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Abstract 
 

Detailed studies of three areas of environmental remediation techniques which utilise 

semiconductor photocatalytic technologies were undertaken. These areas were: oxidation 

of solid inorganic contaminant layers deposited on titania (TiO2); oxidation of inorganic 

gas species by ultraviolet-illuminated titania; and factors affecting wettability changes 

(photoinduced superhydrophilicity, PSH) on illuminated titania. 

 

Soot and elemental sulfur layers, deposited onto sol-gel derived and P25 TiO2 films were 

found to be completely removed upon illumination with UV light; carbon dioxide and 

sulfur dioxide were detected in stoichiometric quantities as the only gas-phase oxidation 

products. Sulfur dioxide was trapped using an irradiated flow-cell set-up, with the 

resulting gas-species trapped and determined by the West-Gaeke method. Remote 

photocatalysis of soot layers was also investigated, with results suggesting that hydroxyl 

radicals are potentially not the primary migratory species responsible for remote 

photocatalysis. 

 

Further work concentrating on the photocatalytic oxidation of SO2 in a static cell system 

containing a TiO2 film was also carried out, with production of SO3 and poisoning of the 

photocatalyst observed. The photocatalytic oxidation of carbon monoxide was also 

assessed, initially using sol-gel TiO2 films before platinised films and polymer-

photocatalyst matrices were assessed. The flexible polymer films were found to be 

degraded by the photocatalyst – including those developed using fluoropolymers – at the 

expense of oxidative photocatalytic activity. 

 

The final part focused on repeatable experiments involving PSH – including the use of a 

novel environmental chamber to vary atmospheric conditions during illumination, and 

experiments into droplet composition and recovery of contact angle – in order to further 

investigate the possible mechanism(s) behind the phenomenon. 
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Chapter 1 Introduction 

Chapter 1 Introduction 

1.1. Semiconductor photocatalysis 

 

The 1970s saw unprecedented interest in alternatives to fossil fuels for methods of 

energy generation. Of the solar-energy-based technologies semiconductor photocatalysis 

(SPC) emerged as a popular option. The formation of hydrogen and oxygen from water 

had long been held as an idealised potential fuel source; the potential for catalysing this 

reaction with a photo-sensitising material gained international recognition for 

photocatalysis and titanium dioxide (TiO2). The intervening years have seen the 

potential applications of SPC diversify and evolve, though the original environmental 

emphasis has remained apparent in many of the myriad research and development 

projects being carried out worldwide. 

 

The earliest examples of titanium dioxide’s potential reactivity were observed as a result 

of its application as a pigment1 – the fading of ‘titanium white’-incorporated paints and 

photo-chalking were recognised as effects of ultraviolet light exposure, whereby the 

organic polymer binders of the matrix were being degraded by photocatalytic action2. 

The upsurge in interest in SPC came with the publishing of Fujishima and Honda’s 

seminal paper heralding the discovery of water cleavage by solar light illumination of a 

TiO2 single crystal wafer3. 

 

H2O + 2hν  ½O2 + H2  (1-1) 

 

The overall reaction is shown in equation 1-1, with oxygen evolved at the rutile TiO2 

electrode and hydrogen at a platinum black electrode. There have been many further 

studies which centre on this reaction4, though a definitive working ‘water-splitting’ cell 

utilising solar energy is yet to be commercialised. Along similar timelines new synthetic 

routes utilising photocatalysis5 and the environmental potentials of titania-mediated 
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photocatalysis were also being explored. From the environmental remediation approach, 

in the first instance, illuminated semiconductor powder dispersions were used to remove 

water-borne pollutants – such organic species2, 6, 7, cyanide8 and dissolved metals6, 9 – 

from drinking water. The imparting of photocatalytic activity to robust, solid coatings 

allowed ‘self-cleaning’ surfaces to be produced10-12, as well as those which actively 

‘cleaned’ both ambient and indoor air of pollutant species13, 14. The creation of self-

cleaning glass for glazing15 followed the discoveries16, 17 of photoinduced 

superhydrophilicity (PSH), a phenomenon which sees water droplets spread across 

illuminated titania, rather than beading as droplets. This facet of photocatalytically 

active titanium dioxide has also been utilised for anti-fogging coatings for mirrors and 

glassware. 

 

That titanium dioxide features heavily in most discussions of semiconductor 

photocatalysis is of no great surprise once the key properties of an ideal photocatalyst 

material are considered. These include; photoactivity; ability to utilise visible or near-

ultraviolet light; biological and chemical inertness; photostability; and 

availability/expense18: titania fulfils all of these requisites. Occurring naturally in two 

photocatalytically active forms – anatase and rutile, Figure 1-1 – and another inactive 

form – brookite – titanium dioxide has countless uses as a white pigment and filler, 

again stemming from its chemical and biological inertness. 

 

 

Titanium 

 Oxygen 

 
Anatase Rutile 

Figure 1-1 Crystal units of Rutile (left) and Anatase (right) titanium dioxide 
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All three forms have the same formula, TiO2, but are distinctly different in structure. At 

high temperatures, >925°C, Anatase TiO2 spontaneously restructures to the more 

thermodynamically stable rutile form. It is this stability which accounts for the higher 

natural abundance of rutile over anatase, with the brookite form found rarely. 

 

Selected applications of photocatalytically active titania and inert titania are shown in 

Figure 1-2, the major differences between the two relate to particle size and morphology. 

As a rule larger particles reflect visible light and absorb little, appearing white as a 

consequence – hence titania’s brilliance as a pigment19. At the opposite end of the scale 

the formation of nano-crystalline titania particles imparts novel characteristics, 

increasing activity whilst reflecting little light and enabling clear coatings to be formed, 

such as those utilised in glazing.  

 

 

 
 

Figure 1-2 (left) selected applications of non-photocatalytic titania including sunscreen, pigment 

and as an inert filler, and (right) examples of photocatalytically active titania in use, as non-stain 

building coatings, self-cleaning glass, anti-fog coatings, and used in solar cells20-27 
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1.2. Photocatalysis theory 

 

The fundamentals of semiconductor photocatalysis are well documented18, 28-30. Key 

factors for a photocatalytic system relate to the type of substrate, i.e. the chemical 

formula and the morphology, and the source of irradiation. These are intrinsically 

linked; to understand their relationship it is necessary to look at the theory behind 

semiconductors. The energy required to excite an electron from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), ∆E, 

becomes smaller as the number of monomeric units (N) increase, Figure 1-3. With the 

increased N of a semiconductor the electronic structure behaves as bands, with electrons 

present in the valence band and, for photocatalytic semiconductors via the absorption of 

electromagnetic radiation greater than the band-gap (Ebg), promoted to the conductance 

band, Figure 1-4. 

 

Energy 

LUMO 

HOMO 

Molecule 
N=2 

∆E ∆E 

Q-Size 
Particle 
N=2000 

∆E ∆E 

Cluster 
N=10 

Atomic 
Orbitals 

N=1 

Semiconductor 
N≥ 2000 

 
Figure 1-3 decreasing bandgap energy ∆E with increase of the number of monomeric units (N)18 
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Figure 1-4 Photoexcitation of a valence band (VB) electron to the conductance band (CB) by 

absorption of ultra-bandgap electromagnetic radiation (hν ≥ Ebg), creating an electron/hole pair 

 

(eV)E
1240)nm(
bg

=λ   (1-2) 

 

The wavelength of electromagnetic radiation (EMR) required to excite electrons (λ) is 

dependant on Ebg; the two are linked by equation 1-231. For titanium dioxide – which 

occurs in two photocatalytically active crystal forms, anatase (Ebg = 3.2 eV) and rutile 

(Ebg = 3.0 eV) – this equates to EMR of approximately <420 nm being necessary to 

initiate photocatalysis. This process creates an electron/hole pair which, following 

migration through the bulk can initiate redox reactions at the surface, Figure 1-5. 

 

 

CB 

VB 

A-

A 

D 

D+

hν ≥ Ebg

Reduction of A 

Oxidation of D 

Recombination 

in Bulk

Recombination 
at Surface 

Recombination at 
Surface 

Figure 1-5 possible processes occurring within photoexcited TiO2, including electron/hole 

recombination in the bulk, at the surface; and the oxidation of species D or the reduction of A 
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At the surface: an electron acceptor (A) can be reduced: A + e-  A-; an electron donor 

(D) can be oxidised by the hole: D + h+  D+. In such circumstances the overall 

semiconductor photocatalysis process can be summarised as: 

 
2

bg

TiO - +
h EA + D  A + Dν ≥⎯⎯⎯→  (1-3) 

 

The oxidising and reducing potentials of the electrons and holes produced are dependant 

on the potentials of the conductance and valence bands. Therefore the more negative the 

potential of the conductance band, then the more reducing the photogenerated electrons: 

and the more positive the valence band potential, then the more oxidising the holes of 

the valence band. Figure 1-6 depicts valence and conductance band values for a number 

of semiconductors and their relevance to redox potentials for hydrogen and oxygen 

evolution. In order for photosensitised reduction to occur, the potential of the 

conductance band must be more negative than the reduction potential of the species, at 

the same time the potential of the valence band must be more positive than the oxidation 

potential for photo-sensitised oxidation to occur32.  

 

3.0 eV
CdS 

Fe2O3

WO3
SrTiO3TiO2

(Anatase) 
TiO2

(Rutile) 

H+/H2 

O2/HO2· 

2.4 eV

2.2 eV2.7 eV

3.2 eV3.2 eV

3 

1 

2 

0 

-1 

-2 

E 
vs. 

NHE
O2/H2O

HO·/OH-

 
Figure 1-6 valence and conductance band positions for various semiconductors, vs. 

normalised hydrogen electrode potential, pH = 033 
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The redox reactions which occur on semiconductor particles are facilitated by the 

interactions between adsorbed species and the electrons and holes. This is classified as 

the ‘trapping’ of the photogenerated species, and the presence of adsorbed hydroxyl 

groups present on the surface of TiO2 in humid air has been shown to be significant29. 

Characteristic times of these and other processes occurring upon illumination of the 

photocatalyst are given in Table 1-1. The subsequently produced hydroxyl radicals are 

highly oxidising and play a key role in degradation of organic species by photocatalysis, 

equation 1-4. The active oxygen species formed during SPC are effectively ‘burning’ 

pollutant species in a cold-combustion reaction; therefore this can be regarded as 

photocatalytic oxidation (PCO) of the compounds. Another essential aspect of the 

overall process is the presence of a sacrificial electron acceptor (SEA); molecular oxygen 

fulfils this role in many systems producing superoxide (O2
-·), the subsequent degradation 

of which, through interaction with water and/or hydroxyl groups, is thought to produce 

further hydroxyl radicals which may become involved in PCO reactions. 

 

Table 1-1 primary processes, and their characteristic times, for TiO2 during illumination and 

subsequent reduction and oxidation reactions29 

 

Primary Process Characteristic Times 

(i) charge-carrier generation  

TiO2 + hυ  hvb
+ + ecb

- (fs) 

(ii) charge-carrier trapping  

hvb
+ + >TiIVOH  {>TiIVOH•}+ fast (10 ns) 

ecb
- + >TiIVOH  {>TiIIIOH} shallow trap (100 ps) (dynamic 

equilibrium) 
ecb

- + >TiIV  >TiIII deep trap (10 ns) (irreversible) 
(iii) charge-carrier recombination  

ecb
- + {>TiIVOH•}+  >TiIVOH slow (100 ns) 

hvb
+ + {>TiIIIOH}  >TiIVOH fast (10 ns) 

(iv) Interfacial charge transfer  

{>TiIVOH•}+ + Red  TiIVOH + Red•+ slow (100 ns) 

etr
- + Ox  TiIVOH + Ox•- very slow (ms) 
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Organic species are completely degraded by PCO to form carbon dioxide and water, the 

presence of heteroatoms, such as N or S, leads to the production of mineral acids, 

equation 1-418, a list of many of the organic compounds degraded by illuminated 

photocatalysts is shown in table 1-2 . Stearic acid (CH3(CH2)16CO2H) is one organic 

compound which has been utilised as a model test compound for determining 

photocatalytic activity (PCA) of photocatalyst films10, 34. Integration of the relevant 

peaks of a Fourier-Transform Infrared (FTIR) scan allows a measure of the number of 

molecules of the test compound present and therefore, during irradiation, the total 

molecules mineralised per unit irradiation time35. Other species used as model pollutant 

compounds for testing in similar manners include gaseous organic; acetaldehyde36, and 

gaseous inorganic; nitric oxide14, as well as aqueous dyes; methylene blue10, 37, and 

aqueous organics; dichloroacetic acid (DCA)38.  

 
semiconductor

2 2 2hOrganic pollutant + O   CO  + H O + mineral acids
bgEν ≥⎯⎯⎯⎯⎯→   (1-4) 

 

As previously stated, PCO of organic species, and many other semiconductor-mediated 

photocatalytic reactions, is dependant upon the wavelength of illumination and formula 

of substrate used – as shown if equation 1-2 and Figure 1-6 – but the structure and 

morphology of the semiconductor substrate are also key. A major development in 

photocatalytic technologies has been the synthesis of nanocrystalline materials31. All 

materials consist of ‘grains’ which in turn consist of many atoms. Conventional 

materials contain grains ranging from hundreds of microns to centimetres in size: the 

grains of nano-materials are in the order of 1-100 nm in size39. 

 

Atoms on the boundary of grains can have markedly different properties to atoms in the 

bulk; the distinction is shown in Figure 1-7. As grain sizes decrease the proportion of 

atoms on the boundaries of grains increases, and with this the material as a whole begins 

to take on the properties of the grain-boundary atoms, rather than of those in the bulk. 

This has been shown to impart novel properties on the nanocrystalline material, such as: 
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improved ductility, reduced density, reduced elastic modulus, enhanced diffusivity, 

higher electrical resistivity, and increased hardness40. 

 

 

Table 1-2 Examples of organic species destroyed or degraded by PCO18 

 

Class Example 
Alkanes Methane, isobutene, pentane, heptane, cyclohexane, paraffin 

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

trifluoro-2,2,2-trichloroethane 
Aliphatic alcohols Methanol, ethanol, isopropyl alcohol, glucose, sucrose 

Aliphatic carboxylic 
acids 

Formic, ethanoic, dimethylethanoic, propanoic, oxalic acids 

Alkenes Propene, cyclohexene 
Haloalkenes Perchloroethene, 1,2-dichloroethene, 1,1,2-thrichloroethene 
Aromatics Benzene, naphthalene 

Haloaromatics Chlorobenzene, 1,2-dichlorobenzene, bromobenzene 
Nitrohaloaromatics 3,4-Dichloronitrobenzene, dichloronitrobenznen 

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

p-cresol 

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

difluorophenol 
Aromatic carboxylic 

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

hydroxybenzoic, chlorohydroxybenzoic acids 
Polymers Polyethylene, poly(vinyl chloride) (PVC) 

Surfactants 
Sodium dodecylsulphate (SDS), polyethylene glycol, sodium dodecyl 

benzene sulphonate, trimethyl phosphate, tetrabutylammonium 
phosphate 

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

bentazon 
Pesticides DDT, parathion, lindane 

Dyes Methylene blue, rhodamine B, methyl orange, fluorescein 
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Figure 1-7 atoms in nanocrystalline material; on grain boundaries (open) and associated with the 

grain (closed) 

 

 

For photocatalytic semiconductors, such as TiO2, reduced grain size also means that the 

intra-particular distances that electrons and holes have to traverse are greatly decreased. 

This reduces the probability of electron/hole recombination in the bulk and increases the 

efficiency of the surface redox processes shown in Figure 1-5. Nanocrystalline TiO2 also 

benefits from increased specific surface area, increasing hydroxyl group density and the 

possible sites for the creation of active oxygen species; therefore increasing the activity 

of the photocatalyst. 

 

The reduced diameter of nanocrystalline particles also affects the optical properties; for 

TiO2 an otherwise strong white pigment can be set as hard, clear, photoactive films, 

which scatter very little visible light31. The ultraviolet-visible (UV-Vis) absorbance 

spectra of a number of TiO2 photocatalyst films can be seen in Figure 1-8, the portion at 

>400 nm highlights that little or no visible light is absorbed/reflected for the 

nanocrystalline films (ActivTM and 4µm paste film), whereas the P25 film (an average 

particle diameter of 21 nm is typical for Degussa P25; though these exist as aggregates 

of ~0.1 µm in diameter, meaning they are more accurately described as microparticles 

rather than nanoparticles18) exhibits greater scattering of visible light10. 
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The fraction of incident light absorbed by the titania coating of the substrate is a major 

factor in determining activity of a photocatalyst. There are a number of methods which 

have been derived in order to calculate or estimate the catalytic properties of 

photocatalysts in photocatalytic systems. The majority of these terms stem from 

heterogeneous or homogeneous catalysis, where classical factors such as total active 

sites and turnover numbers are key economic drivers for a catalyst41. For photocatalytic 

systems the ideal measure of the activity/efficiency of a photocatalyst is its conversion 

of reactant species per photon of ultra-bandgap irradiation absorbed, this is the quantum 

yield (Φ), equation 1-5. Unfortunately measurement of the rate of absorption of photons 

is very difficult, which has meant this term is rarely used. 

 

 

 
 

Figure 1-8 UV-Vis absorption spectra for (left to right) plain barrier glass, ActivTM, barrier glass 

coated with 900 nm of P25, and 4 µm thick paste film. Peak spectrum is typical output of 

blacklight-blue UVA bulb35, 42 
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An alternative – the quantum efficiency (δ) – takes into account all incident radiation 

and therefore is much simpler to estimate18. δ is defined as the ratio of the rate of 

reaction over the incident light intensity, equation 1-618, 43. This, when considered per 

unit area of photocatalyst film, per unit time, is equivalent to the molecules of pollutant 

degraded/removed per photon of ultra-bandgap irradiation, and is often expressed as a 

percentage. The caveat attached to any estimation or qualification of a photocatalyst’s 

activity towards degradation or reaction of a specific species hinges on the multitude of 

other variables which may influence the progress of the reaction. Therefore quantum 

efficiency provides a guide to allow tentative comparison between photocatalysts rather 

than a rule by which to measure photocatalysts against. 

 

radiation  of absorption of rate
reaction of rate

=Φ  (1-5) 

 

intensity light incident 
reaction of rate

=δ   (1-6) 

 

One method by which it has been suggested the results of photocatalytic experiments 

from different groups could be compared is the use of a reference photocatalyst. This 

would permit results for a new or modified catalyst to be published in conjunction with 

results for the reference. An original suggestion for such a reference, in aqueous systems 

which utilise catalyst dispersions, was Degussa P2518. Since then a large volume of work 

has focused on photocatalyst films, leading to suggestions that ActivTM self-cleaning 

glass, manufactured by Pilkington, could be utilised as a reference photocatalyst42. The 

three different types of titania substrate used in the work exhibit very different 

photocatalytic activities when determined by stearic acid removal rate (RSA)44. Films of 

P25 dip-coated onto glass are the most active – RSA = 17.8 dAint/t (10-3 cm-1 min-1) – 

with paste films produced from a titania sol slightly less active – RSA = 12.8 dAint/t (10-3 

cm-1 min-1) – and ActivTM much less so – RSA = 0.7 dAint/t (10-3 cm-1 min-1). This can 

partly be explained by comparing thicknesses for the films, intrinsically linked to the 
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UV absorptivity, and also considering the surface area and porosity of the films. The 

UV-Vis absorbance spectra of the different films, as shown in Figure 1-8, highlight the 

absorptivities of the different films, with the thin ActivTM films absorbing least UVA 

(365 nm) light (7%), followed by the P25 film and the sol-gel film, which absorbs the 

most (44%)44. 

1.3 Photoinduced superhydrophilicity 

 

The activity of a photocatalyst film towards oxidation of organics translates to the film’s 

activity when undergoing changes in hydrophilicity, i.e. PSH. Highly active films, such 

as the thick, paste-derived films undergo rapid transformation from hydrophobic to 

hydrophilic in comparison to thin films like ActivTM 45. The reversible, UV-induced 

conversion of photocatalyst surfaces has, as mentioned before, been a major factor in the 

commercial production of self-cleaning surfaces. Many studies have been carried out 

attempting to elucidate the mechanism of PSH, but a consensus has yet to be reached 

over the root cause. This topic is covered in more depth in Chapter 5, but briefly; there 

are two major theories covering PSH, both consider the phenomenon to be 

photocatalytic in nature and both acknowledge that the surface chemistry of the titania 

substrate is the key to the process. The point where the theories diverge is once the 

photogenerated electrons and holes reach the surface. 

 

In 1995 Japanese researchers working in the laboratories of TOTO Ltd. observed this 

phenomenon, and determined that ultraviolet radiation caused the formation of lattice 

defects and an increase in hydroxyl group density, resulting in an increase in 

hydrophilicity17, 46. This photoinduced surface reorganisation (PISR) mechanism 

accounts for both the forward and reverse reactions which occur on titania, and was tied 

in with other studies which observed UV-generated changes on TiO2 surfaces47. The 

major alternative theory is more straightforward, considering PSH as merely another 

facet of the widely observed photocatalytic oxidation (PCO) reactions which occur on 

UV-exposed titania16, 48, 49. The PCO theory proposes that atomically clean titania 
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surfaces are intrinsically superhydrophilic; high energy surfaces which are wetted 

completely by water droplets. The suggestion is that if the surfaces are exposed to 

ambient conditions, extremely low levels of organic material – too low to be detected by 

infra-red spectrophometry for example50 – are adsorbed, altering the surface chemistry 

and increasing hydrophobicity. Exposure to UV light allows PCO of the organic layer 

and returns the surface to its intrinsically hydrophilic state. 

 

1.4 Young’s equation and contact angle 

 

Evaluation of PSH is invariably by the sessile drop method – a water droplet is deposited 

onto the horizontal subject surface and the angle between the droplet and the substrate is 

measured, termed the contact angle (CA, also referred to as θ in literature). Contact 

angle is specific to liquid and solid, and with a known liquid, such as water, contact 

angle is a simple method of surface analysis for solids. 

