic crystal. Sadly, a stop-band feature, indicative of the formation of a 

photonic crystal in ordered macroporous structures,277, 278 was not visible in the DRUVS 

measurements. Furthermore, Methyl Orange degradation tests under the monochromatic 365 nm 

wavelength did not show any enhancement in photocatalytic activity, confirming that optical 

properties of the macro-meso-TiO2 photocatalysts were unaffected. The absence of photonic crystal 

properties could probably be the result of insufficient periodicity because of incorporation of 

disordered mesostructure or still incomplete (approx. 70%) order of the macropores. Despite that, 

the hydrogen production rates were doubled from 18 µmol h-1 g-1 (of meso-TiO2-400 counterpart) to 

34 µmol h-1 g-1. 

 

Post-modification of macro-meso-TiO2 series with 0.1 wt% mononuclear Cu(I) or 1.3 wt% metallic 

Pt significantly (in some cases up to 33 times) promoted photocatalytic activity in Methyl Orange, 

water splitting and CO2 reduction reactions. The identical modes of Cu and Pt promotion, as for 

Cu/meso-TiO2 and Pt/meso-TiO2 described above, were identified. Ultimately, in all cases, Cu and 
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Pt/macro-meso-TiO2 series were significantly better than their Cu and Pt/meso-TiO2 counterparts. 

Regardless of the absence of enhancement of optical properties, the incorporation of macropores 

notably improved meso-TiO2 performance. Moreover, Methyl Orange degradation and CO2 

reduction reactions displayed that the increase in macropore diameter led to an increase in the 

activity, with 310 nm macropores being the most active. On the other hand, water splitting tests 

displayed no change in hydrogen production rate across different macropore sizes, revealing that 140 

nm macropores are sufficient. The macropore diameter becomes significant in the reactions involving 

bulky or gas reactants or products indicating improved diffusion and accessibility to the catalyst. 

 

To conclude, the outcome of this research project in combination with the recommendations below 

should provide an insight into the impact of mesoporosity and macroporosity, together with Cu and 

Pt promoter species. The photocatalysts demonstrated good performance for depollution of water 

and capability of producing CH4 and H2 in a competitive to literature ways. The leading factors 

influencing the activities of the photocatalysts were titania crystalline phase, Cu and Pt promoter 

species and their distribution on the surface as well as macropore diameters and their incorporation 

to the mesoporous framework. Furthermore, Cu/meso-TiO2 series did not deactivate and could be 

used in a flow type reactor, which would make the reactions even more economically and 

environmentally friendly. Even though the photocatalysts were mostly active in the UV light, the 

reactions were performed at room temperature and under atmospheric pressure, while using water as 

a reaction medium. The synthetic protocol of manufacturing the photocatalysts described in this 

thesis can be replicated in the larger scale (100 of grams). 

 

Even the photocatalysts, synthesised during this project were very active under UV light, they were 

less economically efficient since UV radiation is only 3-4% of the solar light spectrum.12 Initially, 

the idea of promoting titania photocatalysts with Cu was to produce a catalyst, which is able to 

efficiently absorb solar spectrum and would not require an artificial light source. This still remains 

an important goal, and in a future work, a co-catalyst to Cu/TiO2 or Pt/TiO2 could be introduced. 

Formation of TiO2 heterojunction with the narrower band-gap semiconductor such as BiVO4, would 

absorb visible light and would channel electrons to the conductance band of titania whilst improving 

charge separation (Figure 5.1).295-297 Various semiconductors with the narrow band gaps like WO3 

or other materials like g-C3N4 and CoP could be employed. 
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Figure 5.1 A schematic representation of a heterojunction between TiO2 and narrow band gap 

semiconductor allowing efficient solar spectrum absorption. 
 

 

In the characterisation and testing of macro-mesoporous TiO2, it was identified that the materials did 

not display photonic crystal properties, which were greatly desired. Further research on developing 

macro-meso-TiO2 materials with enhanced optical properties, should focus on preserving ordered 

hexagonal arrays of mesopores. In addition, 100% periodicity and incorporation of macropores 

should be achieved. Only highly periodically ordered macropore structure can form the photonic 

crystal and achieve the slow-light effect leading to enhanced absorption efficiency. The optimum 

photocatalyst would be achieved by combining the best photocatalyst, synthesised during this thesis, 

with co-doping (discussed above) and absolute periodicity of the macropores. 
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