 

The minimum surface energy for a liquid is achieved for a droplet, free of external 

forces, as a perfect sphere. Water has high surface energy, consisting of polar bonds 

exerting hydrogen bonding forces. When in contact with a solid a water droplet will 

minimise its surface energy, and therefore its shape, dependant upon the combination of 

energies of three interfaces: solid-liquid (γSL), solid-gas (γSG) and liquid-gas (γLG), 

Figure 1-9. A liquid on a surface will reach equilibrium when the forces acting on it are 

balanced and the surface tension is at a minimum. The forces at equilibrium are 

described by Young’s equation; equation 1-7. 

 

 γLG cosθ = γSG - γSL (1-7) 

 

The balance of forces acting upon the point where the droplet meets the surface and the 

gas-phase causes the droplet to stop advancing across the surface. The wetting ability of 

a liquid is a function of the surface energies of these three interfaces. The net effect of 
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this is that at the liquid-solid interface, if the attraction between the molecules of the 

liquid (cohesive force) is greater than their affinity for the molecules of the solid 

(adhesive force), then the droplet beads up and is non-wetting. If the adhesive force is 

greater than the cohesive force then the droplet wets the surface. When surface energies 

are taken into consideration, a low energy surface such as PTFE (18 mN m-1) gives rise 

to high CA values (>100 °, highly hydrophobic)  for water, a high energy liquid51, 52.  

 
γ LG

 

γ SL
θ 

γ SG  

 

 

Figure 1-9 diagram of interfacial energies acting on a sessile drop resting on a surface 

 

1.5 Environmental SPC – self-cleaning surfaces 

 

The combination of PCO and PSH technologies has seen the creation of self-cleaning 

surfaces for use throughout the construction industry and beyond. The two-step process 

of PCO ‘loosening’ surface deposits whilst PSH dictates that any subsequent rainfall 

forms sheets of water rather than droplets to wash away the dirt has famously been 

utilised to fabricate self-cleaning windows12, 15. The primary function of self-cleaning 

materials is to degrade organic type materials, such as those found in greases10, but soot 

has also been found to be mineralised by PCO53-55. This function makes the 

incorporation of titania into, and onto, cementitious materials an excellent way to 

produce stain-proof coatings, such as the coating applied to the Jubilee church in Rome, 

pictured in Figure 1-10, and the Marunouchi building in Tokyo12. Another addition to 

the field has been illuminated titania’s anti-microbial properties, with illuminated 

coatings causing rupturing of cells wall membranes56, Figure 1-11, and also degradation 
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of any associated toxins57, 58. This can potentially provide anti-bacterial properties to 

coatings which may be used in places where cleanliness is imperative, such as 

hospitals59. 

 

 

 

 
 

Figure 1-10 the Jubilee church in Rome features an anti-staining titania coating27 

 

 

 
Figure 1-11photokilling of E-Coli, highlighting membrane penetration by hydroxyl radicals and 

superoxide56 
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1.6 Environmental SPC – ambient and indoor air purification 

 

Another area where titania-incorporating cementitious materials have been used in 

environmental remediation involves removing toxic gas species from ambient air. NOx 

species are a common constituent of city smog and it has been proposed that coating 

paving with titania can reduce NOx levels60, 61. SPC-based air purifiers have also been 

created for indoor use, improving the quality of air for homes, offices and industrial 

workplaces such as factories15. An example of a prototype purifier and also the type of 

honeycomb filter which would be used are given in Figure 1-12. 

 

 

 
 

Figure 1-12 porous titania-based ceramic filter used for photocatalytic air purifiers62 (left) and a 

schematic of a proposed photocatalytic air purifier18 

 

 

Volatile organic compounds (VOCs) are thought to be a major contributor to poor 

indoor air quality and are commonly used in building materials – as paint solvents and in 

the formation of particle boards for example63. This class of compounds, as well as 

chlorinated organics10, 64  have been shown to be removed from air streams using titania 
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filters in combination with UV sources18, 65. The degradation products of such 

compounds have to be monitored carefully, as it is possible that intermediates produced 

during mineralization may be more highly toxic than the original compound. One 

example of this occurs during the photocatalytic oxidation of TCE (trichloroethylene) in 

the gas phase, the final complete oxidation products are CO2, CO, HCl and Cl2, but 

phosgene, a highly hazardous species, has also been detected as an incomplete 

combustion product32, 59. The accumulation of acidic species – such as those generated 

through PCO of heteroatom-containing organics and inorganic gas species – would be 

unfavourable for acidity-sensitive materials such as masonry. Further discussion of this 

subject is contained in Chapter 4. 

 

1.7 Environmental SPC – waterborne systems 

 

The first environmental applications of SPC concerned water purification, specifically 

the production of potable water from polluted waterways. As an alternative to using 

corrosive methods like chlorination and ozone treatment, PCO is a much less hazardous 

prospect capable of degrading and destroying organic species, such as those listed in 

Table 1-2, as well as removing both cations and anions from water. The types of 

contamination which are being considered for this type of remediation are most likely to 

be crude oil derivatives like gasoline or pesticides and herbicides which are accumulated 

in ground water66. The photocatalytic mineralization of these organic and chlorinated 

organic species has been shown to be highly successful29 using primarily powder 

dispersions2, 6, 66. Other target compounds such as cyanide and sulfite were observed to 

be oxidised in titania/water dispersions8. Bromine and iodine ions were also oxidised, 

with the products dependant on the pH of the medium, though chlorine ions were found 

to withstand oxidation67. 

 

Reductive pathways were observed for cations, usually metals dissolved in water, such 

as Ag, Au, Cd, Cr, Cu, Hg, Ni, Pb, Se and Pt6, 9, 68. Many of these are toxic in water and 
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therefore their removal by photocatalysis is another useful facet of photocatalytic 

purification. The development of supported photocatalysts69, rather than powder 

dispersions which require a filtration step for catalyst recovery, is a useful but not 

essential step towards bringing these types of water-purifiers to the commercial market, 

as shown by the number of systems on the market which use titania slurries15. Self-

contained reactors which do not require an electrical UV light source, i.e. solar reactors, 

have been piloted for effluent and wastewater purification, such as the plant situated on 

the site of the Menzel Temime textile factory in Tunisia70. Depicted in Figure 1-13, the 

thin-film fixed-bed reactor allows effluent to flow over the photocatalyst, removing 

organic compounds and reducing the chemical oxygen demand (COD) of the 

wastewater. Other water-borne species whose removal by PCO is desirable for drinking-

water production include cyanobacteria and cyanotoxins71. 

 

 
Figure 1-13 schematic of TFFBR solar reactor used to purify textile effluent in Tunisia70 

 

1.7 Research aims 

 

The aims of this work are to continue the exceptional work of the Mills group and 

investigate a number of areas of semiconductor photocatalysis in the context of 
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applications for environmental remediation. This includes the removal of solid inorganic 

layers from ‘self-cleaning’ films of titania; oxidation and removal of gas-phase 

pollutants by titania films and the creation of possible polymer-based photocatalyst 

films; and a thorough investigation into the kinetics and mechanism of both the forward 

and reverse reactions of PSH. The thread which runs through the whole body of work is 

the focus on using either easily fabricated or commercially-produced films of titania for 

repeatable experiments in order to gain insight into subjects which have provoked much 

debate amongst researchers. 
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Chapter 2 Experimental  
2.1. Synthesis and/or Preparation of Photocatalysts 

2.1.1. Thick film photocatalysts by the sol-gel process 

 

The use of sol-gel techniques is popular for the creation of hard, glassy titania 

photocatalyts1-5. There are generally three major steps involved in sol-gel processing; 

hydrolysis, alcohol condensation and water condensation6. The following method 

utilised a modified sol-gel process whereby acetic acid complexation of the titanium 

precursor precedes acid-catalysed hydrolysis. All chemical were supplied by Aldrich 

unless stated otherwise. 

 

 

 
Figure 2-1 (Left) tetrahedral structure of monomeric titanium(IV) Isopropoxide, and (right) 

octahedral dimer of acetic acid modified titanium(IV) isopropoxide 

 

 

Modification of precursor: Transition metal alkoxides are a common choice as precursor 

due to their reactive metal centres; being surrounded by electronegative –OR groups. A 

degree of control of the hydrolysis step is acquired by the acid modification of the 

precursor7, in this case Titanium(IV) isopropoxide (Ti(OCH(CH3)2)4 (commonly 

referred to as  Ti (OPri)4)). Nucleophilic substitution of the isopropoxide ligands for 

acetate (–OCOCH3) groups controls hydrolysis by reducing the activity of the species in 
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two key ways: acetate groups are less bulky and more electronegative ligands than 

isopropoxide groups. 

 

The procedure was as follows: titanium(IV) isopropoxide (Ti(OPri)4, 20 ml, 97%) was 

added, via a 12-gauge needle connected to a glass syringe, to a 100 ml round bottomed 

flask containing glacial acetic acid (4.65 g). Due to the extreme moisture sensitivity of 

titanium(IV) isopropoxide, upon addition, the tip of the syringe was kept below the 

surface of the acetic acid. The reaction between the reagents was noticeably exothermic. 

 

Synthesis of TiO2 via hydrolysis Sol-Gel process: The overall hydrolysis reaction of 

acetic acid-modified titanium isopropoxide with water under acid conditions occurs via 

an SN2 type mechanism, a simplified version of this reaction is as follows: 

 

M(OR)4 + 4H2O  M(OH)4 + 4R(OH) (2-1) 

 

Condensation then occurs in two concurrent steps: water condensation and alcohol 

condensation, which both form ≡M–O–M≡ bonds. The formation of sub-micrometer-

sized colloidal particles from many condensed oligomeric [≡M–O–M≡]n units is termed 

polycondensation. 

 

To initiate hydrolysis and subsequent condensation, the modified Ti(OPri)4 solution was 

added to a 250 ml conical flask containing distilled water (120 ml) and concentrated 

nitric acid (1.08 g) and stirred rapidly. Using a paraffin oil bath, heating plate and Fuzzy 

Logic temperature controller the temperature was raised to 80°C and maintained for 8 

hours. After a few minutes at this temperature the solution had gelled considerably but 

returned to liquid state again, leaving a translucent blue/white tinted solution. Upon 

cooling to room temperature, the solution was filtered through a 0.45 µm syringe filter to 

remove any non-dispersed aggregates. At this stage a solids mass-check (carried out by 

sampling the solution into a glass vial and calculating the weight percentage of the 

remaining residue after evaporating off the water in an oven at 105°C and removing any 
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unreacted organics by placing in a furnace at 450°C) showed the solution to be typically 

5 – 7 wt% TiO2. 

 

 
 

Figure 2-2 left to right; PTFE pot with lid, volume 100 mL; stainless steel autoclave; ultrasonic 

probe and signal generator 

 

 

Particle size growth by Autoclaving: The colloidal particles formed in the condensation 

process are ca. 5 nm in diameter, but an extra hydrothermal particle growth step was 

included in order to increase particle size to ca. 10–15 nm. Autoclave treatment 

encourages particle growth via Östwald ripening, whereby high pressure increases the 

solubility of smaller particles, encouraging the growth of the less soluble larger particles, 

creating a white colloidal solution with a narrow particle size distribution1. 

 

This hydrothermal step was carried out by taking a sample of the filtered solution (80 

ml) and transferring it to a Teflon™ pot, Figure 2-2, before placing it in an autoclave 

(Paar Instruments, also Figure 2-2) which was placed in a 220°C oven for 12 hours. 
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After cooling, the solution was found to have separated into two phases inside the 

autoclave pot, with the now white TiO2 crystals settled to the bottom. To allow the 

suspension to fully re-disperse it was subjected to ultrasound using a Branson Probe 450 

sonic horn probe, (Figure 2-2) on full power for 30 seconds. 

 

Reduction of solution to form paste: The gelation step is the termination of the process in 

which, upon the removal of excess water, the colloidal particles form the characteristic 

viscous white titanium dioxide paste. 

 

In order to concentrate the TiO2 from ~ 5–7 wt% to ~ 12 wt% solids the solution was 

rotary evaporated, using a water bath set at 35°C and low-pressure pump. The rotary 

evaporation took in the region of 60 minutes each time. To this paste 50 wt% of 

polyethylene glycol (‘Carbowax 20M’, supplied by Supelco) was added and the paste 

left to stir overnight. The Carbowax acts primarily as a binder, and prevents the 

formation of small surface cracks in the films upon drying. The paste at this stage is very 

stable and will keep in a fridge for many months. 

 

Casting and annealing of TiO2 thick films on glass slides: The homogenised paste was 

cast onto glass microscope slides using the ‘doctor-blade’ method; whereby two tracks 

of Scotch Magic Tape (single thickness; 60 µm) are laid down the slide, leaving a trough 

template (Figure 2-3 A). Ethanol was used to clean the surface of the slide before film 

casting. The TiO2 paste is applied to one end of the trough and drawn down the slide 

using the stem of a pasteur pipette (Figure 2-3 – B, C & D). At this stage the film was 

thick (~60 µm) and white, but on drying (Figure 2-3 – F & G) the thickness reduced to 

~10 µm and the whiteness disappeared to leave a largely colourless film. After drying, 

the film was annealed in a muffle furnace; the standard temperature used for the regular 

films was 450°C for 30 minutes. The annealing process binds the titania particles 

together, and to the substrate, and burns off the PEG (leaving a porous surface) and any 

unreacted organic precursor8. 
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Figure 2-3 A – microscope slide with ‘magic’ tape tracks; B, C, D & E – paste deposition and 

‘doctor-blading’; F & G – paste drying; H – annealed film 

 

 

Physical characteristics: After calcining, sol-gel paste films cast by the doctor-blade 

technique were observed to be ~4 µm in thickness, consisting of the anatase form of 

titania as determined by XRD9. Particles of ca. 13 nm were observed, with a BET 

surface area of 80 m2 g-1 measured on powdered samples of the films. The films were 

mesoporous (average pore diameter between 2 and 50 nm) with an average porosity of 

~60% 8. 

2.1.2. ActivTM samples 

 

ActivTM samples were provided by Pilkington in sheet glass form, these sheets were cut 

into 2 cm × 2 cm squares. The commercial fabrication of ActivTM 10, 11 utilises APCVD 

(atmospheric pressure chemical vapour deposition) and the TiO2 layer is deposited onto 

4 mm soda-lime silicate glass with a ~30 nm silicon oxide barrier layer – to prevent 

alkali metal ion migration, which can decrease photocatalytic activity by interfering with 

anatase crystal formation12. In preparation for all experiments, unless otherwise stated, 
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samples were cleaned in chloroform, rinsed in de-ionised water and dried with a clean 

compressed air stream, before being stored in a sealable box until required for use. 

2.1.3. P25 films 

 

Thick, ~0.9 µm, Degussa P25 powder films were produced by dip-coating a 1 cm × 2.5 

cm section of microscope slide in a 5 wt% P25 in water solution (Figure 2-4). Coating 

was followed by drying at 70°C and rinsing with deionised water to remove any loose 

powder, before air-drying in a compressed air-stream. Three repetitions of this process 

produced a thick (~0.9 µm) film on both sides; the reverse was cleaned of P25 by 

rubbing with a damp cloth before use. P25 layers deposited in this manner were loose 

and easily removed by rubbing, and suffered from poor uniformity. However a specific 

surface area of 55 m2 g-1 of P25 gave the films high photocatalytic activity. P25 consists 

of a mixture of titania crystal phases, featuring ca. 70% anatase titania to 30% rutile13. 

 

 

 
 

Figure 2-4 thick film of Degussa P25 deposited by repeated dip-coating in 5% aqueous slurry 

 

 

2.1.4. Platinisation of paste films and P25 

 

Titania films were cast by the doctor-blade method as described above, with the films 

platinised by irradiation with UVA in 10 mL of a solution containing 10-3 M 
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chloroplatinic acid in a 75%-25% methanol-water mixture. An identical solution was 

used for the platinisation of P25 (Figure 2-5) for use in the creation of photocatalytic 

polymer films. In this case 10 g of P25 was added to 500 mL of platinising solution 

before irradiation with two 6 × 8W BLB hemispheres with stirring. During the process 

darkening of the solution from white to grey indicates the reduction of platinum from 

PtII to Pt0. After three minutes of irradiation the powder was filtered, thoroughly rinsed 

with deionised water and dried at 105°C, the final grey powder is also shown in Figure 

2-5 beside an example of unmodified P25. 

 

 

 
 

Figure 2-5 SPC platinisation of P25 using chloroplatinic acid (10-3 M)/methanol/water; P25 

powder before (left) and after (right) platinisation, rinsing and drying 

 

2.1.5. Synthesis of Photocatalytic polymer films 

 

Polymer – photocatalyst films were made by addition of P25 or Pt-P25 to a polymer 

solution. Extensive stirring and sonication was required to fully disperse the particles in 

most cases. Ethyl cellulose-P25 thin films were fabricated by dissolving 10% (w/v) EC 

in 4:1 (v/v) toluene: ethanol mixture, before adding either P25 or P25-Pt. To create the 

films 10 g of polymer solution was mixed with 1g of powdered photocatalyst. Films 

were cast by spin-coating at 2000 rpm, resulting in thin films, of thickness ~20 µm, 

which when removed from the glass backing, were flexible but inelastic. 
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Figure 2-6 PTFE-P25 mixture pressed into 25 mm × 0.2 mm photocatalytic polymer film 

 

 

Poly(tetrafluoroethylene-co-vinylidene fluoride-co-propylene) [P(TFE-VE-PE)] films 

were made using the same recipe as EC composites, but with the polymer dissolved in 

acetone. These films were spin-coated at 1000 rpm, producing thin, flexible films – 

which were ‘rubbery’ and more elastic than the EC composites – of ~15 µm thickness. 

Viton F (Terpolymer of vinylidene fluoride, hexafluoropropylene and 

tertrafluoroethylene) films used the same recipe as P(TFE-VE-PE) films, but were cast 

at 500 rpm, giving ~25 µm films which were flexible and rubbery, though it was not 

possible to remove the films from their backing without tearing.  

 

 
Figure 2-7 0 to 15 T manual press (left) and Specac® IR die (right) 
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PTFE films were made by pressing disks of PTFE powder (Aldrich, 1 micron particle 

size) mixed with P25, in the ratio 95:5, using a 25 mm Specac® die and 0-15 T IR press, 

both shown in Figure 2-7. To create the films 300 mg of mixture was pressed to 5 MT 

for 10 minutes before rinsing in ethanol and air drying. Attempts to heat-treat the films 

for the creation of flexible disks14 were unsuccessful. As a result as-pressed disks were 

brittle, but sufficiently robust for handling and re-use. 100% PTFE disks displayed good 

IR transmission (%TIR) but, with increasing P25 content %TIR was seen to fall, and the 

brittle nature of the films increase. %TIR was also seen to be affected by the thickness of 

the films, determined by mass of powder used, though very thin films were 

exceptionally fragile and unsuitable for use. Pressing 300 mg of 95:5 PTFE:P25 to 5T 

resulted in 0.2 mm disks (Figure 2-6) and provided the best trade-off between %TIR and 

film integrity. Although the IR absorbance spectra were still relatively ‘noisy’, they were 

nonetheless suitable for observation of polymer degradation by monitoring transmission 

or absorbance. 
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2.2. Sources of Irradiation and measurement of Intensity 
 

 

F 

A B C D 

E 

 

Figure 2-8 Apparatus for UV irradiation; A – 8W (with 2 × UVA); B – 6W (with 2 × 

UVC); C – 4W (with 2 ×UVC); A, B and C supplied by Vilber Lourmat; D – PVP UV 

meter with detector; E – 6 × 8W (Lidam Scientific, with UVA bulbs); F – Xenon-Arc 

lamp (Oriel) 
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Throughout this work UV irradiation was carried out with one of three forms of UV 

source: hand-held two-tube sources with 2×8W (Figure 2-8A), 2×6W (Figure 2-8B), or 

2×4W (Figure 2-8: C) bulbs fitted; bench-top six-tube hemicylindrical sources which 

were fitted with 6×8W bulbs (Figure 2-8E); or a Xe-arc solar simulator (Figure 2-8F), 

operating at 0-150W. The two-tube and six-tube lamps were fitted with either UVA 

(BLB bulbs, 365 ± 20 nm) or UVC (mercury discharge bulbs, 254 nm) bulbs, the 

irradiation source and typical intensity value are quoted for each experiment, or at the 

beginning of the relevant section. Intensities were measured using a PVP ultraviolet 

radiation detector, supplied with both UVA and UVC attachments (Figure 2-8D). A 

characteristic spectrum of the output of a UVA lamp is shown in Figure 1.8, alongside 

the characteristic absorbance spectra of four substrates used in this work. The output of a 

germicidal UVC lamp is a single wavelength emission spectrum of mercury, i.e. solely 

254nm in the UV region. 

 

2.3. Spectrophotometric Techniques 

2.3.1 Ultraviolet-Visible 

2.3.1.1. UV-Vis – Cary 50 and Helios-β spectrophotometers 

 

 
Figure 2-9 10cm gas-tight quartz cell fitted with quartz windows for UV-Vis analysis of gases 
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Analysis utilising the ultraviolet to visible region (UV-Vis) of the electromagnetic 

spectrum was carried out using the Varian Cary 50 and Thermo-Spectronic Helio-β 

single beam spectrophotometers.  

 

2.3.1.2. UV-Vis absorption measurements for quantitative analysis of gas species 

 

In order to determine the concentration of ozone present in the outlet stream of the 

Dryden Aqua corona-discharge ozone generator when working at full power, the stream 

was connected to one of the inlets of a 10 cm quartz cell (Figure 2-9) fitted with 

demountable quartz windows to allow UV-Vis transmission. The ozone/oxygen gas 

stream was then flowed through for five minutes before stopping the gas-flow and 

closing the inlet/outlet taps of the cell. The cell was then placed into the Cary 50 

spectrophotometer and a scan taken from 200 nm to 400 nm, the measured absorbance 

was then used to calculate the concentration (in ppm) of ozone present using a value of 

1.3 × 10-4 ppm-1 cm-1 for molar absorptivity15. The UV-Vis absorption spectrum of 

sulfur dioxide was also determined using the same technique. 

 

2.3.2. Fourier transform infrared analysis 

2.3.2.1. Spectrum One FTIR Spectrometer 

 

The Perkin-Elmer Spectrum One Fourier transform infrared (FTIR) spectrometer was 

used for all infrared analysis. 
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2.3.2.2. FTIR monitoring of gaseous species 
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Figure 2-10 characteristic FTIR absorbance spectra of (from left) gaseous SO2, CO2 and CO 

measured using a 5 cm gas cell and Perkin-Elmer Spectrum One spectrometer 

 

 

10 cm glass or quartz IR cells, fitted with removable CaF2 faces and gas purge inlet and 

outlet taps, were employed to house both soot and sulfur coated photocatalyst films for 

analysis of oxidation products. The level of gas species present was determined by 

injecting known volumes of CO, CO2 (both from cylinders, supplied by BOC) or SO2 

(produced in the laboratory, section 2.4) into the cell in order to create calibration 

graphs. The main peaks of interest for each species are shown in Figure 2-10. Major 

peaks of interest for CO2 were found to occur from 2250 to 2400 cm-1; while SO2 

comprised very strong bands at 1151 and 1362 cm-1 and a weaker one at 2499 cm-1,16 

with the peak at 1310 to 1400 cm-1 monitored. For investigations surrounding the 

oxidation of carbon monoxide, 0.1 mL portions were injected into the cell and the peak 

at 2000 to 2250 cm-1 was monitored, Figure 2-10. 
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2.3.2.4. FTIR monitoring of stearic acid layers 
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Figure 2-11 graph of FTIR absorbance of stearic acid peak decreasing with irradiation time  

 

 

In work in which an additional layer of stearic acid (SA, i.e. CH3(CH2)16CO2H) was 

coated onto a sol-gel film, deposition was achieved by spin coating 3 droplets of a 2 g of 

SA L-1
 in chloroform solution at 135 rpm for 10 s, which gave very thin layers of SA, 

typically comprising 1.2 × 1016 molecules cm-2.17
 Monitoring of the SA destruction was 

achieved by FTIR (Perkin-Elmer Spectrum One) to measure the peak absorbance area in 

the region 2700-3000 cm-1 as a function of irradiation time, which provided a measure of 

the amount of SA remaining on the substrate under test, see Figure 2-11. The IR 

spectrum of stearic acid shows peaks of interest at: 2849.01 cm-1 – symmetric C–H 

stretching of CH2 group; 2916.67 cm-1  – asymmetric C–H stretching of CH2 group; 

2953.54 cm-1  – asymmetric in plane C–H stretching of CH3 group. 
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2.4 Laboratory Production of Sulfur Dioxide 

 

 
sodium sulfite 

conc. H2SO4

conc. H2SO4

condenser 

gas-tight 
syringe 

water bath 

Figure 2-12 Apparatus for laboratory production of SO2 

 

 

Sulfur dioxide was produced in the laboratory by the addition of concentrated sulfuric 

acid (~18 M, Fluka) to powdered sodium sulfite (Aldrich), the sulfur dioxide produced 

passed through a condenser to removes most of the water vapour, through a drying agent 

(concentrated sulfuric acid) and then into a Dreschel bottle with a septum (Figure 2-12). 

From this point the gas was extracted using a gas-tight syringe. 

 

2.5 Assessment of contact angle 
 

There are two common methodologies employed for monitoring hydrophilic changes on 

titania substrates, and both involve capture of images of water droplets and measurement 

of its contact angle (CA) during irradiation. In the first, more common, methodology, 

after the measurement of the CA, the droplet is removed before irradiation is continued 
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(repeated deposition technique). In the second method, the same droplet is in place 

throughout the whole irradiation, and the series of images can be used as a movie to 

examine the changes during illumination (in-situ contact angle monitoring). However, in 

order to avoid evaporation problems in the latter method, the irradiation is performed in 

a humid (100% RH) atmosphere. Further details concerning both methods are given 

below. 

 

2.5.1. Repeated deposition contact angle assessment 

 

In this method, the substrate under test was placed onto the stage of the FTA-100 contact 

angle apparatus (Camtel, Figure 2-13). Using the computer interface and live CCTV 

feed, the picture was focused and a water droplet deposited onto the surface. In all 

experiments, the needle size used was a 30 gauge needle with a 90° bevel tip (Kahnetics) 

attached to a 500 µL Gastight® syringe (Hamilton), consistently delivering water 

droplets of ~5 µL which detach from the syringe tip under their own weight. The 

computer interface was then used to take a ‘snapshot’ of the droplet resting on the 

surface, and from this image the contact angle could be calculated using the associated 

software package. This involved marking the left and right edges of the droplet as well 

as the peak height, allowing the software package to calculate the angle of contact (θ). 

Before CA analysis the substrates were cleared of any dust and debris by blowing with 

compressed air from a cylinder, this was repeated after analysis in order to remove the 

water droplet. Doubly-deionised water was used for all depositions unless otherwise 

stated. Following measurement and removal of the droplet the substrate was then 

irradiated and the process repeated. The product of this work was a plot of CA versus 

irradiation time, the profile of which comprised of a series of discrete points, at typically 

5-10 min intervals. 
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Figure 2-13 FTA-100 contact angle apparatus set up for ‘repeated deposition’ CA analysis 

 

 

2.5.2. In-situ contact angle measurement during irradiation 

 

The in-situ contact angle measurement method utilised an environmental chamber to 

contain the substrate under test and maintain it under a humid atmosphere (Figure 2-14). 

The chamber was made of brass, fitted with two glass side-windows to allow CCTV 

observation in the plane of the droplet for contact angle analysis. A circular quartz 

window on top permitted UVC or UVA irradiation of the TiO2 films under test, this 

window also featured a rubber septum through which a syringe needle could pass for 

droplet deposition. The environmental chamber enabled flushing by oxygen, nitrogen or 

air gas streams saturated with water vapour; a typical value for flowrate of ~300 mL 

min-1 was used while flushing the cell and reduced to 100 mL min-1 during experiments 

to limit droplet evaporation. In some experiments an ozone generator (OZ500, Dryden 
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Aqua) was also connected in series to flush the chamber with approximately 1700 ppm 

O3 in oxygen. Water saturation of the gas streams were affected by flowing through a 

Dreschel bottle containing either pure water, or concentrated sulfuric acid for dry gas 

streams. 
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Figure 2-14 FTA-100 contact angle setup modified to include an air-tight chamber for in-situ CA 

analysis, numbered items as follows: 1 – white light source, 2 – prism, 3 – gas-tight housing, 4 – 

sample, 5 – quartz window, 6 – water droplet, 7 – Syringe needle, 8 – UV source, 9 – CCTV 

camera, computer interface, 10 & 11 – gas inlet/outlet 
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Chapter 3 Photocatalytic oxidation of solid layers of 
inorganic contaminants on titania 

3.1 Introduction 

 
 

Figure 3-1Airborne soot particles discolour stonework as well as causing health problems1 

 

 

The ‘green’ applications of titania-based semiconductor photocatalysis have evolved 

from solar energy conversion2, 3 and water purification4, 5, to the development of ‘smart’ 

surfaces with the potential for anti-fouling6, 7, self-cleaning8-11 and ambient air 

purification12-15. The potential self-cleaning applications of titania-coated substrates 

began with observation of organic film destruction16, 17 and continued apace with the 

recognition of the photoinduced superhydrophilic properties of TiO2
6, 7. Utilisation of 

these characteristics are of great interest for, amongst other applications, glazing18 and 

construction15, 19. Thin nanocrystalline titania coatings on glass produce anti-fogging and 

anti-fouling surfaces, without impairing the optical clarity of the glazing20. The 

incorporation of titania into cementitous materials for building construction can afford 

self-cleaning properties, whereby dirt and deposits are loosened by photocatalytic 
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oxidation and washed away by rainwater, enabling exterior building surfaces to stay 

clean of airborne contaminants19. Other areas of application for this technology include 

coating titania onto lamp housings for use in subterranean traffic tunnels, where 

deposition of exhaust contaminants can block light emissions9. The use of ‘smart’ 

construction materials is very much on the agenda of politicians internationally, with 

$2.27 billion earmarked for projects by the European Union in 200421. 

 

Airborne solid contaminants, also referred to as particulate matter (PM), include soot22 

(the product of vehicular internal combustion, power plants, heavy and light industry) 

and less commonly, sulfur, produced as a by-product of several industrial processes 

including sour natural gas processing23, 24. Fine particles (PM2.5), those less than 2.5 µm, 

are recognised as causing and exacerbating serious health problems such as bronchitis 

and asthma25-27, as well as reducing visibility and contributing towards urban ‘smog’26. 

Deposition of PM on surfaces leads to discolouration of sandstone and other building 

materials (Figure 3-1) with the cleaning of these layers by mechanical or chemical 

processes being potentially damaging to the surfaces, increasing the potential for further 

staining1. For these reasons photocatalyst coatings, and/or the incorporation of 

photocatalytically active compounds into building materials, impart very desirable 

properties which can play a key role in environmental remediation.  

 

The removal of soot layers on titania photocatalyst films has been illustrated previously 

by this group28 and others29. Lee and Choi’s29 initial work found that irradiation through 

the soot layer reduced the efficiency of soot oxidation in contrast to irradiation through 

the reverse of the slide, most probably as a result of UV-scattering/blocking by the soot 

layer. This is highlighted in Figure 3-2A as soot loss occurs at a reduced rate with 

irradiation through the pollutant layer. Direct photolysis of soot with UV irradiation was 

not observed, and it was suggested that migration of the oxidative species throughout the 

diffuse soot layer was a major factor in the complete removal of soot. Irradiation in a 

non-oxygen atmosphere (helium) showed that initially CO2 was produced, until – it was 

proposed – any oxygen adsorbed or trapped within the soot was consumed (Figure 

 45



Chapter 3 Photocatalytic oxidation of solid layers of inorganic contaminants on titania 

3-2B). Thereafter a steady state was reached. Retardation of CO2 production rate with 

time was ascribed to consumption of adsorbed/localised water vapour, the relative 

humidity (%RH) was observed to be influential on rate, implicating hydroxyl radicals as 

the predominant oxidative species. Direct soot oxidation was further investigated by 

gravimetric monitoring of mass loss and oxidation products by GC29. 
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Figure 3-2 A: decrease of soot mass on TiO2 film with UV irradiation (left) and B: CO2 

evolution from PCO of soot on TiO2 under different atmospheres29 

 

 

 
 

Figure 3-3 (a) direct PCO of soot layer on TiO2 paste film, and (b) lateral removal of soot by 

PCO from ‘gapped’ portion of TiO2 film28 
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Lateral (Figure 3-3b) and remote (Figure 3-4) oxidation of soot layers have been 

observed by leaving gaps between the photocatalytic film and the soot layer during 

irradiation, with remote PCO investigated using the apparatus described in Figure 3-5. 

Figure 3-3b demonstrates the lateral migration of gaseous oxidative species from a sol-

gel paste photocatalyst; the strip of soot in the centre was deposited onto a plain glass 

portion of the slide, but with irradiation the soot layer was still observed to be removed 

by the adjacent film. 

 

 

 
Figure 3-4 remote PCO of a soot layer separated from a TiO2 paste film by a 175µm gap using 

the arrangement described in Figure 3-528 

 

 
Figure 3-5 schematic of top and side-views of paste TiO2 film and soot-covered quartz slide, 

separated by 175 µm glass spacers, used to demonstrate the remote PCO of soot28 

 

 

The remote and lateral effects observed are of great interest to researchers as they 

demonstrate that oxidative species produced by photoinduced process on titania can 
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diffuse from the surface and migrate across gaps, with distances of up to 2.2 mm 

reported30, 31, and potentially through porous or diffuse materials. Organic species30, 32, 

33, dyes31, and soot layers28, 29 have all been observed to be destroyed (or bleached) by 

remote (i.e. gas-phase) oxidation products of the UV-irradiation of titanium dioxide 

powders or films. A general rule determined during the investigation of PCO of soot is 

that, concerning the kinetics of photocatalytic processes, direct » lateral » remote28. 

 

 

 
 

Figure 3-6 proposed mechanism of remote oxidation by a two photon process33 

 

 

The most popular interpretation of remote photocatalysis is that the migratory oxidant 

species are hydroxyl radicals29 which either directly oxidise the remote pollutant layer34, 

or form hydrogen peroxide (H2O2) which traverses the gap before photo-cleavage forms 

further OH• 30, 31, the mechanism is summarised in Figure 3-6. This is a two-photon 

process33 – (1) photogeneration of electron-hole pair and (2) photo-cleavage of H2O2 to 

form hydroxyl radicals – which goes a way to explain the long periods of irradiation 

required, e.g.; 60 h for thin methylene blue layer31; and 305 h for a soot layer <0.2mm 

away from a paste films (compared to 4.5 h for direct PCO)28. The bulk of published 

work features UVC Hg–Xe radiation sources (which emit wavelengths predominantly 

<300 nm) rather than UVA blacklight-blue (BLB) sources (λmax = 365 ± 20 nm). The 
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experience of this group is that UVA sources initiate little or no remote PCO effect, an 

observation which gains significance when the UV-Vis absorbance spectrum of 

hydrogen peroxide is considered: H2O2 absorbs approximately 1000 times more strongly 

at 250 nm than 350 nm35. 

 

Hydrogen peroxide production on, or at, the surface of TiO2 occurs via superoxide (O2
-·) 

production and its subsequent protonation and reduction, via the following mechanism36, 

37: 

 

 TiO2 + hν → e- + h+ (3-1) 

 e- + O2 → O2
-· (3-2) 

 h+ + H2O → OH· + H+ (3-3) 

 O2
-· + H+ ↔ HO2

· (3-4) 

 HO2
· + e- + H+ → H2O2 (3-5) 

 OH· + OH· → H2O2 (3-6) 

 

An example of the analytical observation of photocatalytically-produced hydrogen 

peroxide is one which utilised a UV-irradiated flow-through cell packed with TiO2-

coated beads. The gas stream was flushed through a trapping solution and a colorimetric 

change was only observed if catalase (a H2O2 decomposition catalyst) was absent38. 

Further evidence has  been presented which uses fluorescent dyes as molecular flags to 

the presence of H2O2
39, 40. Laser-induced fluorescent spectroscopy has also been used to 

directly detect hydroxyl radicals, rather than H2O2, over TiO2 powders34, the researchers 

concluding that OH· was not formed from superoxide reduction to hydrogen peroxide 

and photo-cleavage.  

 

An interesting effect which has been observed is the UV-sensitised removal of 

octadecyltriethoxysilane (ODS) – its presence monitored by contact angle measurement 

– using H2O2-saturated humid air33. This is of interest as it is presented as proof that the 

second of the two-photon effects (photo-cleavage of H2O2) forms species with sufficient 
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oxidising potential to remove aliphatic carbon chains. The conditions under which this 

experiment was carried out are worth noting for later reference; the 60% RH air flow 

passes through a H2O2 solution, into the empty glass cell (heated to ~55°C) and through 

Teflon tubing to the ODC coated substrate, which was irradiated with λ <300 nm 

photons of 100 mW cm-2 intensity. 

 

 
Figure 3-7 photoinduced processes on TiO2 involving molecular oxygen; 1 – electron/hole pair 

production; 2 – e-/h+ recombination; 3 – electron transfer and superoxide formation; 4 – 

oxidation of superoxide and formation of singlet oxygen; 5 – quenching of 1O2 at surface to 

reform molecular oxygen41 

 

The same research group state, alongside their proposed mechanism for remote PCO, 

that “…there is another possibility that ozone is the diffusing species…” although they 

do, rightly, further explain that ozone production by photocatalysis has not been 

reported33. In fact the TiO2-mediated destruction of ozone has been investigated by a 

number of groups, including this one13, 42. This would appear to rule out the possibility 

that ozone is a significant gas-phase product of PCO, although ozone does absorb 

strongly at wavelengths <300 nm, becoming electronically excited and more highly 

reactive. Other oxidative species formed on the surface of illuminated TiO2 include 

singlet oxygen (1O2)43, which is formed directly or indirectly during electron transfer 

between the semiconductor and ground state oxygen (3O2)41 (Figure 3-7). Lifetime 
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studies in air and in suspensions, using near-infrared (NIR) phosphorescence 

measurements, have been interpreted as to suggest that singlet oxygen remains at the 

surface of the semiconductor particles, rather than being released into air or the 

solution43. With this in mind it would appear that hydroxyl radicals (and hydrogen 

peroxide), or possibly ozone, are the likely airborne oxidative species formed by TiO2 

during illumination, with hydroxyl radicals appearing to be the most plausible. 

 

 C + O2  2TiO
bgh Eν ≥⎯⎯⎯→   CO2  (3-7) 

 

Soot removal is believed to follow the scheme shown in Equation 3.7 with no 

incomplete oxidation products, such as carbon monoxide observed in the gas phase. This 

is important because contaminant soot removal would be unacceptable as a green 

process if environmentally damaging, or toxic, by-products were generated as a result. 

 

 

 
 

Figure 3-8 cross-sectional SEM observation of the PCO of a fibrous, wispy soot layer on a thin 

titania film during irradiation29 
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While not as atmospherically common as ultrafine carbon pollution, airborne particulate 

sulfur is a significant constituent of fly ash22 and has been shown to be environmentally 

damaging23, 24. The photocatalytic oxidation of sulfur in aqueous systems has been 

observed to directly produce sulphuric acid, with hydrogen sulfide also produced44, 45; 

this work was carried out using powder dispersions in neutral, acidic and alkaline 

solutions using crystalline sulfur particles. There has been to date no investigation into 

the photocatalytic removal of solid sulfur layers, deposited onto photocatalysts. Some 

work has been carried out investigating S atom-containing organic species46, with 

irreversible catalytic deactivation observed after photocatalysis using P25 titania. As the 

oxidation products of sulfur (SOx) are in themselves far more environmentally damaging 

than elemental sulfur22, 47, the degradation, or elimination of gaseous SOx by 

photocatalysis is addressed in the next chapter (chapter 4). 

 

In this work the sulfur and soot layers were directly monitored during irradiation using 

UV-Vis spectrophotometry and gravimetric analysis and oxidation products monitored 

by FTIR, or by trapping with subsequent determination for SO2. The stoichiometry for 

each reaction was established and the formal quantum efficiencies estimated. A brief 

investigation into remote photocatalysis is also included, using soot as a model pollutant. 
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3.2 Experimental 

  

1 µm

Figure 3-9 Deposition of soot from a candle flame (left); typical side-on SEM image of 

amorphous sulfur on titania; sulfur particles distinguishable as white spheroids in contrast to 

darker titania film (right)48 

 

 

For this work the substrates used were sol-gel derived paste films, fabricated as 

described in section 2.1.1. Films were cast in 1 cm × 7.6 cm strips on glass microscope 

slides, before calcining to give ~4 µm anatase titania films. For preliminary bench top 

experiments with sulfur layers, 2cm × 2cm glass slides with 1.6 cm × 2 cm paste titania 

coatings were used. Also used were Degussa P25 powder films, produced by dip-coating 

a 1 cm × 2.5 cm section of microscope slide as described in section 2.1.3. Soot layers 

were deposited from the flames of ‘tea-light’ candles, simply by holding the titania films 

over the flame, as shown in Figure 3-9. A typical layer of soot was approximately 0.5 

µm thick and consisted of thin fibrous ‘wisps’ of soot, in accordance with observations 

made by others29, an example of which is depicted in Figure 3-8. The amorphous sulfur 

layers were deposited by dip-coating using a 4.0 mol dm-3 sulfur (100-mesh) in carbon 

disulfide solution. The initially colourless carbon disulfide solution acquired a yellow 
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hue with the addition of sulfur. Analysis of side-on SEM images, an example of which is 

shown in Figure 3-9, allowed estimation of the sulfur layer thickness. The layers were 

found to be ~2.8 µm thick and containing particles of typically ~260 nm, though ranging 

from 60 – 500 nm, in diameter. Sulfur on glass blanks were made by dip-coating a 

microscope slide ‘roughened’ by sand-blasting, in order to allow the sulfur to attach to 

the surface. 

 

UV-Vis spectra for both soot and sulfur layers were taken using a single beam 

spectrophotometer (Cary 50), the titania film with the deposited pollutant layer was 

placed directly into the beam and absorbance measurements taken at five predetermined 

points along the slide. Gravimetric analysis used a balance (Mettler-Toledo) accurate to 

five figures (0.01 mg); the average of five measurements is again quoted. FTIR  (Perkin 

Elmer Spectrum One spectrometer) absorbance spectra were recorded with the soot or 

sulfur coated titania slide contained within a 10 cm glass cell.  

 

Investigation into the mechanism behind remote photocatalysis utilised a PTFE-bodied 

cell featuring gas input and outputs, the top of the cell was sealed with a brass plate 

containing a quartz window (76mm × 24 mm). A schematic of the cell is shown in 

Figure 3-5. Oxygen, containing either ozone (~1700 ppm) – produced by a corona-

discharge ozone generator (Dryden Aqua), or hydrogen peroxide, from a Dreschel bottle 

containing 30 vol. H2O2 – was flowed through the cell (flowrate typically 200 mL min-1) 

during irradiation with 2×8W UVC bulbs (IUVC ~ 7.0 mW cm-2). The presence of 

hydrogen peroxide was confirmed by subsequent bubbling through 0.1 M potassium 

iodide solution, which gave a ‘positive’ brown/orange colour change. 
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Figure 3-10 schematic showing top and side views of brass/PTFE cell used for investigation of 

remote photocatalysis, featuring a quartz window and gas inlet/outlet 

 

 

Trapping of photocatalytically produced SO2 and subsequent colourimetric 

determination of the produced complex was by the West-Gaeke method49. This utilises 

the reaction of sulfurous acid (aqueous sulfur dioxide) with formaldehyde and the dye ρ-

rosaniline under acidic conditions (acidified ρ-rosaniline with sulfite is named ‘Schiff’s 

reagent’ and is used for the determination of aldehydes), with the concentration of the 

coloured species generated proportional to the concentration of sulfurous acid50. 

 

The sulfur-coated titania film was housed in an IR cell, with oxygen flowed through the 

cell at ~100 cm-3 min-1, a graphical scheme of the apparatus is shown in Figure 3-11. 

The gas stream was then scrubbed through 100 mL of 0.1 M sodium 

tetrachloromercurate and the concentration of SO2-mercury complex colourimetrically 

determined from 1 mL portions removed at regular intervals. The colour development 

method was as follows: 1 mL of trapping solution mixed with 1 mL bleached ρ-

rosaniline hydrochloride aqueous solution (0.04 wt% dye & 6 wt% conc. HCl), 1 mL 

formaldehyde solution (0.2 wt%) and 4 mL of 0.1 M fresh, unexposed TCM solution. 

Absorbance of a portion of this solution was measured using a 10 mm glass cell (Cary 

50 spectrophotometer) and scanning from 300 nm to 800 nm; the absorbance at 560 nm 

is quoted. 
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Figure 3-11 Apparatus for trapping of SO2 produced by photocatalysis of sulfur deposited on 

sol-gel derived titania film 

 

3.3 Direct and Remote Photocatalytic Oxidation of Soot on 

TiO2
51 

 

By placing the soot-covered photocatalyst film directly into the beam of a UV-Vis 

spectrometer the absorbance readings allowed direct monitoring of the pollutant layer as 

it was oxidised with UV irradiation. Figure 3-12 shows visual evidence that during 

irradiation in a non-sealed system, with UVC (IUVC = 5 mW cm-2) in this case, a 

deposited layer of soot is completely removed from a titania paste film within 720 

minutes. The pictures highlight that soot deposition by exposure to a candle flame gives 

uneven layers, and, as would be expected and the thicker areas took longer to oxidise. 
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Figure 3-12 Soot layer oxidation by thick TiO2 paste film, t = (from left) 0, 180, 360, 540, 630 

and 720 min 
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Direct monitoring of the soot layer using a UV-Vis spectrophotometer was possible, 

with the amount of soot present seen to be directly proportional to the measured 

absorbance. As irradiation time progressed the spectra exhibited reduced absorbance 

(Figure 3-13). An arbitrary value of wavelength, in this case 600 nm, was chosen and 

plotted versus irradiation time, (Figure 3-13). Further evidence of this relationship was 

gleaned by accurately weighing the slides during irradiation. The kinetics of soot 

removal were observed to be approximately zero-order with respect to the level of soot 

when present in a continuous film across the slide. This is in accordance with kinetics 

observed for stearic acid layers17, 52, and represents saturation kinetics, whereby all 

photocatalytic sites are occupied during the oxidation process.  
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Figure 3-13 UV-Vis absorbance spectra of soot-covered titania paste film taken at intervals 

during irradiation and, right; Abs600 nm versus irradiation time 

 

In parallel with changes in absorbance, mass changes during irradiation were monitored 

(Figure 3-14) indicating that the changes in absorbance were directly proportional to 

changes in mass. The correlation for this plot, R2 = 0.9633, reflects the poor uniformity 
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of the soot layers; Figure 3-14 plots the average absorbance across the slide versus the 

total mass of the slide. A method of coating the soot more uniformly, such as sputtering, 

may give better agreement between the absorbance and mass data to allow more detail 

on the kinetic factors influencing reaction 3-7. 
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Figure 3-14 UV-Vis absorbance (open) and mass (closed) of a soot-covered titania paste film 

during UVC irradiation (I = 5 mW cm-2) and, inset; Absorbance at 600 nm plotted against mass 

 

In the aforementioned experiments the soot layers were seen to be completely removed 

by photocatalysis, and it was suggested that all mass due to soot is removed to the gas-

phase as CO2, i.e. that the reaction proceeds via reaction 3-7. To determine 

stoichiometry, irradiation of soot on P25 titania films was carried out within a sealed IR 

cell, shown in Figure 3-15. Throughout the irradiation time it was possible to monitor 

carbon dioxide, characterised by a large peak at 2400 – 2200 cm-1, which was the only 

gas-phase product observed. Through calibration of the cell, by injecting known 

volumes of CO2, the number of moles produced after 1100 h could be calculated (22.5 × 

10-6 mol), this corresponded perfectly, giving a 100% yield, with the number of moles of 
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soot removed by photo-oxidation; determined by the measured mass loss of the film 

(0.27 mg).  

 

 
Figure 3-15 Soot layer destruction by photocatalysis on P25 titania film sealed within gas-tight 

glass IR cell (IUVA = 4.28 mW cm-2). 

 

The plot depicted in Figure 3-16 allowed estimation of the initial rate (1.91 × 10-11 mol s-

1), from this it was possible to calculate, using the incident light intensity (1.04 × 1017 

photons s-1), that the formal quantum efficiency (FQE) for the process was 1.1 × 10-4 

molecules photon-1 (0.011% efficiency), suggesting an electron/photon FQE of 4.4 × 10-

4. This is much reduced from that observed for stearic acid layer removal52, ca. 640 

times lower. An explanation for this may be the fibrous nature of the soot layers, i.e. the 
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lack of intimate contact between titania and soot, this reflects the findings of Lee and 

Choi29, who suggested that the diffuse, fibrous soot layer experienced photocatalysis by 

desorbed oxidative species, such as hydroxyl radicals, this would explain the lower 

quantum efficiency. 
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Figure 3-16 Number of moles of CO2 generated by PCO versus UVA irradiation time, graph 

relates to data obtained during experiment illustrated in Figure 3-15 

 

While the above experiments were designed to focus on the direct effects of 

photocatalysis on soot layers, further experiments were carried out to investigate the 

remote photocatalysis phenomenon. Figure 3-17 depicts an example of remote 

photocatalysis, whereby a titania paste star was placed in a similar arrangement to that 

described in Figure 3-5, with the soot layer 185 µm from the star. This is an example of 

the potential for the development of photoinduced etching processes via remote 

photocatalysis. One suggested mechanism for remote photocatalysis, a representation of 

which is shown in Figure 3-6, features the two-photon process of hydroxyl radical 
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formation, hydrogen peroxide formation, and hydrogen peroxide cleavage. Kubo and 

Tatsuma33 produced evidence for this mechanism by observing octadecyltriethoxysilane 

(ODS) degradation upon UV irradiation of a H2O2-containing air stream. 

 

 
 

Figure 3-17 ‘remote’ oxidation of soot by a star-shaped paste film using a set-up similar to that 

described in Figure 3-5 (gap ~2 mm), irradiation was by UVC (~5 mW cm-2) from reverse of 

paste film. Pictures taken after (left to right) 0, 100, 250, 300 h 

 

Using a similar scheme, this time with soot as the model contaminant, a H2O2-containing 

oxygen stream was flowed into a PTFE and brass cell, the brass side of which featured a 

quartz window with the inside coated with soot (Figure 3-10). It was expected that 

irradiation with UVC (IUVC ~5 mW cm-2) through the window would cause rapid 

removal of the soot. In fact, as shown in Figure 3-18 A&B, after 72 hours of irradiation 

there was no visible effect on the soot deposit. A possible reason behind this may be that 

hydroxyl radicals are not sufficiently oxidising to remove soot deposits. This experiment 

not only casts doubt on the two photon mechanism proposed by Kubo and Tatsuma33, 

but also on the identification of hydroxyl radicals as the probable remote oxidant 

species29, 34. If hydrogen peroxide is not the migratory species, and hydroxyl radicals are 

not the oxidant, then another gas-phase species must be responsible. The same 

experimental set-up was utilised for a further experiment, whereby an ozone-containing 

oxygen stream replaced the hydrogen peroxide stream. In this case, as depicted in Figure 

3-18 C&D, the soot layer was removed within 18 hours. Much more work is required 

before the hydroxyl mechanism can be discounted, but the effect of ozone on soot during 

irradiation is remarkable; and the lack of effect with UVC/H2O2 is equally noteworthy. 

A third possibility is singlet oxygen, which, despite observations suggesting that the 
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species is not significantly migratory43, should be investigated to assess its potential 

involvement in remote photocatalysis.  

 

 

C D A B 

 

Figure 3-18 before and after pictures of photoinduced soot removal, effected by UVC irradiation 

of a flowing oxygen stream containing (A&B) H2O2 and (C&D) ozone; timings of pictures are: 

(H2O2-UVC) A = 0 h, B = 72 h; and (ozone-UVC) C = 0 h, D = 18 h 

 

3.4 Photocatalytic oxidation of Sulfur Layers on Titania Paste 

Films48 

S + O2  2TiO
bgh Eν ≥⎯⎯⎯→   SO2 (3-8) 

 
2S + 3O2 + 2H2O 2H2SO4 (3-9) UVC  

S + O2 SO2 (3-10) 
UVC  

SO2 + ½O2 SO3 (3-11) UVC 
 

SO2 + ½O2  2TiO
bgh Eν ≥⎯⎯⎯→   SO3 (3-12) 

 
2SO3 + 2H2O 2H2SO4 (3-13) 

 

The photocatalytic oxidation of sulfur on titania, summarised by equation 3-8, is 

complicated by two factors. Firstly; the UV-induced photolysis of sulfur has been 

documented to occur in aerated aqueous conditions with irradiation by UVC (but not 
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UVA or visible light)44, 45, as described in equations 3-9 and 3-10. As direct UVC 

photolysis is observed in aerated aqueous solution, it must be assumed that it also occurs 

in ambient humid air. Secondly is the further oxidation of SO2, by (a) homogeneous 

photolysis – initiated by wavelengths <300 nm, i.e. reaction 3-11 – and (b) 

heterogeneous photocatalysis, i.e. reaction 3-12.  

 

  
 

Figure 3-19 2cm × 2cm glass square with 1.6 cm × 2cm titania coating covered in amorphous 

sulfur pictured during irradiation on open bench top with UVC light source, IUVC = 5.6 mW cm-2 

 

 

0 min  120 min  240 min  360 min   480 min 

Preliminary experiments carried out on the benchtop with UVC irradiation of a sulfur-

coated titania-paste film, depicted in Figure 3-19, showed the light yellow/white sulfur 

layer to be removed completely within 8 hours of irradiation. Small deposits of sulfur on 

the plain glass indicate that in these conditions, i.e. 50-60% RH and ambient flowing air 

over the substrate, the rate of sulfur photolysis is not competitive in comparison with the 

rate of photocatalytic sulfur oxidation; i.e. reaction 3-8 is much faster than reaction 3-10. 

UV-Vis monitoring of the sulfur layer in this experiment produced the spectra shown in 

Figure 3-20, and illustrated that the sulfur layer was removed linearly with irradiation 

time, displaying what are most probably zero-order kinetics with respect to the level of 

sulfur present. Such kinetics are not uncommon in studies of surface films (organic or 

carbon) destruction by titana photocatalyst layers. 
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Figure 3-20 UV-Vis absorbance spectra for sulfur on titania film during irradiation with UVC, 

IUVC = 5.6 mW cm-2 and, inset, absorbance at 600 nm versus irradiation time

 

 

The combination of monitoring by UV-Vis absorbance and accurate mass measurement, 

as shown in Figure 3-21, illustrates that no persistent species are formed on the substrate 

during irradiation, as both absorbance and mass return to approximately initial, i.e. 

before sulfur deposition, values – indicated by the grey dashed line. Figure 3-21 also 

illustrates a good correlation between absorbance and mass, with a factor of 0.9906 

calculated, and further evidence of zero-order kinetics, as a linear correlation was 

observed while full layer coverage maintained. 
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Figure 3-21 UV-Vis (closed) and gravimetric (open) monitoring of sulfur on titania film during 

UVC irradiation with, (inset) correlation between both y-axes plotted. Initial (before sulfur 

deposition) values of mass ans absorbance indicated by grey dotted line. IUVC = 5.6 mW cm-2

 

 

When a UVA light source was used instead of UVC, with both sources emitting similar 

intensities (~5.6 mW cm-2), the change in absorbance was seen to occur at a reduced 

rate, (Figure 3-22). Concurrent mass measurements give initial sulfur removal rates of 

90 µg h-1 and 41 µg h-1 for UVC and UVA respectively, the ratio (~2.3 times) correlates 

well with the ratio of UV absorbance of titania films for UVA (44%) and UVC (100%). 

With UVC irradiation, a possible contributing factor in the increased rate of sulfur 

removal is the direct photolysis of sulfur, i.e. reaction 3-10. Mass measurements for 

sulfur deposited onto frosted glass, during UVC irradiation in ambient conditions, 

suggested an initial rate of sulfur removal by photolysis of ~18 µg h-1, approximately 5 

times slower than that observed with a photocatalyst film. 

 

 65



Chapter 3 Photocatalytic oxidation of solid layers of inorganic contaminants on titania 

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 1200

irradiation time / min

A
60

0

UVA

UVC 

 
 

Figure 3-22 Comparison of changes in absorbance at 600 nm for two titania films coated in 

sulfur, irradiated with UVC (open) or UVA (closed) IUVC/UVA = 5.6 mW cm-2. Initial absorbance, 

i.e. before sulfur deposition, indicated by dashed line 

 

 

Experiments with a sealed FTIR cell indicated that SO2 was the only gaseous oxidation 

product; calculation of initial rate with these conditions gave a value of 20 µg h-1 with 

UVC irradiation. Calculation of stoichiometry at this stage gave very low, ~20%, yields 

when the moles of SO2 formed were compared to the moles of S removed. This was 

thought to be due to the S and SO2 direct photolysis removal reactions, i.e. 3-10 and 3-

11, with liquid SO3 or H2SO4 produced. In order to limit these processes the cell was 

flushed after three hours’ irradiation, with the sum of the total SO2 produced calculated. 

When sulfur was coated onto roughened glass and irradiated with UVC in the sealed cell 

an initial rate of ~4 µg h-1 for sulfur removal was observed. Figure 3-23 shows that the 

rate of sulfur removal during each three hour period, from this data it can be seen that 

the rate was initially ~14 µg h-1, but fell away rapidly despite the SO2 being removed at 

180 minute intervals. From this it became apparent that the photocatalyst was being 
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poisoned, and that the most probable cause was that SO3 and/or H2SO4, produced by 

photocatalysis and photolysis, were blocking the photocatalyst surface. This was 

occurring to such an extent that the predominant reaction was seen to shift away from 

photocatalytic equation 3-8, with the resulting sulfur removal most likely to occur via 

direct UV photolysis, equation 3-10. Figure 3-23 plots the calculated rates of sulfur 

removal as the experiment progressed and clearly indicates this shift from photocatalytic 

oxidation of sulfur, with some photolysis, to the simple photolysis of sulfur by UVC 

after a combined irradiation period of approximately 150 hours. 

 

 
Figure 3-23 Rate of sulfur removal on titania film in sealed system with UVC irradiation, 

oxidation products are determined and flushed with oxygen every three hours 
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Because SO3 (and, in the presence of water vapour, H2SO4) appeared to be blocking the 

photocatalytic activity of the films it became clear that another method for the evaluation 

of stoichiometry for reaction 3-8 was required. The simple replacement of UVC light 
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with UVA removed the influence of the direct photolysis of both S and SO2, i.e. 

reactions 3-10 and 3-11, but the further photocatalytic reaction of SO2 at the titania 

surface, i.e. 3-12, was still to be addressed. As seen with the initial ambient bench top 

experiments, where oxidation products were permitted to diffuse from the surface with 

gas flow, it followed that a flowing system was necessary to limit the heterogeneous 

photocatalytic reaction of SO2. In order to determine stoichiometry, and estimate a 

quantum yield for reaction 3-8, a trapping agent and subsequent colourimetric 

determination method were employed. The trap chosen was sodium 

tetrachloromercurate (TCM) which, upon exposure to SO2, sulfite or sulfurous acid, 

rapidly forms a stable, non-volatile, soluble disulfitomercury (II) salt (DSM) via 

equation 3-1449. 

[HgCl4]2- + 2SO2 + 2H2O  [Hg(SO3)2]2- + 4HCl (3-14) 

 

It is then possible to determine the trapped SO2 colourimetrically using acidified ρ-

rosaniline/formaldehyde solution; the trapped SO2, formaldehyde and ρ-rosaniline 

reacting to form ρ-rosaniline methylsulfonic acid (ρ-RMSA), reaction 3-15. 

 

amine group + sulfur dioxide + formaldehyde  ρ-rosaniline methylsulfonic acid 

 

R–NH2 + SO2 + HCHO  R–NH–CH2–SO3H (3-15) 

 

Calibration of the absorbance of the coloured species, λmax = 560 nm, versus [SO2], 

using sodium metabisulfite solution standardised with standard sodium thiosulfate, 

allowed calculation of SO2 produced by photocatalysis as a function of irradiation time. 

Figure 3-24 depicts the spectral change observed during irradiation with UVA as the 

concentration of SO2 increased. Inset is the absorbance at 560 nm versus time. 
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Figure 3-24 Absorption spectra of ρ-RMSA-developed solution with increasing irradiation time 

for a sulfur-coated titania film under UVA irradiation in a dry oxygen stream and, inset, A560 

versus irradiation time 

 

 

Using the calibration factor determined (0.5008 µg mL-1 Abs-1), the concentration of SO2 

trapped, and subsequently the mass of SO2 produced, were calculated. By measuring the 

mass of the sulfur-coated slide before and after irradiation a mass balance was possible. 

From the plot it is apparent that 903 µg of sulfur dioxide were produced (Figure 3-25), 

via reaction 3-8, for a loss of 470 µg of sulfur. The yield is therefore ~96%, a similar 

efficiency to that found for soot oxidation over titania with UVA light (100%, section 

3.3). An initial rate of sulfur dioxide production of 58.9 µg h-1 was estimated from 

Figure 3-25. This was equivalent to 0.129 µg cm-2 min-1, as the area of the film was 7.6 

cm2. Typical UVA intensity for this system was 7 mW cm-2; equivalent to 7.7 × 1017 365 

nm photons cm-2 min-1. From this a formal quantum efficiency of ~0.16% could be 

estimated. This is approximately a 15 times increase in comparison to that found for soot 

on P25 titania films. A possible reason could be the closer intimate contact observed for 
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sulfur on titania, suggesting oxidative species react at the surface in a more efficient 

process. 
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Figure 3-25 Calculated mass of sulfur dioxide produced by photocatalysis of sulfur layer on 

titania film during UVA irradiation in flowing oxygen 

 

 

3.5 Conclusions 

 

It has been possible to supplement the existing work covering the photocatalytic 

oxidation of soot on titania films with further methods of soot-layer monitoring and 

establishment of stoichiometry. Carbon dioxide was identified as the only oxidation 

product, in accordance with equation 3-7, and was seen to be produced 

stoichiometrically (100% yield when compared to moles of soot removed). Throughout 

the work it became apparent that deposition of soot from a candle flame was an 

inefficient and unreliable model and that for a full kinetic study to be possible an 
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improved deposition method may be required. The fibrous nature of flame-deposited 

soot layers seems to have been the cause of the low quantum efficiency (0.011%), in 

comparison to stearic acid removal (c. 640 times smaller). Investigation into the remote 

photocatalysis of soot showed no removal of the soot layer with UVC-irradiated 

hydrogen peroxide vapour. This, and the rapid removal of soot by UVC-ozone, casts 

doubts over the hydrogen peroxide/hydroxyl radical mechanisms proposed for remote 

PCO. 

 

Sulfur layers dip-coated onto titania were removed completely by PCO with UVC and 

UVA irradiation. With UVC irradiation, a portion of the sulfur loss was likely to be as a 

result of direct photolysis, whereas UVA irradiation appeared to only initiate 

photocatalytic oxidation. FTIR analysis of the gas-phase indicated that SO2 was the only 

direct product of photocatalysis, but the further oxidation of SO2 by PCO or photolysis 

meant that stoichiometry could not be determined by this method. UVA irradiation was 

used in conjunction with a trapping agent (sodium tetrachloromercurate) in a flow-

through set-up, with the trapped SO2 determined colourimetrically using acid-bleached 

ρ-rosaniline and formaldehyde to form the coloured species ρ-rosaniline methylsulfonic 

acid. A mass balance between sulfur removed by PCO and SO2 trapped gave a yield of 

96%, and from the ‘mass of SO2 produced’ versus time plot an initial rate was 

calculated, from this a formal quantum yield of 0.16% was estimated, approximately 15 

times higher than found for soot oxidation by a P25 film. This was concluded to be as a 

result of closer contact between the film and the sulfur due to the denser nature of the 

sulfur layer. 
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Chapter 4 Photocatalytic Oxidation of Inorganic Gas 
Species on Titania 

4.1. Introduction 

 

Organic, chlorinated organic, and inorganic gas species such as NOx (NO, NO2, N2O), 

SOx (SO2, SO3), O3 and CO, are primary pollutant species, recognised as harmful to 

humans, and damaging to the environment1-4. The commercial applications of SPC for 

the elimination of such compounds are directed towards two fields: ambient air 

purification, and improvement of indoor air quality. The former has been more high 

profile of the two, with 7000 m2 of road surface in Milan coated in photocatalyst-

composite cementitious material in order to demonstrate its worth in the removal of NOx 

species (a 60% decrease in street-level NOx was claimed)5. Further to this the Mitsubishi 

Materials Corporation have developed a photocatalytic NOx-removing concrete tile 

called ‘Noxer’, which features a 5–7 nm surface layer of TiO2, these tiles have been 

deployed on the streets of London in the burgh of Westminster6. NOx, i.e. nitric oxide 

(NO), nitrous oxide (N2O), and nitrogen dioxide (NO2), are oxidised to nitric acid 

(HNO3) and nitrates by PCO7, removing them from the air. 

 

Of the most popular routes for metal oxide production, specifically for use as 

photocatalysts, sol-gel and CVD synthesis stand out for their creation of hard ceramic 

materials of nanocrystalline material, ideal for use as glazes and robust coatings, which 

can be produced simply and applied in-process to tiles and building materials, or sheet 

glass for glazing. For the creation of glazes, in the pursuit of optical clarity film, 

thickness is minimised, therefore PCO activity is often relatively low for such products8-

11. TiO2 products which display higher PCA are often white particulate solids and are 

unsuitable for creation of clear glazes but which nonetheless form highly active 

photocatalyst films when deposited12-16.  The major problem with these films, apart from 

a white appearance due to light-scattering, is a distinct lack of robustness. For this 
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reason researchers have attempted to fix or bind titania particles within a continuous 

phase16-23. The two main stipulations of a binder in these composites are that they afford 

sufficient surface area to the photocatalyst, and that they themselves are not degraded by 

PCO. Silicate and ceramic binders satisfy both parameters, leaving hard, robust coatings 

similar to sol-gel and CVD coatings16, 18, 19, 21. 

 

An area of interest within this sphere is the production of films which feature both high 

PCA but are also flexible and not brittle as ceramic-type films can be. This would give 

the possibility of imparting self-cleaning and deodorising properties unto plastics and 

other ‘soft’ materials like fabrics. As with cementitious building materials24, 

incorporation of photocatalytically active compounds into plastics is a simple way to 

functionalise common products, and titania pigments have been used as whiteners and 

fillers in plastics for many years17. Photocatalytically active titania though, has been 

observed to degrade poly-vinyl-chloride (PVC) in sunlight25, prompting researchers to 

suggest its potential for creating photo-degradable plastics. In order to create polymer-

titania materials which do not degrade, fluoropolymer based systems have been 

suggested23, 26. Fluoropolymers, which are extremely corrosion resistant and thermally 

stable (e.g. PTFE is stable >250°C)27, are suggested to be inert enough to resist PCO26, 

and photo-ageing experiments showed little obvious degradation of fluororesin 

binders23. Other applications of polymer-photocatalyst films include the fabrication of 

oxygen scavenger films for insertion into modified atmosphere packaging (MAP) to 

limit oxidative spoiling of foodstuffs20. 

 

A number of products have been developed to remove the compounds associated with 

indoor air phenomena such as ‘sick building syndrome’ (SBS). The term SBS applies to 

cases where a significant proportion of occupants of both commercial and residential 

buildings suffer from the acute health effects which can be directly linked to their time 

spent in the building4. The causes of SBS are believed to include poor indoor air quality; 

including exposure to species such as NOx, SO2, CO, O3 and volatile organic compounds 

(VOCs). The sources of these species are either common processes – vehicular exhaust, 
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electrical sparking in office equipment, cigarette smoke, or release of residual solvents 

from building materials, paints, adhesives, particle board, textiles, and cleaning 

products. PCO of VOCs (such as formaldehyde, benzene, toluene and methane) and 

chlorinated VOCs (such as trichloroethylene and 4-chlorophenol) has been extensively 

studied2, 28-35 and have been targeted specifically for their prevalence in indoor air36. 

Other PCO systems include those which are specifically designed for the oxidation of 

ethylene gas in refrigeration units for the storage of fruit and vegetables6, 37. Ethylene is 

released by, and promotes the ripening of many fruit and vegetables and its removal by 

PCO, along with any pathogens present, can prolong the storage life of the produce. The 

homogeneous degradation of ozone has been observed to be expedited by PCO over 

titania films38 and platinised titania39. 

 

SPC is a viable technology for the removal of many species, such as carbon monoxide, 

which has been a long-term target compound for SPC due to its toxicity, lack of colour 

and odour, and common formation in incomplete combustion of solid, liquid and 

gaseous fuels40. Some researchers have used acetaldehyde degradation as the model 

system to demonstrate SPC for fluoropolymer composites23, and NOx removal is also 

popular for the assessment of air-purification photocatalysts7. For this section of work 

carbon monoxide oxidation was chosen to investigate polymer-titania films, with a view 

to creating thin, flexible films of photocatalytically active material which can be coated 

onto non-rigid surfaces. 

 

Carbon monoxide oxidation by SPC has been observed to be an unfavourable process on 

unmodified titania, with platinum deposition necessary in order to make it viable41-43. 

Figure 4-1 shows the findings of Hwang et al42, who compared three commercial 

photocatalysts before and after platinisation. Reports vary within the body of literature 

as to the extent of PCO of CO on ‘naked’ titania; Einaga et al41 observed no PCO 

activity towards CO with P25 titania, whereas Vorontsov et al43 found ‘Hombikat’ 

titania oxidised CO but with very low quantum yields compared to the same material 

after platinisation. Van Damme and Hall44 and Linsebigler et al45 both reported 
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successful oxidation of CO on titania, the latter suggesting that both CO and O2 adsorb 

at the same sites on titania (these sites being identified as oxygen vacancies, created by 

heating to >400°C) and pre-exposure to CO reduces the rate of PCO, as active oxygen 

species are not formed. 
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Figure 4-1 Variation of [CO] with UV illumination time (3 mW m-2) for naked and platinised 

TiO2, [CO]0 was 500 ppmv42 

 

 

The platinum enhancement of CO oxidation on titania is generally associated with the 

creation of active sites for CO to react with photogenerated oxidative species, rather than 

enhancement of charge separation within the photocatalyst42. Einaga et al41 proposed 

that platinisation allows efficient adsorption of the CO which would not otherwise occur, 

but did not go so far as to investigate the oxidative species present.  These are not 

thought to be hydroxyl radicals, as humidity had no effect on CO oxidation rate42, 
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instead it has been proposed that adsorbed oxygen species O2- and O2
2- are the 

significant photo-generated oxidants45. 

 

Another common group of inorganic gas species are the oxides of sulfur, i.e. SOx; SO2 

and SO3, and reduced sulfur (such as H2S), which are present in the atmosphere due to 

both natural and anthropogenic sources. The most common sources of SO2 are 

industrial, e.g. fossil-fuel burning, while reduced sulfur, such as hydrogen sulfide, is 

commonly released anaerobic organic matter degradation1. In the industrial process for 

the production of sulfuric acid, sulfur is burnt to form SO2, which is then heated 

(450 °C) with air under pressure, and in the presence of a vanadium catalyst, to form 

SO3. The atmospheric sulfur cycle is complex, with sulfur dioxide produced 

homogeneously from H2S. SO2 and sulfur trioxide (SO3) are solvated to sulfurous acid 

(H2SO3) and sulfuric acid (H2SO4) respectively. Sulfates are produced from H2SO4, SO2 

and H2S1. The presence of sulfurous acid and sulfuric acid in the atmosphere are major 

contributors to acid rain, a global phenomenon linked inexorably with the burning of 

sulfur-containing fuels, which damages plant life and animal life, as well as causing 

costly damage to building materials1. Sulfur dioxide itself is harmful to humans; 

exacerbating respiratory illnesses and causing death above 500 ppm46. 

 

The removal, by SPC, of many sulfur compounds is of interest as they can be 

malodorous as well as toxic. Compounds such as hydrogen sulfide47-49, methyl-47 and 

ethyl-mercaptan (ethanethiol)50, and dimethylsulfide (DMS)51, 52 have all been 

successfully degraded by SPC. Sulfur dioxide in the aqueous phase has been observed to 

produce sulfate (SO4
2-) when photocatalytically oxidised by P25 powder53, 54. There is a 

small amount of previous research addressing the photocatalytic removal of SO2 from 

air, though it is inconclusive as to the effectiveness of SPC for this compound, and its 

use has been confined to powders and not films. It has been reported that powdered 

titania (and zinc oxide) photocatalysts oxidised SO2 to SO3 and H2SO4 under moderate 

UVA irradiation in a static system, with a decrease in kinetic rate reported with each 

subsequent run using the same photocatalyst55, 56. The catalysts were then regenerated by 
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sonication in pure water. Ao et al57 found that, at ppb levels of SO2, SPC had no effect, 

and the only effect observed was adsorption onto the filter. It was also reported that SO2 

adsorption inhibited the SPC of NOx and VOCs when synchronous pollutants were 

tested. The suggestion of this research group57 was that at high levels of SO2 (4000 ppm) 

SPC proceeds, but at low levels (ppb) the adsorption of SO2 is too low for SPC to 

progress. 

 

Catalyst deactivation during treatment of sulfur-containing compounds is widely 

reported. Although deactivation was not observed by Peral and Ollis52 when 

investigating the photocatalysis of dimethyl sulfide ((CH3)2S), their conclusion was that 

SO2 and SO3 were produced and removed continuously during reaction in a flowing 

system. Kako et al.48 studied the prevention of hydrogen sulfide poisoning on Pd/TiO2 

catalysts by UV photocatalysis of H2S to sulfate, and mentioned briefly that sulfate is 

also a PCO poisoning species, and it should be removed by washing. Vidal and 

Luengo58 observed the inactivation of P25 titania during photocatalytic degradation of 

Vapam® (monoalkyl dithiocarbamate), a common pesticide/fungicide. 

 

SPC of gaseous species, specifically in the cases of sulfur, nitrogen and halogenated 

compounds, can result in the release of hazardous products and intermediates. For 

example, SPC of trichloroethylene (TCE) has been observed to yield carbon monoxide, 

chloroform and phosgene2, 59, 60, an extremely poisonous species, arguably more 

hazardous than TCE40. PCO of sulfur-containing compounds can form SO2, SO3 and 

H2SO4
47, 51, 56, all of which are environmentally hazardous. PCO of NO forms some NO2 

which is not always further oxidised to HNO3
7, 61 and NO2 is as much of a pollutant gas 

as NO. For these reasons it is paramount that SPC systems are environmentally sound, 

and that any by-products and intermediates are identified and removed if possible. As a 

follow up to the work documented in Chapter 3, whereby layers of elemental carbon and 

sulfur were successfully removed from the surface of titania paste films as CO2 and SO2 

respectively, this section of work was designed to investigate the heterogeneous 

photocatalysis of SO2, and any concomitant PCA deactivation observed, as well as 
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investigating the oxidation of carbon monoxide, and the potential creation of polymer-

binder based photocatalysts for CO removal. 

 

4.2. Experimental 

 

Sulfur dioxide was produced in the laboratory as described in section 2.4. Gas-phase 

oxidation of sulfur dioxide was carried out in 5cm quartz IR cells, as described in 

section 2.3.2.3. Titania paste films (7.5 mm × 25 mm titania films cast on 10 mm × 25 

mm cut glass slides) were placed inside the IR cell before sealing and flushing with dry 

(RH ≈ 0%) air. Sulfur dioxide was then injected into the cell through a rubber septum. 

The level of sulfur dioxide inside the cell was determined by FTIR analysis (further 

details are contained in 2.3.2.3). For all carbon monoxide oxidation experiments 100% 

CO (BOC) was injected into quartz IR cells with one CaF2 window replaced by the 

photocatalyst substrate cast onto a 24 mm cover slip. Titania films were cast by the 

doctor-blade method (2.1.1.), with the films platinised by the method described in 

section 2.1.4. The platinisation of P25 for use in polymer films in also documented in 

section 2.1.4. 

 

Irradiation for all experiments in this section were with 6 × 8W UVA bulbs arranged in a 

hemisphere, depicted in section 2.2.1. IR cells with photocatalyst films fitted in the end 

window were irradiated through the glass backing, i.e. from the reverse of the 

photocatalyst. Carbon monoxide and carbon dioxide were monitored using FTIR 

spectroscopy, the technique is described fully in 2.3.2.3. Polymer degradation was 

observed by the decrease in IR absorbance during irradiation, and degradation products 

observed in the gas-phase where applicable. 
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4.3. Photooxidation of sulfur dioxide on paste titania films62 

 

In order to investigate the potential removal of sulfur dioxide by PCO, a set of 

experiments were designed whereby 0.3 mL portions of SO2 were injected into a 5 cm 

quartz-bodied gas cell, previously flushed with dry (i.e. RH ≈ 0%) oxygen, and 

containing either titania-paste films or, for blank experiments, no film at all. 

Subsequently, the SO2 levels present were determined by FTIR as the cells were 

irradiated with either a UVA or UVC source of typical intensity = 4 mW cm-2. Figure 

4-4 shows examples of the initial, i.e. before irradiation, and post irradiation IR spectra.  

 
 
SO2 + ½O2  2TiO

bgh Eν ≥⎯⎯⎯→   SO3 (4-1) 
 

SO2 + ½O2 SO3 (4-2) 

 
2SO3 + 2H2O 2H2SO4 (4-3) 

 

UVC

 

The observed product of sulfur dioxide oxidation via both PCO and direct photolysis 

was sulfur trioxide, equations 4-1 and 4-2 respectively, which reacts with water to form 

H2SO4, reaction 4-3. Sulfur trioxide is a liquid at room temperature (m.p. 17 °C, b.p. 49 

°C) therefore it was not possible to monitor the accumulation of SO3 in the gas phase 

during photocatalysis. A small proportion was left in the gas phase, and some was also 

seen to deposit onto the CaF2 windows, causing interference with the spectrum of SO2, 

as shown in Figure 4-4, with peaks at ~600 cm-1, 900 cm-1 and a broad absorbance 

between 1000 cm-1 and 1300 cm-1. The majority of SO3 produced was seen to be 

deposited as a liquid onto the interior surfaces of the cell, Figure 4-3. 
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Figure 4-2 FTIR absorbance spectra for SO2 before (left) and after (right) UVA irradiation in the 

presence of sol-gel paste titania film 

 

 

 
 

Figure 4-3 (left) Photograph of IR cell after SO2/UVC photolysis, clearly displaying deposits of 

SO3/H2SO4; and (right) liquid deposits observed on paste titania films as a result of UVA-TiO2 

photocatalysis of SO2, featuring wet pH indicator paper highlighting the strongly acidic liquid 

formed by oxidation of sulfur dioxide
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The experiments carried out with and without paste titania films (TiO2 area ≈ 2 cm2), as 

shown in Figure 4-4, highlighted two important observations: (1) that UVC light 

photolysed SO2 homogeneously and (2) UVA irradiation had little effect on the SO2 

level without the presence of a titania photocatalyst. These observations were in line 

with interpretation of the UV-Vis absorbance spectrum of SO2, as UVC (254 nm) light is 

strongly absorbed but UVA (365 ± 20 nm) absorbs very little (Figure 4-5). The runs 

with titania films indicated that nanocrystalline solid films can remove SO2 from the gas 

phase successfully by photocatalysis with UVA light. 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 50 100 150 200 250 300

Irradiation time / min

V 
(S

O
2) 

/ m
L

 
 

Figure 4-4 Heterogeneous oxidation of sulfur dioxide by photocatalysis with UVC/TiO2 (●) and 

UVA/TiO2 (■); and homogeneous photolysis by UVC (○) and UVA (□) 
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Figure 4-5 UV-Vis absorbance spectrum of SO2; measured using 10 cm quartz cell, fitted with 

quartz windows, containing 1.5 mL of laboratory-produced SO2  

 

 

The deposition of oxidation products was observed to have a negative effect on 

photocatalytic activity when further SO2 oxidation experiments were carried out using 

the same titania film, shown in Figure 4-6. From the SO2 volume versus time plots, with 

V(SO2) calculated from the IR data, initial rates of SO2 oxidation (ri) were calculated, 

using the time taken for the first 20% change in volume. These values were then plotted 

versus the total volume of SO2 removed from the gas phase by SPC; calculated using the 

sum of ∆VSO2 (V0 – Vt for each repetition). The inset of Figure 4-6 shows that as the 

total volume of SO2 removed increases, the initial rate of SO2 oxidation decreases 

rapidly. By the sixth usage (total irradiation t = 1800 min) the initial rate of SO2 removal 

was seen to be reduced by approximately ten-fold. 
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Figure 4-6 repeated PCO of SO2 using same paste titania film under UVA irradiation (0.1 mL 

SO2, balance; air) in 5 cm quartz cell, ) and (inset) initial rate of SO2 removal (ri) for each 

repetition versus the total volume of SO2 removed by the titania film Σ(∆VSO2) 

 

 

In order to estimate a value of quantum efficiency for SO2 removal on TiO2 by PCO, the 

initial rate of SO2 oxidation on a titania slide for its first use was considered. This value, 

1.47 × 10-3 mL min-1, was converted into molecules of SO2 oxidised per minute per cm2 

of TiO2; giving a value of 1.98 × 1016 molecules cm-2 min-1. As the measured UVA 

intensity was equal to 4.0 mW cm-2, the number of incident photons per cm2 was 

calculated to be 1.672 × 1018 UVA photons cm-2 min-1, giving a quantum efficiency (δ) 

value for SO2 oxidation by a titania paste film under in a static system of 1.18%. No 

value of quantum efficiency has been published before for PCO of this specific gas, but 

it compares favourably with δ for deposited sulfur oxidation by titania paste films, most 

probably due to there being no solid layer to block the UVA photons in this system. 
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The deactivation of titania powders by deposition of SO3/H2SO4/SO4
2- was reversed in 

literature by sonication in pure water55, 56. Although titania films used for this 

experiment are more robust than powdered films, they will not withstand sonication. For 

this reason the deactivated samples were simply soaked in pure water (1 L) for 8 hours 

before drying and re-testing. Another regeneration method was to heat the film in a 

muffle furnace to 400°C, which is higher than the boiling points of both SO3 (45°C) and 

H2SO4 (340°C), for 8 hours. Both methods regenerated the activity of the titania films 

(Figure 4-7) with soaking giving a ten-fold increase in activity and heating a five-fold 

increase. The discrepancy between the two might be explained by the presence of sulfate 

on the films which may be removed by solvation but not heating. 
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Figure 4-7 Regeneration of SO3/H2SO4 deactivated titania films by soaking in pure water (left) 

and heating to 300 °C (right) 
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4.3. PCO of CO on paste films and platinised paste films 

 

In an identical set of experiments to those carried out with SO2, 0.1 mL portions of 

carbon monoxide (CO) were injected into 5 cm quartz cells containing a titania-paste 

film. The corresponding FTIR spectra, examples of which are shown in Figure 4-8, 

illustrate that carbon monoxide (ν = 2000 cm-1 to 2250 cm-1) oxidation progresses via 

SPC to form carbon dioxide (ν = 2250 cm-1 to 2400 cm-1) on both paste-titania films and 

platinised paste-titania films. Carbon dioxide was the only oxidation product observed, 

and was produced in approximately stoichiometric amounts, as shown in Figure 4-9, i.e. 

volume of CO removed ≈ volume of CO2 produced. The ratio of typical initial rates for 

each substrate was ~10, i.e. Pt-paste films were 10 times more active towards oxidation 

of CO [mean ri (paste) ≈ 3.9 × 10-4 mL min-1; mean ri (Pt-paste) ≈ 3.9 × 10-3 mL min-1]. 

Quantum efficiencies, calculated as described in section 4.2, for the two types of film 

were 0.31% for titania-paste films and 3.14% for the Pt-paste films. 
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Figure 4-8 PCO of carbon monoxide with titania paste (left) and Pt-titania paste (right) 
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IR absorbance spectra of Pt-paste clearly show the characteristic absorbance peak of CO 

adsorption on Pt-TiO2
63, occurring at ~2080cm-1, in addition to the gas-phase CO peak. 

Examples of both spectra are shown in Figure 4-9. This peak was seen to persist after the 

gas-phase CO was no longer detected, suggesting that carbon monoxide is strongly 

adsorbed onto Pt-TiO2, and some CO is not oxidised during the irradiation times quoted 

here. 
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 Figure 4-9 (left) the volumes of CO and CO2 were calculated by the area under the peaks shown 

in Figure 4-8, these were used to illustrate the PCO of carbon monoxide (open) and production 

of CO2 (closed) using paste (○, ●) and Pt-paste (□, ■) films and a UVA source; (right) the 

characteristic absorbance peak of CO (black) and the extra peak at 2080 cm-1 as a result of strong 

CO-Pt interaction 

 

 

Repeated use of titania films showed no sign of deactivation (Figure 4-10) with initial 

rates for both Pt-paste and paste presenting no significant retardation in striking contrast 

to the PCO of SO2 on paste TiO2 films (Figure 4-11). Quantum efficiencies for the three 
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systems were as follows: SO2/titania = 1.18%; CO/titania = 0.31%; CO/Pt-titania = 

3.14%. 
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Figure 4-10 Repeated oxidation of CO with paste film (left) and Pt-paste film (right) 
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Figure 4-11 Initial PCO rate versus total volume of species oxidised for repeated use of 

substrate; (□) CO on Pt-paste, (∆) CO on paste, (○) SO2 on paste 
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4.4. EC, P(TFE-VE-PE) and Viton -TiO2 films for CO removal 

 

In order to investigate the possibility of creating flexible photocatalysts – using 

powdered titania dispersed into a polymer solution before casting into a film – ethyl 

cellulose (EC) was chosen as the starting point. EC has already been proven as a binder 

for oxygen-scavenging films containing titania20. The polymer-titania (10% w/v EC in a 

4:1 mixture of ethanol and toluene, 10g of which was mixed with 1g of P25 or Pt-P25) 

films were spun onto 24 mm diameter glass cover slips, approximately giving a 1:1 ratio 

of EC to titania upon drying in the final film. The films were then placed directly into 

the end of a 5 cm quartz-bodied IR cell, acting as one of the windows through which the 

IR beam passed though. The photocatalytic activity (PCA) of these films was then 

assessed for the oxidation of carbon monoxide, and the results compared to titania-paste 

and platinised titania-paste films. A blank, consisting of a 100% EC film, produced no 

CO2 during prolonged irradiation with UVA (in excess of 20 hours). 

 

The rates of CO2 production and the volume of CO2 produced (Figure 4-12 and Figure 

4-13) were in vast excess to that of CO oxidation for both photocatalyst-polymer films. 

This strongly implied that the polymer was being degraded by PCO. It was also 

observed that ri (CO) increased with repeated use of the same film, shown in Figure 

4-13, suggesting that PCO of the polymer binder was increasing the active area of the 

photocatalyst material. Irradiation to completion on the open bench left only a powdered 

catalyst film, easily rubbed off the glass backing. The initial rates of CO oxidation 

observed were very low for both P25 and platinised P25. Figure 4-13 illustrates the 

comparison with titania paste films, with EC/P25 approximately half as active for CO 

oxidation, whereas the EC/P25-Pt films were approximately 5 times less active than Pt-

paste. EC/P25-Pt films were in the order of 4/5 times more active than EC/P25. 
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 Figure 4-12 CO oxidation (left) and CO2 production (right) for 1st (open) and 2nd (closed) use of 

EC/P25 (■, □) and EC/P25-Pt (●, ○) polymer-photocatalyst films under UVA irradiation. The 

dashed line indicates approximate CO2 level for balanced stoichiometry 
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 Figure 4-13 Initial rate of CO oxidation (blue) and CO2 production (red) for polymer/TiO2 films 

 

 

The degradation of ethyl cellulose by SPC understandably meant it was an unsuitable 

polymer to bind the photocatalyst in possible flexible films. To this end the resistance of 

fluoropolymers to corrosion and thermal degradation should make them ideal for 
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polymer-based photocatalysts23, 26. For this work two solvent-soluble fluoropolymers 

were chosen; Poly(tetrafluoroethylene-co-vinylidene fluoride-co-propylene) P(TFE-VE-

PE), sometimes referred to by its trade name Aflas® (Du Pont); and Viton F, a 

terpolymer of vinylidene fluoride, hexafluoropropylene and tertrafluoroethylene used for 

corrosion resistant gaskets and o-rings. The initial rates of identical testing to the 

EC/titania films using CO are shown in Figure 4-14. These indicated that films of both 

P(TFE-VE-PE)/P25 and Viton/P25 had little or no activity towards CO oxidation, and 

that the polymer was again rapidly degrading due to PCO. The platinised titania 

analogues of both polymer types also registered very low CO oxidation activity, if 

slightly improved in comparison to the non-platinised P25 films, whilst also being 

degraded by PCO. This set of experiments casts doubt over the suitability of solvent-

soluble fluoropolymers for making photocatalyst films and also strongly indicates that 

illuminated titania is oxidising enough to degrade very stable polymers over long 

periods. 
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 Figure 4-14 Initial rate of CO oxidation (blue) and CO2 production (red) for 

fluoropolymer/titania films 
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4.5 Fluoropolymer [P(TFE-VE-PE), Viton and PTFE] destruction 

by PCO 

 

As an extension to the previous section’s work, during which it was observed that 

polymer-photocatalyst films of fluoropolymer/P25 mixtures were degraded by PCO, 

further work was carried out to determine the degradation products of these reactions. 

Direct FTIR monitoring of the polymer-photocatalyst films, and of the gas phase above 

these films, indicated that one intermediate produced during PCO of fluoropolymers was 

carbonyl fluoride, characterised by an absorbance stretch in the region 1875-2000 cm-1, 

highlighted in the insets of Figure 4-15 and Figure 4-16.  
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 Figure 4-15 FTIR monitoring of p(TFE-VE-PE)-P25 composite film during UVA irradiation, 

and, inset, spectra of gas phase products of polymer/photocatalyst PCO 

 

 94



Chapter 4 Photocatalytic Oxidation of Inorganic Gas Species on Titania 

Carbonyl fluoride is the fluorine analogue of phosgene, a species observed as an 

intermediate during PCO of TCE2, 59. Both are highly toxic species. The carbonyl 

fluoride peaks were seen to decrease with irradiation time, suggesting that PCO can 

destroy the fluorinated intermediates produced, presumably leading to HF and CO2, 

although long term irradiation of Viton films (>200 h) led to production of another gas-

phase species (Figure 4-17). 
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 Figure 4-16 FTIR monitoring of Viton-P25 composite film during UVA irradiation, inset; gas 

phase products of PCO 
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Figure 4-17 Initial spectrum subtracted from spectrum taken after 200 h irradiation in order to 

investigate gaseous products of PCO for Viton-P25 films 

 

 

Irradiation of PTFE/P25 disks with UVA was seen to initiate degradation of the 

polymer, highlighted by a decrease in IR absorbance (Figure 4-18-A). Analysis of the 

gas phase showed production of carbon dioxide and carbon monoxide, with no 

indication of carbonyl fluoride. The same absorbance stretching observed for long-term 

irradiation of Viton (Figure 4-17) was observed for PTFE. 

 

It is possible that during PCO carbonyl fluoride reacts with fluorine to produce 

CF3OF 64, which has characteristic absorbance stretching in the region 2000 cm-1 – 

2100 cm-1 65. This corresponds well with the spectra of Figure 4-17 and Figure 4-18-B. 

The possible production of CF3OF appears to take a long periods of irradiation, and it is 

not possible to determine if this is a PCO-mediated or photolytic phenomenon, though it 

does appear to be at the expense of COF2 and CO. 
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Figure 4-18 A: FTIR monitoring of PTFE destruction by PCO (left) and  B: FTIR spectrum of 

gas-phase products observed after 330 h irradiation (right), with region 2000-2225 cm-1 

expanded (inset) 

 

4.6. Conclusions 

 

In agreement with research by others carried out using powder films55, 56, it was 

observed that sulfur dioxide was removed from the gas-phase by semiconductor 

photocatalysis, with the concomitant effect of deactivation of the photocatalyst. 

Deposited droplets of high acidity on the titania films used, as well as on the interior 

surfaces of the cell, indicated that the oxidation products were SO3 and H2SO4. UVA 

irradiation of SO2 without titania did not initiate photolysis, as was observed with a 

UVC source. It was possible to monitor photocatalyst activity as a function of total 

sulfur dioxide oxidised, with activity seen to decrease rapidly and be reduced by ten-fold 

after six repetitions. The films were regenerated by soaking and heating, with soaking 
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the more successful technique, suggesting that sulfate was also present as an oxidation 

product on the titania surface. A quantum efficiency value of 1.18% was estimated for 

the PCO of SO2 on paste-titania during UVA illumination. 

 

Platinised paste titania films were observed to removed CO as CO2 at rates 10 times 

faster than non-platinised standard paste films. Significant deactivation was not observed 

for either type of film. Quantum efficiency values for these two systems were estimated 

to be 0.31% for CO removal by paste films, and 3.14% for Pt-paste films, both using 

UVA illumination. P25-titania-polymer and platinised P25-titania-polymer films were 

fabricated using ethyl cellulose, poly(tetrafluoroethylene-co-vinylidene fluoride-co-

propylene) and Viton F. When tested for PCO activity using carbon monoxide as a 

model species, the platinised films were seen to oxidise CO, but at a very much reduced 

rate in comparison to platinised paste-titania films. Further to this, it was observed that 

PCO degrades non-fluorinated and fluorinated polymers. Carbon dioxide and carbon 

monoxide were determined as the major products of fluoropolymer PCO, but carbonyl 

fluoride was also initially observed for P(TFE-VE-PE) and Viton. It was also suggested 

that CF3OF was being formed during long-term irradiation of both PTFE-P25 and Viton-

P25 films, but whether or not this is a photocatalytic or photolytic process is unclear at 

this stage.  
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Chapter 5 Factors affecting wettability changes on 
titania 

5.1 Introduction 

 

Titanium dioxide films have been widely observed to become superhydrophilic, i.e. 

water droplet contact angle < 5°, when exposed to UV light, a phenomenon termed 

photoinduced superhydrophilicity (PSH)1-7. Its effects have been pivotal in the 

development of self-cleaning surfaces for glazing and other applications, but the precise 

mechanism by which this change is effected remains the subject of some debate. 

Although it is clear that PSH is initiated by the photogeneration of electron/hole pairs 

and their migration to the surface. The kinetics of hydrophilic conversion are also yet to 

be fully elucidated, being inextricably linked to the changes in surface energies and 

therefore an intrinsic part of any discussion of mechanism. An essential feature of the 

overall PSH phenomenon is not only the initial photoinduced hydrophobic to 

hydrophilic change, but also the reverse dark process, whereby a superhydrophilic titania 

film recovers its original hydrophobic form. Any mechanism of PSH must embrace both 

the light-induced superhydrophilic process and the dark hydrophobic-recovery step. In 

1985 Kume and Nozu of Nihon Itagarasu, Japan reported that sheet glass coated with 

TiO2 had the ability to stay clean by “…rapidly and automatically decomposing and 

removing organic stains adhered to the glass surface…”8 Part of their patent application 

centred on the observation that the contact angle made by a water droplet on the glass 

was reduced as a function of UV irradiation time. This appears to be the first clear claim 

of a PSH effect relating to titania films on glass and was attributed to the photocatalyst 

removing the hydrophobic organic stains on the surface, via the well-established, 

photocatalytic oxidative (PCO) process, equation 5-1. 

 
2TiO

2 2 2hν 3.2eVorganic + O   minerals (such as CO  and H O)≥⎯⎯⎯⎯→  (5-1) 
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In contrast, in 1997, Wang et al6 – reporting on the UV-induced hydrophilic conversion 

of TiO2/SiO2 films – proposed that the effect was not due to PCO, but rather by a 

photoinduced surface re-organisation (PISR), summarised in Figure 5-1. In this 

mechanism water is dissociatively adsorbed at surface defects created by UV light9. The 

defects, it was suggested, were formed by the trapping of holes at bridging oxygen 

lattice points close to the surface, the Ti4+ sites being reduced to Ti3+ by the electrons 

and oxygen atoms being ejected to form vacancies10. The oxygen vacancies were 

thought to cause an increase in the adsorbed hydroxyl group density and lead to the 

formation of hydrophilic regions. Storage in the dark, in the presence of oxygen, was 

thought to ‘heal’ the defects, replacing the chemisorbed hydroxyl groups with oxygen 

and so returning the surface to its original hydrophobic state. 
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Figure 5-1 PISR mechanism of PSH on TiO2; whereby surface defects are generated by UV 

exposure (1) leading to dissociative adsorption of H2O (2) and reversible formation of 

hydrophilic state (3)10 
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Figure 5-2 Schematic of alternate PISR PSH mechanism; ultra band-gap irradiation causes 

elongation of Ti–O bonds and reversible formation of a metastable state via adsorption of 

molecular water11 

 

 

A further PISR mechanism was proposed by Sakai et al in 200312, this version involved 

the photoinduced absorption of H2O as a result of Ti–O lattice bond elongation. This 

model was further refined to include the trapping, and exchange with ambient O2, of 

electrons at Ti atoms11 (Figure 5-2). Both PISR mechanisms have the surface hydroxyl 

density as the hydrophilicity-defining parameters, with increases in OH density the root 

cause of PSH. 

 

The photo-induced surface reorganisation models of PSH have received support from a 

number of studies. The formation of surface defects was supported by the examination 

of Ti3+ defect creation on single-crystal rutile TiO2 using X-ray photoelectron 

spectroscopy (XPS)13. FTIR measurements were also interpreted as showing that anatase 

TiO2 reversibly adsorbs water as a result of UV irradiation10 and AFM studies 

highlighted apparent ‘roughening’ of the surface as a result of UV exposure (attributed 

to defect formation)14. The importance of bridging oxygen atoms, an integral part of the 

PISR model, has also been illustrated using rutile single crystals, with the (001) face, 
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which does not feature bridging oxygen, showing the least propensity to photoinduced 

hydrophilic change10, 15. 

  

Recently, support for the more simplistic PCO model of PSH, based on equation 5-1 

(namely the photocatalytic removal of hydrophobic organic surface contaminants) has 

increased, with a number of different groups reporting evidence for this model using test 

hydrophobic surface contaminants, such as trimethyl acetate16 and hexane17, and the 

detection of previously unobserved layers of hydrocarbons on titania surfaces18. Support 

for PCO over PISR has also been garnered by investigation of the effect of thermal 

treatment on the surface hydroxyl character of SiO2 and TiO2
19. XPS monitoring of 

hydrocarbons on titania before and after a number of different pre-treatment techniques 

(rinsing with distilled water; rinsing with 2M NaOH; calcination at 723K; UV 

irradiation) also strongly suggested that removal of hydrocarbons was closely linked to 

changes in contact angle20. 

 

 

0

10

20

30

40

50

60

70

80

-100 -50 0 50 100 150 200

UV irradiation time (hour)

W
at

er
 c

on
ta

ct
 a

ng
le

 (d
eg

re
e) Before applying 

oleic acid

 
Figure 5-3 time dependence of water contact angle under UV irradiation, after applying oleic 

acid to the surfaces of TiO2 (♦) and SrTiO3 (□). UV irradiation was 1mW/cm-2 under ambient 

conditions21 
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It has been suggested that the PISR mechanism is specific to only a few materials, of 

which titania is most notable; for example it is not exhibited by silica substrates. Of the 

metal oxides which have been shown to initiate photocatalytic processes i.e. TiO2, ZnO, 

SrTiO3 and SnO2, only TiO2, ZnO and SnO2 have also been shown to undergo PSH3. It 

is the example of SrTiO3 which is often used as evidence against the PCO mechanism. 

As shown in Figure 5-3, oleic acid deposition increases the CA for both TiO2 and 

SrTiO3, the CA is then observed to decrease with illumination as the compound is 

mineralised, but whereas CA falls to <5° for TiO2, the CA for SrTiO3 returns to the pre-

deposition value21. This, along with metal oxide films which display PSH but no 

photocatalytic activity i.e. WO3, V2O5, highlights the complexity of the subject and also 

the importance of film production method when comparing films of different materials3, 

5, 21. 
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Figure 5-4 (left) variation of water CA of a highly hydrophilic TiO2 (110) single crystal upon 

storage in air (dashed) and oxygen (solid)15, and (right) variation of water CA on highly 

hydrophilic TiO2 surface in the dark in a vacuum (▲) and ambient conditions (●)11 

 

 

As noted earlier, key to any model of PSH is an explanation of the dark recovery step. 

Thus, significant support for the PISR model of PSH has been provided by studies of 

this process10, 11, 22, effectively a dehydration step (see Figure 5-1 & Figure 5-2), with the 
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observation that titania films regain their original hydrophobicity at an increased rate 

when stored at increased temperatures22, 23, or under an evacuated (H2O free) 

atmosphere, Figure 5-411. The PISR model rationale behind these phenomena is that heat 

and vacuum cause the meta-stable water/hydroxyl groups, responsible for the 

superhydrophilic surface of titania, to dissociate more quickly. Of course the proponents 

of the PCO mechanism would claim that the surface is merely being recontaminated by 

airborne organic species. It has also been claimed that hydrophilic TiO2-glass films 

exhibit a measurable increase in contact angle when subjected to ultrasound24. The use 

of ultrasound to render a superhydrophilic film slightly more hydrophobic was 

interpreted initially by the proponents of PISR as being due to the re-oxidation of the 

surface by sonically-produced OH radicals24, but more recently as simply the breaking 

down of the photo-induced hydrophilic meta-stable state by an external stimulus22. A 

similar interpretation has been used to explain the effect of wet-rubbing25, which re-

converts superhydrophilic titania to its original hydrophobic state. 

 

To this point hydrophobic conversion has been simply described as the condition 

whereby water contact angle falls to below 5° with ultraviolet illumination, though there 

appears to be much information about the mechanism of PSH to be gained through the 

investigation, and modelling, of the kinetics. The two distinct methodologies which are 

employed in the analysis of PSH kinetics both involve taking a succession of still images 

from which the CA can be measured. The distinction centres on the deposition of the 

droplet; for in-situ analysis (the method used most commonly throughout this work) 

after deposition, the same droplet is observed during the full period of illumination16, 17. 

The second, and to date more common10, 12, 26-28 method sees the repeated cycle of 

droplet deposition, CA measurement, and the droplet removal, between periods of 

illumination. 
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Figure 5-5 Time dependence of (left) water CA on TiO2 films under UV illumination with 

varying light intensities, showing non-hyperbolic (  0.1 mW cm-2)5 and hyperbolic  (  0.2 mW 

cm-2 )12 CA vs. time profiles and (right) reciprocal of CA versus time for same intensities 
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Figure 5-6 Example of ‘sudden wetting’ of water droplets on sol-gel derived films under UV 

irradiation, and effect of film thickness (□ = 8 nm, ○ = 15 nm, ∆ = 40 nm, ◊ = 160 nm) on 

elapsed time before wetting1 
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There are two commonly observed types of CA versus irradiation time profile; 

hyperbolic and non-hyperbolic. Both types of profile, depicted in Figure 5-5, are 

observed for both in-situ and repeated deposition monitoring. Non-hyperbolic profiles 

commonly feature a ‘delay’ type phenomenon. During this delay the contact angle 

decreases only slowly for a period, before falling more rapidly (Figure 5-5 and Figure 

5-6). Hyperbolic profiles do not feature any such delay feature; with CA falling 

immediately after irradiation is commenced. With the more recent increase in in-situ 

style analysis a further class of non-hyperbolic profile has been observed. This type 

features a more pronounced delay, during which only evaporation causes change in CA, 

followed by very sudden wetting of the droplet across the surface1 (Figure 5-6). This 

type of profile has also been observed with model organic layers of hexane17. Studies 

have found the rate of hydrophilic change to be dependant on light intensity24. Further 

work has demonstrated that the profile of contact angle versus irradiation time was 

dependant upon the photonic absorptivity of the substrates. Thick (8 µm) sol-gel paste 

films displayed hyperbolic profiles29, 30, characterised by a linear plot of the reciprocal of 

the contact angle versus time12, see Figure 5-5 and very thin (15 nm) films coated by 

CVD gave non-hyperbolic profiles29, as did moderately thick (0.4 µm) films under 

low (0.1 mW cm-2) UV intensity5. It was suggested that this non-hyperbolic behaviour 

could be due to a preliminary surface-conditioning process, possibly the removal of low 

levels of organic impurities29. 

 

There have been two notable attempts to model the kinetics of PSH algebraically. The 

first uses the reciprocal of the CA plotted against irradiation time which was shown to 

give a straight line through the initial part of the profile and the slope of this segment is 

defined as the hydrophilic conversion rate (kf)12. kf was found to be a function of incident 

UV intensity, with 0.4 mW cm-2 found to be the boundary value between two linear 

regions of a log-log plot of kf versus incident UV intensity. The second kinetic model 

used the same data as the work of Sakai et al12, but was based upon Young’s equation31, 

32 (see section 1.5, equation 1-7) and used the cosine of the CA rather than the 
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reciprocal28. Both models include discussions of the reverse reaction and attempted to 

overcome issues deriving from inconsistent initial CA values. 

 

These observations (the effect of light intensity on PSH, the use of a model contaminant 

layer, and utilisation of pre-treatments to render surfaces hydrophilic) along with the 

discussions on recovery of hydrophobicity, the effect of droplet and atmospheric 

composition on PSH, and the role of electron acceptors in PSH, form the starting point 

of this investigation into PSH. 

 

5.2 Experimental 

5.2.1. Substrates 

 

Descriptions of the substrates used i.e. thick sol-gel films, ActivTM titania-coated glass, 

and microscope slide blanks, and preparation/cleaning methods are contained in sections 

2.1.2. and 2.1.3. 

5.2.2. Measurement of Contact Angle 

 

The two methods used to assess changes in contact angle i.e. repeated deposition and in-

situ, are detailed in sections 2.5.1. and 2.5.2. 

5.2.3. Variation of Atmospheric Composition 

 

When in use, the sealed environmental chamber apparatus allowed control of the gas-

phase surrounding the observed water droplet. The standard setup, as described in 

section 2.5.2, used for all in-situ experiments unless otherwise stated, featured 100 mL 

min-1 flowing oxygen, bubbled through a dreschel bottle to attain 100% relative 

humidity.  For the variation of atmospheric composition the oxygen stream was either 
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replaced with nitrogen, or an ozone generator was attached in-line. Before deposition the 

water droplet was held at the end of the syringe for 10 minutes with the gas flowing 

through the cell in order to flush any dissolved gas species from the water. 

5.2.4. Variation of Droplet Composition 

 

For the investigation into the possible incorporation of a sacrificial electron acceptor into 

the deposited water droplet, 0.1M solutions of potassium chloride, sodium persulfate and 

sodium dithionite (all supplied by Aldrich) were used. 

5.2.5. Substrate Illumination in Solution 

 

ACTIV 

Salt solution
Quartz Beaker 
UVC Bulb

Oxygen/Nitrogen 

 
 

Figure 5-7 Diagram of setup used for the UVC illumination of a titania substrate in an 

oxygenated or deoxygenated solution of KCl or Na2S2O8

 

 

In order to irradiate a titania substrate in oxygenated and deoxygenated solutions of 

potassium chloride or sodium persulfate, a 500 mL quartz beaker, fitted with a 

removable bung closure with gas inlet and outlet (Figure 5-7) was utilised. The 

irradiation sources were two 2 × 8W mercury discharge UVC lamps. Initially 

hydrophobic samples were placed in the beaker followed by the salt solution and oxygen 
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or nitrogen bubbled through for 1 hour before commencement of illumination. After 

irradiation the samples were removed, washed with DI water, dried in a clean gas 

stream, and the CA measured in triplicate. 

5.2.6. Model Contaminant Deposition – Stearic Acid 

 

The stearic acid (SA) model contaminant layer deposition is described in further detail in 

2.3.2.4 with the description of the method for monitoring the layer by FTIR also 

included. 

5.2.7. Pre-treatment techniques 

 

Substrates were pre-treated by three methods: UV/ozone exposure, heat treatment, and 

acid deposition. Both plain glass and Activ glass were rendered superhydrophilic by pre-

treating with UVC/ozone, effected by irradiation with 2×6W UVC (254 nm) bulbs 

(Vilber-Lourmat), irradiance ~1 mW cm-2, in a water-saturated, i.e. 100% relative 

humidity  (RH), oxygen atmosphere containing ~1700 ppm ozone, produced by a 

corona-discharge ozone generator (OZ500, Dryden Aqua). Other pre-treatment methods 

used included a heat-treatment process, using a muffle-furnace, in which the samples 

were kept at the desired temperature for 1 hour before removing to cool to room 

temperature in a covered Petri dish. Aqua regia was also used as a pre-treatment method 

and involved immersing the samples for 1 hour in the aqua regia before being removed, 

rinsed with doubly-distilled, deionised water and dried in a compressed air stream 

5.2.8. Recovery of CA – Storage Experiments 

 

For recovery experiments, samples were rendered superhydrophilic by the same 

UV/ozone pre-treatment method described above (section 5.2.7). The study of the 

kinetics of contact angle recovery of samples held under vacuum was carried out using a 

vacuum desiccator connected to a vacuum line. Non-covered samples were simply left 

on the bench top in a light-free laboratory. For the investigation of ultrasonic (US) 

 113



Chapter 5 Factors affecting wettability changes on titania 

recovery, samples of superhydrophilic ActivTM or glass were immersed in doubly-

distilled, deionised water and placed in a US bath (VWR model: USC100T). All 

glassware for this section was thoroughly cleaned with chloroform and rinsed with water 

before use. Sample handling was carried out using plastic forceps and the samples were 

dried with compressed air from a cylinder. 

5.3 Results and Discussion33, 34 

5.3.1. In-situ monitoring of contact angle; effect of UV type 

 

 
 

Figure 5-8 Images of water droplet on Activ sample after (from top left) 0, 6, 12, 15, 18 and 20 

minutes’ UVC irradiation; IUVC = 0.5 mW cm-2 

 

 

In order to take a different approach to investigating PSH, a series of experiments were 

designed which permitted monitoring of water-droplet contact angle (CA) during 

irradiation, with a water droplet in-situ (continuous monitoring), rather than droplets 

being deposited and removed in between periods of irradiation (discontinuous 

monitoring). Figure 5-8 features a series of images taken during the irradiation of a 

square of Activ titania-coated glass which had a water droplet (5 µL) deposited onto the 

surface. The droplet was seen to slowly spread across the surface before a critical point 

(be it the CA, diameter, circumference, or another factor) was reached and the droplet 

spread rapidly, the angle falling to <5°. 
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Figure 5-9 CA vs. irradiation time and base diameter vs. irradiation time for titania paste film 

(left) and plain glass (right). IUVC = 0.5 mW cm-2 

 

 

 

Preliminary studies on a titania paste film showed CA to fall rapidly, but use of a plain 

glass blank also indicated that evaporation of the droplet (Figure 5-10B) could give the 

impression of PSH. Analysis of the base diameter of the droplet (Figure 5-10B) clearly 

indicated no spreading, whereas with titania-paste films the diameter is seen to increase 

steadily throughout irradiation. This was a key observation in distinguishing between 

PSH and evaporation, and led to the employment of an environmental chamber with 

water-saturated gas flowing through the cell throughout irradiation. This, along with a 

small fan included to cool the lamp employed as the irradiation source, allowed the 

deposited droplets to be monitored during illumination with limited evaporation. 
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Figure 5-10 CA vs. irradiation time for A: titania paste films (left) and B:  Activ films (right) 

under UVA (open) and UVC (closed) irradiation, IUVC/UVA = 0.5 mW cm-2 

 

 

A quartz window had been fitted into the top of the environmental chamber to allow 

irradiation by UVA and UVC sources. A comparison of PSH profiles during each type 

of irradiation for paste and Activ samples (Figure 5-10) showed much more rapid 

hydrophilic conversion occurring with UVC. Initial rates of PSH, calculated from the 

profiles displayed in Figure 5-10, for Activ-UVC (ri = 1.38 °min-1) Activ-UVA (0.27 

°min-1) paste-UVC (4.50 °min-1) and paste-UVA (1.28 °min-1) support this observation. 

This is consistent with titania films having higher absorptivity in the UVC region than 

UVA2, 26, 29. An interesting feature of this work are the ‘delays’ observed in both the CA 

vs. irradiation time profiles for ActivTM, illustrated in Figure 5-10, when using UVA or 

UVC light. For UVA, the fastest rate of change of CA (-rmax) is 2.0 °min-1 but the time at 

which this occurs, around the time of the rapid spreading of the droplet, was after ~35 

min UV irradiation. With UVC irradiation the fastest rate of change of CA (-rmax) is 22.4 

°min-1 and the rapid photoinduced conversion of the titania surface began after only ca. 

10 minutes. 
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The profiles are consistent with the idea of an initiation period before more rapid wetting 

occurs. Previous work29 suggested that these non-hyperbolic profiles were due to a 

preliminary surface conditioning, possibly the removal of low levels of organic 

impurities, which are significant at low intensities of UV light or with very thin films1, 10, 

35. The ‘delay’ observed for ACTIV when irradiated by UVA does appear to suggest that 

such a long-lived phenomenon might be occurring, rather than the surface restructuring 

mechanism described earlier. The profile also fits with the ‘sudden wetting’ which 

follows an induction period, described when using hexane as a model contaminant17. 

 

It appears likely that -rmax and the delay time (δ), before a rapid decrease in CA as a 

function of illumination time, are negatively correlated in some way, with the larger the 

rmax value the lower the value of δ.  Clearly both CA vs. time profiles for Activ 

illustrated in Figure 5-10 are decidedly non-hyperbolic in shape, which is typical of a 

low-activity titania photocatalyst film. The hyperbolic profiles observed for paste films 

are, again, indicative of the type of film under test. In this case no delay is observed for 

either UV-type, a feature characteristic of high-activity (thick) films. 

 

5.3.2. Variation of atmospheric composition – O2, N2 and O3 

 

Using the environmental cell the influence of atmospheric composition was then 

investigated. As shown in section 5.3.1, in an oxygenated atmosphere PSH occurs for 

water droplets on both paste and Activ substrates under both UVC and UVA irradiation. 

When the cell was flushed with a water-saturated nitrogen gas stream before 

commencement of UVC irradiation, no PSH effect was observed for either type of 

substrate, illustrated in Figure 5-11, which is in agreement with recently published 

results of others17. This observation highlights the need for oxygen, or some other 

sacrificial electron acceptor, for PSH to proceed, a feature that is common to both major 

PSH mechanistic theories. 
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Figure 5-11 CA vs. UVC irradiation time for Activ films under water-saturated nitrogen (□), 

oxygen (○) and ~1700 ppm ozone (●) atmospheres; and (inset) paste-titania films under nitrogen 

(□), oxygen (○) and ozone (●) atmospheres; IUVC = 0.5 mW cm-2 

 

 

Another set of experiments also utilised the chamber, but this time it was flushed with an 

oxygen stream that also contained ~1700 ppm of ozone. Upon irradiation with UVC 

PSH was seen to occur more rapidly for the Activ substrate, whilst PSH appeared to 

already be at a maximum on paste films. Short wavelengths of UV light are well known 

to both produce (at 198 nm) and electronically excite (at 254 nm) ozone36, 37. 

Electronically excited ozone can be used to scour organic contaminants from 

semiconductor surfaces, the suggestion here being that the combination of UVC and 

ozone is removing adventitious, hydrophobic organic material from the surface. In effect 

cleaning the surface and causing the hydrophilic change. UVA irradiation does not 

excite ozone, yet illumination of both Activ and paste films in the ozone-containing 

atmosphere with a UVA source was seen to initiate PSH. The effect of the presence of 

O3 markedly reduces the time taken to render the surface hydrophilic; for Activ from 

~55 min to <5 min and from ~38 min to ~8 min for paste films. The conclusion which 
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can be drawn from this is that ozone is acting as a more efficient electron acceptor than 

oxygen. This suggestion is not without precedent, as ozone in combination with UVA 

light has been shown to increase the rate of the photocatalytic decomposition of 

toluene38. 
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Figure 5-12 CA versus UVA irradiation time for (left) Activ and (right) titania-paste films in 

water-saturated oxygen (open) and ozone (closed) atmospheres; IUVA = 0.5 mW cm-2 

 

 

 

A further confirmation of this electron-acceptor effect is provided by the combination of 

UVC-O2/O3 and UVA-O2/O3 on a water droplet resting on a plain glass substrate (Figure 

5-13). In this case no PSH effect is observed for UVA-O2/O3, whereas the shorter 

wavelength radiation provides a false-positive for PSH as the electronically-excited 

ozone removes surface organics. 
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Figure 5-13 CA versus irradiation time for plain glass in O2/O3 atmosphere with UVC (black) 

and UVA (red) irradiation  

 

 

5.3.3 Effect of UV intensity on rate and PSH parameters 

 

In literature it has been suggested that PSH activity is analogous to SPC activity, in that 

it is a function of the substrate’s absorptivity of ultra-bandgap irradiation5, 29, 30. 

Therefore it can be expected that thin films, of low absorptivity, will undergo 

hydrophilic change at reduced rates compared to thick films, of higher absorptivity. The 

hyperbolic and non-hyperbolic profiles observed are indicative of what is essentially a 

‘path-length’ phenomenon, whereby, in accordance to Beer’s law, increasing path-length 

(film thickness) is directly related to absorbance, and therefore activity. 

 

In order to investigate this phenomenon further, and to possibly determine a 

relationship/relationships between the delay time (δ), the maximum rate (rmax) (features 

observed previously in section 5.3.1.) and incident UV intensity (I), the hydrophilic 

change of paste films and Activ samples was monitored at varying light intensities. Two 

sets of samples, one of paste-titania films and one of Activ glass, were cleaned and dark-

stored in a sealed box for in excess of 5 months. When water droplets were applied to 
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these samples it became apparent, especially for the titania-paste films, that long term 

dark-storage had affected a significant increase in contact angle. The paste samples 

displayed CAs of 60° to 70°, effectively twice as high as the values observed previously.   

 

When illuminated at increasing UVA intensities and exposed to ozone/oxygen 

atmospheres, Activ samples (Figure 5-14) exhibited a decrease in δ with increasing I, 

and the profiles were seen to shift from classically non-hyperbolic to hyperbolic. Paste 

films, which generally display hyperbolic profiles, were observed to shift from 

hyperbolic to non-hyperbolic with decreasing UV intensity (Figure 5-15). High UV 

intensity was seen to give an almost immediate fall in CA, which initially appeared to 

feature no delay. Plots of the reciprocal (inset of Figure 5-15) were used to estimate 

delay times for these high intensity cases, the delay period observed as the time before 

CA-1 deviates from the horizontal, highlighted with vertical lines. 
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Figure 5-14 CA vs. time for Activ irradiated in water-saturated oxygen/ozone stream with IUVA = 

(from left) 4.96, 1.01, 0.32 and 0.18 mW cm-2 
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Figure 5-15 CA vs. time for paste films irradiated in water-saturated oxygen/ozone stream with 

IUVA = (from left) 1.01, 0.69, 0.34, 0.18, 0.09 and 0.04 mW cm-2, inset: reciprocal of CA used to 

highlight end of ‘delay’ for higher intensities 

 

 

Both sets of data fit in with the ‘initiation process’ theory, in that with variations of UV 

intensity, thin and thick films show decreasing δ with increasing irradiance. Using 

values of δ and rmax, estimated from Figure 5-14 and Figure 5-15, and the measured 

incident UV intensity tentative attempts were made to link the parameters for both 

substrates. Approximately linear correlations were found for plots of the reciprocal of δ 

versus IUVA (Figure 5-16) as well as for –rmax and IUVA, and also –rmax and δ-1, for both 

Activ and titania-paste films (Figure 5-17 and Figure 5-18). 

 

These results give hope that it will be possible to link PSH parameters across substrates, 

potentially including the absorptivity, in order to build a complete kinetic model for 

PSH. Investigation of further substrates is the next obvious step, but the clarification that 

both profile types, those which fit hyperbolic degradation and those which don’t, are 
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interchangeable dependant on intensity of illumination is a major step towards fully 

understanding the factors which determine the kinetics of PSH. 
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Figure 5-16 values of δ-1 (reciprocal of delay time) versus incident UV intensity for Activ (left) 

and thick paste films (right). R2 values are displayed for best-fit lines. 
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Figure 5-17 plots of maximum rate (-rmax) versus, left, UVA intensity (IUVA) and, right, 

reciprocal of delay time (δ-1) for Activ films irradiated in ozone/oxygen atmosphere 
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Figure 5-18 plots of maximum rate (-rmax) versus, left, UVA intensity (IUVA) and, right, 

reciprocal of delay time (δ-1) for titania-paste films irradiated in ozone/oxygen atmosphere 

 

 

5.3.4. Variation of Droplet Composition: the effects of salts and SEAs on 
PSH 

 

In the previous section ozone was seen to increase the rate of PSH by acting as a super, 

i.e., much more effective than O2, sacrificial electron acceptor, and no PSH effect was 

observed on Activ and sol-gel samples in the absence of an electron acceptor such as 

ozone, or atmospheric oxygen. These results raise the following question: Does the 

electron acceptor have to be oxygen or oxygen-containing, or can it be another SEA? 

Certainly in some examples of semiconductor photocatalysis, i.e., equation 5-1, other 

SEAs have been used with great effect39. Thus, in this work the role of electron-acceptor 

in PSH was investigated further by dissolving various salts in the water used to generate 

the deposited water droplets. Thus, water droplets containing 0.1 M sodium persulfate 

(an SEA), potassium chloride, and sodium dithionite (an oxygen scavenger) were each, 

in turn, deposited onto an Activ titania film. As shown in Figure 5-19 all three salt-

containing drops made the PSH process faster, i.e., typically reaching a CA < 5° in <10 

min rather than the usual ~18 min, in 100% RH oxygen. The CA vs. t profiles generated 
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by this work suggest that having an electrolyte in the water droplet accelerates the 

photocatalytic process and thus the rate of PSH. The fact that the electrolyte may also 

act as either an SEA (as in the case of persulfate) or a scavenger of O2 (as in the case of 

dithionite) in the water droplet appears to make no difference to the kinetics of PSH.  
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Figure 5-19 CA vs. UVC irradiation time for pure water (∆), 0.1M KCl (black), 0.1M Na2S2O8 

(blue) and 0.1M Na2S2O4 (red) in water-saturated oxygen atmospheres 

 

 

These results imply that PSH depends more on what happens to the surface surrounding 

the water droplet rather than underneath the droplet itself. Possibly of greater initial 

surprise is the observation that PSH is not exhibited by Activ with use of any of the 

different salt-containing droplets under an anaerobic, rather than oxygen, atmosphere 

(Figure 5-20). This is surprising because sodium persulfate is a proven effective SEA for 

the TiO2-sensitized photooxidation of organics in water39 so if the photocatalytic model 

of PSH is correct, persulfate’s presence in a water droplet, in an otherwise anaerobic 

atmosphere, should allow any organic material directly beneath the water droplet to be 
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destroyed, effectively burning a hole into any underlying organic film. Given this, 

initially it seems odd that the water droplet does not spread, i.e., no PSH activity is 

exhibited, when a persulfate droplet is UV irradiated under anaerobic conditions. 
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Figure 5-20 CA vs. UVC irradiation time for 0.1M KCl (black), 0.1M Na2S2O8 (blue) and 0.1M 

Na2S2O4 (red) in water-saturated nitrogen atmospheres 

 

 

However, a possible reason for the persulfate-containing water droplet not spreading 

would be that, apart from underneath the water droplet, the surrounding titania film 

would, presumably, remain covered with a thin, albeit undetectable (by FTIR at least), 

layer of organic material that renders it hydrophobic, as indicated by the schematic 

illustration in Figure 5-21. Support for the above “hole-burning” model was provided by 

a demonstration that persulfate is able to effect readily the complete cleaning of the 

surface of an Activ sample of the hydrophobic organics on its surface by semiconductor 

photocatalysis under anaerobic conditions, thereby rendering it superhydrophilic. This 

was achieved by pre-irradiating an Activ film, submerged in an anaerobic, 0.1 M 
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persulfate solution, with UVC light, apparatus shown in Figure 5-7. The results of this 

work showed that the titania film was rendered superhydrophilic by this process 

whereas, in contrast, films which had been treated similarly, but with 0.1 M KCl or 

sodium dithionite as the immersion solution, retained their initial hydrophobic character. 

 

 

 
 

Figure 5-21 schematic of the suggested ‘hole-burning’ effect of irradiation on 0.1 M persulfate 

solution droplet on Activ in deoxygenated atmosphere 

 

 

UV

Droplet of 0.1M persulfate Organic layer TiO2 layer 

5.3.5. Stearic acid on TiO2 as a model contaminant layer 

 

It was observed in a previous section that thick titania paste films do not normally 

exhibit any delay in their CA vs t plots, even in the absence of ozone (Figure 5-10) and 

follow a more conventional hyperbolic profile, as would be expected for films of high 

activity, which absorb strongly any incident UV light, based on the photocatalyst model 

of PSH. In contrast, and as indicated earlier, thin titania films and/or low incident UV 

light intensities have been shown to give rise to such non-hyperbolic CA vs. irradiation 

time profiles and appear associated with low rates of PSH5, 29. Interestingly and not 

surprisingly, such non-hyperbolic CA vs. t profiles can be effected when using very 

active, thick, sol-gel films, even in an ozone-containing environment, through the 

application of a stearic acid (SA) film onto the substrate’s surface before water droplet 

deposition, as shown by the CA vs. UVA irradiation time profile in Figure 5-22. Figure 
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5-22 also illustrates the variation of the integrated area under the FTIR peaks due to the 

SA layer on the same thick paste titania film, i.e., Aint vs. UV irradiation time. This 

concomitant monitoring of the SA layer by FTIR on an identical film shows that there is 

a strong correlation between the end of the induction period (characterized by a sudden 

wetting process) and the removal of the final, FTIR-detectable, traces of the stearic acid 

layer. These results appear to lend support to the elegant work of Yates et al17 and their 

proposal that such delay periods are due to organic film contaminant removal by 

photocatalysis. 
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Figure 5-22 CA (♦) and FTIR (□) integrated area, Aint, measured from 2700 to 3000 cm-1, versus 

UVA irradiation time for stearic acid coated paste film in an ozone-containing (1700 ppm) 

oxygen, water-saturated atmosphere. A blank of a stearic acid-coated paste film treated with 

only ozone produced no change in integrated area over 30 min. 
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5.3.6. Pre-treatment – heat, UV/ozone and acid 

 

Table 1 Water contact angles for ActivTM and glass samples before and after pre-treatment 

 

ActivTM Plain Glass Pre-treatment 
Method initial CA / ° final CA / ° initial CA / ° final CA / ° 

UVC/O3 
a 71 < 5 35 < 5 

∆ 500°C b 70 < 5 37 < 5 
Aqua Regia c 70 < 5 38 < 5 

 
a Samples irradiated by 2×6W UVC bulbs in ~1700 ppm O3 for 1 hour 
b Samples heated to 500°C and held at temp for 1 hour before cooling under Petri dish 
c Immersion in 25 mL Aqua Regia for 1 hour before rinsing and drying 

 

 

The combination of short wavelength ultraviolet light and ozone to create electronically 

excited ozone, O3*, which is a very effective oxidising agent is well documented in its 

use for destroying organic materials and scouring the latter from surfaces such as 

semiconductor wafers36, 37. As previously stated (section 5.3.2.) it has been observed that 

the combination of UVC and ozone as a pre-treatment produces a superhydrophilic 

surface on ActivTM and plain glass. These findings imply that the intrinsic state of a 

titania film or pristine glass is superhydrophilic, as indicated by other work on both plain 

glass40 and titania20 (such as found on ActivTM) and that this state requires simply the 

removal of all surface contaminants, particularly hydrophobic organics, for its 

production. 

 

This finding, that UV/O3 pre-treatment renders ActivTM superhydrophilic, fits in with 

both the PSIR model, and the PCO model of PSH. However, the observation that plain 

glass is also rendered superhydrophilic indicates that the initial hydrophobic nature of 

the plain glass, and most probably ActivTM, is due to contamination of the surface by 
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hydrophobic organics, at a level too low to detect by simple FTIR. UVC excitation of 

the O3 creates O3* that effectively oxidises and removes organics from the surfaces of 

these two substrates, to reveal the pristine, intrinsically superhydrophilic surfaces of the 

substrates. Thus, there appears no need to invoke a surface reorganisation mechanism, 

i.e. PISR, to explain PSH in titania as PCO, since such work implies any oxidative 

process that removes hydrophobic surface organics, such as UVC/O3, will render the 

surface of titania superhydrophilic. The typical water droplet contact angles of plain and 

ActivTM glass samples before and after UV/O3 treatment are given in Table 1. 

 

A series of experiments were carried out to investigate a variety of other oxidising pre-

treatment methods, including heating and strong acid immersion, to ascertain if all were 

able to render ActivTM and plain glass superhydrophilic (i.e. CA < 5°). Thus, heating 

ActivTM and plain glass at different temperatures and testing their hydrophilic natures, 

via CA measurements produced the results illustrated in Figure 5-23. These results show 

that for both substrates the CA decreased with increasing temperature, with glass falling 

from an initial contact angle, CAi, ~35° to  < 5° by 300° and ActivTM from CAi ~ 70° to 

<5° by 550°.  

 

That the titania substrates become hydrophilic with heat treatment appears at odds with 

the PSIR model of PSH, i.e. Figure 5-1, which suggests that the dark dehydration 

process should be promoted by high temperatures 19, leading to either no change, or an 

increase in its hydrophobic nature. Instead, the results in Figure 5-23 indicate that the 

initial hydrophobic character of ActivTM and plain glass is due to organic surface 

contaminants that are readily oxidised by high heat treatment to reveal the intrinsic 

superhydrophilic nature of glass and titania films. From the data in Figure 5-23 it 

appears that the plain glass samples become hydrophilic at lower temperatures than 

ActivTM, probably due to a lower level of contamination on glass, which is much 

smoother than the titania films, rendering the latter more susceptible to organic 

adsorption. Initially hydrophobic ActivTM and plain glass samples were also pre-treated 
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with the very oxidising reagent, aqua regia, and found to be rendered superhydrophilic 

by this treatment, (see Table 1). 
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Figure 5-23 Plot of Contact angle vs. pre-treatment furnace temperature for ActivTM ( ) and for 

plain glass ( ) 

 

 

 

In conclusion, all three methods of pre-treatment, i.e. UVC/O3, heat (> 550°C) and aqua 

regia are able to effect the conversion of both ActivTM and plain glass samples from an 

initial hydrophobic state to a superhydrophilic state. All three methods use very strong 

oxidising agents to render plain and ActivTM glass samples superhydrophilic, most 

probably due to the oxidation of any surface hydrophobic organic species. These results 

therefore provide significant support for the PCO model of PSH. These results also 

imply that the pristine, i.e. organic-free, surfaces of these materials are superhydrophilic. 
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5.3.7. Contact Angle Recovery – effect of heat, vacuum, ultrasonic, and 
recovery in ambient or sealed systems 

 

The ‘dark’ recovery of contact angle i.e. the regeneration of hydrophobicity, exhibited 

by superhydrophilic titania films has been widely reported10-12, 29 and opinion over its 

cause is polarised between a re-contamination of the surface by air-borne organics (PCO 

model of PSH) and the reverse process of Figure 5-1, i.e. a dehydroxylation/dehydration 

process on the surface of the titania (PISR model of PSH). Work carried out by others11 

shows that superhydrophilic samples of titania become more hydrophobic when stored 

in an evacuated atmosphere. These results are interpreted as evidence of the PISR model, 

in which vacuum storage accelerates OH- desorption and therefore CA recovery in 

superhydrophilic samples of titania. In replicating this work we also found that the CA 

of ActivTM increases markedly when the samples are stored under vacuum, but also, and 

more revealing, that plain glass exhibits the same feature, although to a lesser extent. 

 

These results, illustrated in Figure 5-24, indicate that the phenomena of CA increasing 

for superhydrophilic titania films held under vacuum (used to support the ‘surface 

reorganisation’ model, i.e. Figure 5-1) is not specific to titania films, but is also 

exhibited by plain glass and so not likely to be associated with a PISR mechanism, 

attributed to titania but not to glass. Instead, the more likely explanation is that it is due 

to organic contamination of a clean surface, i.e. glass or titania in this work, produced by 

exposing the sample to air when making the CA measurement after storage in a vacuum. 
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Figure 5-24 Water contact angle vs. exposure time in (left) an evacuated (solid line) or hydrated 

(dashed line) atmosphere, and (right) ambient laboratory storage (solid) and ambient contained 

storage (dashed); for ActivTM (square) and glass (diamond), CA measurements recorded under 

ambient conditions 

 

 

The observation of accelerated recovery of CA on titania films via storage at elevated 

temperatures was again, as with the case of vacuum storage, suggested to be as a result 

of the reverse process of Figure 5-111. To investigate the effect of elevated temperature 

on a titania and plain glass, pre-cleaned (by UV-ozone) samples were stored for 18 hours 

at 100°C, 200°C and 300°C using three different ovens/furnaces. Numbered 1 to 3, 

typical use temperature ranges were as follows: oven #1 was used in the range 70°C to 

100°C; oven #2 from 100°C to 200 °C; and #3 was a furnace commonly used from 

400°C to 800°C. Figure 5-25 shows the measured contact angles after 18 hours’ storage, 

with a marked increase observed for the titania films in oven #1 at 100°C. The second 

plot is telling, in that when stored in the muffle furnace at 100°C the CA recovers to a 
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lesser extent. This strongly implies that prior usage and organic contamination are key 

factors in CA changes due to heating. That heating to 300°C caused little or no increase 

in CA, and that analogous effects were observed for titania films and plain glass, add 

further weight to this suggestion of re-contamination rather than a PISR effect. 
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Figure 5-25 Contact angle for Activ (□) and plain glass (◊) after 18 hours’ storage using: 1 – 

small oven; 2 – medium oven, and; 3 – muffle furnace, at indicated temperatures 

 

 

The effect of air-borne contamination of a pristine, superhydrophilic glass and ActivTM 

surface was demonstrated by leaving two freshly-prepared samples out on the bench and 

monitoring the change in CA as a function of time. The results of this work are 

illustrated in Figure 5-24. From these results it is clear that, on the open bench, a 

pristine, superhydrophilic sample of glass or ActivTM can be rendered noticeably 

hydrophobic within a few hours of exposure. Note that, as expected from its lower 
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surface roughness, over the same time plain glass is rendered less hydrophobic than 

ActivTM due to this surface contamination. Simple IR analysis of these glass samples 

revealed no indication of contamination of their surfaces by hydrophobic organics, 

implying that the level is very low and below the level of detection of normal FTIR 

spectroscopy. 

 

 

Table 2 Table of water contact angle for ActivTM and glass samples before and after either 

sonication or immersion for 10 minutes in deionised (DI) water 

 

ActivTM Glass 
Treatment 

initial CA / ° final CA / ° initial CA / ° final CA / ° 
Sonication for 10 min in 

DI water < 5 8.9 3.8 8.2 

DI water immersion for 
10 min < 5 6.4 4.3 5.3 

 

 

 

Previous work carried out by others24 has shown that a superhydrophilic titania film is 

rendered more hydrophobic upon exposure to ultrasound (10 min). In another set of 

experiments both glass and titania films, rendered superhydrophilic by treatment with 

UVC/O3, were placed in high purity water in clean beakers and treated with ultrasound. 

The measured CAs of these samples before and after exposure to ultrasound are given in 

Table 2 and show that for both samples, upon sonication the CA rises slightly, by 3–5°, 

whereas without sonication the CA remains largely unchanged. These results imply that 

the effect of ultrasound on superhydrophilic films, be they glass or titania, is very small 

and most probably due to a roughening of the substrate, and/or some organic 

contamination, and is not specific to titania. 
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Other work shows that any wiping or rubbing of a pristine superhydrophilic glass or 

titania film using a tissue or cloth renders the film hydrophobic, and this is attributed, 

once again, to organic contamination of the surfaces of these substrates. It appears 

unlikely that rubbing is able to effect the reverse of reaction (2) via a mechano-chemical 

effect as claimed by others25, since plain glass is affected in the same way as titania. 

 

5.4 Conclusions 

 
The results of this work provide a greater understanding of PSH. Firstly it was observed 

that a number of factors can affect the progress of PSH on titania substrates. These 

factors include the type of UV irradiation i.e. more highly absorbed UVC gave much 

more rapid hydrophilic change than UVA. The intensity of UV irradiation was also 

significant, with ‘switching’ between the two characteristic profile types observed for 

thick films and thin films. The atmospheric composition surrounding the droplet was 

also observed to be vital as PSH requires an electron-acceptor to progress, and can be 

expedited by using more efficient SEAs such as ozone. The composition of the 

deposited droplet was also investigated, leading to the suggestion of a ‘hole-burning 

effect’. That a doped SEA could replace atmospheric oxygen, proven by irradiation in a 

deoxygenated solution, but in-situ irradiation only removes organic material beneath the 

droplet itself, prohibiting spreading. The use of stearic acid as a model contaminant layer 

provided another example of ‘sudden wetting’, and concomitant monitoring of the layer 

by FTIR illustrated correlation between the sudden wetting and complete removal of the 

organic layer, to the limits of detection by this method. 

 

The second part took in the use of pre-treatments to effect hydrophilic change on both 

titania (Pilkington Activ) and plain glass. Heat, strong acid immersion, and UVC/ozone 

were all observed to render both glass and Activ superhydrophilic. As each technique 

utilised highly oxidising conditions and an analogous effect was found for both types of 

substrates it is becoming increasingly likely that hydrophilic change, and photoinduced 
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superhydrophilicity, is, as suggested by Nozu and Kume8, caused by the photocatalytic 

removal of organic pollutants rather than any surface reorganisation process. This theme 

was continued when the reverse process, the recovery of hydrophobicity, was 

considered. The proposed expedition of CA recovery by heat and vacuum were 

investigated for Activ and plain glass along with samples subjected to a hydrated gas 

stream. Increases in CA were observed for both substrates in each set of conditions. A 

comparison of the degree of recovery when hydrophilic samples were stored in either 

air-tight beakers or left open to the atmosphere on the benchtop found virtually no 

increase in CA for the former and significant increase for the latter over 24 hours. The 

final part investigated the suggested influence of external stimulus, such as rubbing or 

sonication, on the hydrophilicity of superhydrophilic glass and Activ. Storage in pure 

water with and without sonication highlighted that some effect is occurring for both 

substrates during sonication. That this effect is directly, or indirectly, linked to a surface 

reorganisation is unlikely, though it would appear that, in this case, organic 

recontamination is not the cause. 

 

In summary, a number of factors concerning both the ‘forward’ and ‘reverse’ processes 

of PSH have been explored, and in each circumstance the PCO model rather than the 

PISR model has been the best fit to explain the observed phenomena. The implication 

being that photocatalytic removal of adventitious organic material, and subsequent 

recontamination by airborne organics, are the root causes of hydrophilic changes 

observed on titania during illumination by ultraviolet radiation and dark storage. 
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6.1 Photocatalytic Oxidation of Solid Inorganic Layers 

 

Whilst further work involving soot and sulfur layers on titania films may not be 

necessary, with the oxidation products monitored or trapped and determined in 

stoichiometric quantities, the area of remote photocatalysis and identification of the 

migratory species produced at the surface could still yield considerable interest. Further 

work addressing the possible role of ozone or singlet oxygen, potentially involving a 

cold trap to remove ozone from a gas stream flowing over UV-illuminated titania, or 

singlet oxygen generating dyes, may be able to elucidate the mechanism behind this 

phenomenon. 

 

6.2 Photocatalytic Oxidation of Inorganic Gas Species on 

Titania 

 

From this chapter there would appear to be potential for further work around the photo-

oxidation of CO on thick titania films, potentially using CO as a model species to 

investigate the activities of different photocatalytic substrates. The creation of flexible, 

polymer-based photocatalyst films is an area where further research could prove fruitful. 

A combination of polymer and photocatalyst which do not lead to the matrix itself being 

degraded may be found, potentially using non-photocatalytically degradable compounds 

such as silicates. Photocatalytic degradation of PTFE is in itself novel research, but the 

applications are at present unclear and the hazardous nature of the oxidation products 

would render the pursuit of photo-degradable fluoropolymers undesirable. 
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6.3 Factors affecting wettability changes on titania 

 

With such a contentious subject matter, further work to support the findings of the body 

of work regarding PSH is always likely to be necessary. Areas of specific interest 

include exploring the possibility of there being a universal kinetic model which includes 

both thick and thin film types and the characteristic features associated with them. In 

order to fully elucidate the mechanism of PSH the creation of a ‘killer’ experiment, one 

that discounts either of the two major hypotheses is likely to be necessary. The nature of 

this experiment may be along the lines of those included here, but including clean-room 

synthesis and highly sensitive in-situ analytical techniques in order to prove that 

intrinsically clean titania surfaces are hydrophilic, and that adventitious organics render 

them hydrophobic. 
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The three sections of this work, whilst being linked as research into semiconductor 

photocatalysis under the banner of environmental remediation, all occupy distinct area 

of the SPC spectrum. Chapter 3 gave further instances of photocatalytic oxidation of 

solid contaminant layers, whilst documenting the complete removal to the gas phase of 

soot and elemental sulfur. The remote photo-oxidation of soot layers and the related 

experiments which attempted to determine the migratory oxidising species added further 

intrigue to the existing research in the area. That a hydrogen peroxide-saturated gas 

stream, under UVC irradiation, had no effect on a soot layer strongly suggests that a 

species other than hydroxyl radicals is behind the remote photocatalysis phenomenon. 

 

In Chapter 4 further oxidation of the gaseous products of the PCO of elemental sulfur 

was investigated; highly acidic species were found to be deposited onto the films, sulfite 

and sulfuric acid, poisoning the photocatalyst. When using carbon monoxide as a model 

pollutant species it was again shown that platinisation of titania, either as sol-gel films or 

powder incorporated into a matrix, increases the activity of the photocatalyst. Polymer 

matrices were found to be degraded by the incorporated photocatalyst, in these cases 

CO2 was produced in vast stoichiometric excess to the initial CO as the polymer was 

oxidised. Thermally and chemically stable fluoropolymers were also found to be 

degraded by an incorporated photocatalyst. 

 

The experiments documented in Chapter 5 were designed to explore the current adopted 

theories surrounding photoinduced superhydrophilicity (PSH). Through assessing the 

changes in wettability affected by UVA and UVC illumination of a droplet on titania 

surfaces it became apparent that the two, previously distinct, modes of kinetics observed 

for PSH can in fact be made interchangeable by varying the intensity of irradiation. The 

atmosphere surrounding the droplet was also found to be a determining factor in the 
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progression of PSH, providing evidence that the electron acceptor essential for PSH to 

proceed can be gaseous or in solution – sodium persulfate in this work. When the 

recovery of contact angle for the films was investigated it became apparent that 

intrinsically clean titania has a contact angle of 0°, and further experiments suggested 

that the contact angle recovers due to re-contamination of the surface with organic 

material, rather than a structural re-organisation of the titania surface. All of the 

evidence garnered from these experiments points towards photocatalytic oxidation of 

organic contaminants as being the cause of PSH. 
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Abstract

A brief overview of work carried out by this group on thick (>1 lm), optically clear, robust titania films prepared
by a sol–gel method, as well as new results regarding these films, are described. Such films are very active as
photocatalysts and able to destroy stearic acid with a quantum yield of 0.32%. The activity of such films is largely
unaffected by annealing temperatures below 760 �C, but is drastically reduced above this temperature. The drop in
photocatalyst activity of such films as a function of annealing temperature appears to correlate well with the change
in porosity of the films and suggests that the latter parameter is very important in deciding the overall activity of
such films. The importance of porosity in semiconductor photocatalysed cold combustion may be due to the effect it
has on access of oxygen to the active sites, rather like the effect the position of a fire grate (open or closed) has on the
rate of burning, i.e., hot combustion, that takes place in a fireplace.

1. Introduction

Self-cleaning glass has been hailed as one of the greatest of
all inventions [1] and certainly represents the most
important advance in glass technology for many decades.
A key feature of self-cleaning glass is a thin layer, typically
15 nm thick, of titanium dioxide which is able to absorb
some of the UV component of sunlight to drive the
photocatalyticmineralisation ofmany carbon-containing
compounds [1–5]. The overall process of semiconductor
photomineralisation may be summarised as follows:

organic pollutantþO2 �!
hm�Ebg

TiO2

mineralised products

ð1Þ

Obviously, with self-cleaning glass the outer titania film
must adhere strongly to the glass substrate and be
optically clear. Most manufacturers of self-cleaning
glass have been able to achieve this using nanocrystal-
line titania laid down via a chemical vapour deposition
method [1, 2, 6]. The titania films must usually be very
thin, ca. 15 nm as noted earlier and comprised of
nanocrystalline particles, since any thicker, with bigger
particles, and the film develops a degree of opacity and/
or fragility that renders it unacceptable as a commercial
product. Unfortunately titania is an indirect semicon-
ductor and, as a result, although it possesses a bandgap
of 3–3.2 eV, it does not absorb strongly in the UVA

region (320–380 nm), where most of the UV component
of sunlight lies [7]. For example, the absorption coeffi-
cient for nanocrstalline anatase, a, is ca. 5 · 104 cm)1 at
365 nm [7] and, given for any film:

Absorbance ¼ 0:434 a dð1� pÞ ð2Þ

where p is the porosity and d is the thickness of the film. It
follows that a 15 nm, non-porous, titania film, such as
ActivTM will only absorb ca. 7% of the incident UVA
irradiation at this wavelength [7]. There is interest,
therefore, in ways to generate thick films of titania,
typically>1 lm,which are optically clear and robust. In a
recent series of papers [8–10] this group has reported on a
method for producing such films and shown them to be
highly active formediating the photocatalytic destruction
of carbon-containing materials, such as stearic acid and
soot. This paper highlights the results of this work and
also describesmore recent work thatmay help further our
understanding of the key factors that decide the overall
activity of photocatalytic films.

2. Experimental

2.1. Materials and methods

Unless stated otherwise all chemicals were purchased
from Aldrich Chemicals (UK) and used as received.
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UV/Vis absorption spectra were recorded using a
Lambda 20 UV/Vis spectrophotometer (Perkin Elmer,
UK).
In the study of the photocatalytic activities of the

various titanium dioxide films, stearic acid was used as
the test organic material for mineralisation. Stearic acid
was chosen as it provides a good representation of the
organic solid films that deposit on window glass and
because it is very readily deposited to create films that
are easily analysed by transmission FT-IR. Each film
under test was coated with an initial layer of stearic acid
by dropping 0.3 cm3 of a stearic acid in chloroform
solution (30 g dm)3) onto the surface of the film and
then spinning it at 500 rpm for 10 s. Each film was then
placed in an oven at 100 �C for 30 s and then allowed to
cool to room temperature. A 1600 FT-IR (Perkin Elmer,
UK) was used to record the FT-IR spectra of the films
with an initial stearic acid coating, before and after any
illumination. For any and every film, the FT-IR
spectrum of the stearic acid coating was used to
calculate the integrated area under the stearic acid
peaks over the range 2500–3500 cm)1, from which the
concentration of stearic acid on the film was calculated
as a function of irradiation time, given an integrated
absorbance of 1 cm)1 is equivalent to 3.13 · 1015

molecules of stearic acid per cm2 [11]. Through this
process, FT-IR absorption spectroscopy allowed the
concentration of stearic acid on a test substrate to be
measured (in units of molecules of stearic acid cm)2) and
monitored as a function of irradiation time.
In the study of the photocatalytic activities of the

various films using the stearic acid test system the
irradiation source comprised six 8 W black blue fluores-
cent tubes, set in a half cylinder unit, with a backing
aluminum reflector. In all cases the sample under test was
placed on the bench and the irradiation unit placed 13 cm
above it and facing the film. The light output of this
illumination source was determined by ferrioxalate
actinometry to be 8.02 · 1017 photons cm)2 min)1.

2.2. Preparation of the thick titanium dioxide films

The general preparation of thick titanium dioxide films
by a sol–gel method is described in detail elsewhere [9].
Briefly 4.65 g of acetic acid was added to 20 ml of
titanium isopropoxide under an inert nitrogen atmo-
sphere. To this was added 120 ml of 0.1 mol dm)3 nitric
acid and, after mixing, the reaction solution was heated
rapidly to 80 �C whereupon it turned milky white and
opaque. Within a few minutes at this temperature the
reaction solution gelled but became fluid again within
1–2 h. The reaction solution was maintained at 80 �C
for 8 h whereupon it was allowed to cool to room
temperature and any remaining aggregate particles were
removed using a 0.45 lm syringe filter. 80 ml of the
colloidal solution product were then placed in a Teflon
pot with a lid in an autoclave (Parr Instruments, UK)
and heated and maintained at 220 �C for 12 h. This
hydrothermal step was used to grow the titania particles

from ca. 5 to 15 nm. Upon removal of the solution from
the autoclave the separated out colloidal particles were
redispersed using ultrasound. The reaction solution was
then concentrated to about 12 wt% using a rotary
evaporator, followed by the addition of 50 wt% Carbo-
wax 20M to help prevent the formation of small surface
cracks that are often produced when the paste is cast
and allowed to dry.
The final form of the titanium dioxide paste is a white,

mayonnaise-like, substance which is stable for many
months if kept in the fridge. Unless stated otherwise, all
titanium dioxide films produced in this work were
generated from the white titanium dioxide paste and so
are referred to as ‘TiO2 paste films.’ It is assumed that
the white colour of the TiO2 white paste is due to light-
scattering by loosely bound, large aggregates of the
electrostatically stabilised, small (10–15 nm) colloidal
particles of titania. Work carried out by Zaban and his
co-workers on a similar system indicates that such
aggregated particles may be as large as 3 lm [12].
A striking feature of this paste is that, although initially
white when wet, when cast as a film it dries to produce a
clear film. The paste can be cast to produce thick
(>>1lm) films using a doctor-blade technique, in which
a small amount of the paste is placed on a standard glass
microscope slide, between two tracks of Scotch Magic
TapeTM, typically ca. 1 cm apart, and subsequently
smeared along the gap between the tracks by a flat
blade, to produce a final long strip of the TiO2 paste film
on the slide.
Figure 1 illustrates the typical variation in the

absorption spectrum of the titania paste film produced
by this doctor blade method as it dries and clarifies.
The thickness of the film, typically 60 lm when wet,
decreases as the film dries and eventually approaches a
value of 4–5 lm. How and why the loosely held
networks of large aggregates of nanocrystalline titania
particles that form the white paste produce a final film
that is devoid of such large, light-scattering, aggre-
gates during the drying/clarification process, is not
obvious and requires further investigation. However,
that the final product is optically clear, i.e. non-
scattering and strongly UVA-absorbing is illustrated
by the UV/Visible absorption spectrum of the final,
dried film in Figure 1.
Although the final stage of the titania film synthesis

involved placing the freshly dried film directly into a
furnace set at 450 �C for 30 min, no change in the
optical characteristics of the 4–5 lm titania films were
observed as a result of this treatment. Instead, this final
high temperature treatment appears simply to fuse the
nanocrystalline titania particles together, burn off any
organic present and help bind the titania to the glass to
produce a more robust film. Further work shows that
even without this heat-treatment step the titania photo-
catalyst film is very active. X-ray analysis of the titanium
dioxide films showed the films before and after the final
annealing step to be anatase and SEM analysis showed
that the final films comprised particles typically
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13 ± 1 nm in diameter. Work by others showed that
such films were largely mesoporous with an average
porosity of ca. 50–60%.
X-ray powder diffraction patterns for the different

titania films were recorded using a Siemens D500 powder
diffractometer, fitted with a Kristalloflex 710 generator
with a tube head mounted at an angle of 30� from the
vertical and operated at 40 kV and 20 mA. The target
material was copper producing X-rays of 1.5406 Å. The
post-sample radiation was detected by a scintillation
counter, after first passing through a post-sample mono-
chromator. Samples were scanned over a range of 2h
values from 20� to 80� using a step scan mode (0.05
degrees step size and 2 s count time per step). Intensity
readings were recorded as a function of 2h�.
AFM images of the films were recorded in air using a

Digital Instruments Nanoscope Multimode SPM with a
JV-type scanner and a Nanoscope III controller. Olym-
pus tapping mode, silicon pyramidal, cantilevers were
used, with a tip curvature <10 nm and a normal force
constant of 42 N/m. For all samples both amplitude and
height scans were carried out with scan sizes from 1 to
5 lm, recorded at a scan rate of 0.5–1.0 Hz and with a
resolution of 512 scan lines per image. No image
processing was carried out on the presented data.

3. Results and discussion

3.1. Photocatalytic activity studies

The rate of the photocatalytic destruction of stearic acid
(CH3(CH2)16CO2H) is commonly used to provide a
measure of the photocatalytic activity of any new

material [11, 13–15]. The overall process may be sum-
marised as follows:

CH3ðCH2Þ16CO2Hþ 26O2

������������!hm�band gap energy

Semiconductor
18CO2 þ 18H2O

ð3Þ

Since the process involves the transfer of 104 electrons,
it follows that the quantumyield for this processwill be, at
best, ca. 0.01, and this fact should be borne in mind when
the measured quantum yields for Reaction (3) are
considered later in this article. Since the melting point of
stearic acid is markedly above room temperature, i.e.
69.3 �C, it forms solid films when deposited, usually by a
spin- or dip-coating technique, on the substrate under
test. As noted earlier, the destruction of stearic acid is
readily monitored by FT-IR absorbance spectroscopy,
since this compound has a peak at 2957.5 cm)1, due to the
asymmetric in-plane C–H stretching mode of the CH3

group, and peaks at 2922.8 and 2853.4 cm)1, due to the
asymmetric and symmetric C–H stretching modes of the
CH2 group, respectively.
The FT-IR method employed in this work actually

measures the kinetics of the disappearance of stearic acid
and here and elsewhere it is assumed that this is also a
direct measure of the kinetics of Reaction (3), the
photocatalytic destruction of stearic acid, as would be
the case if no major long-lived intermediates were
generated. Support for this assumption is provided by
the work of others [13–15] that shows: (a) the removal of
stearic acid by semiconductor photocatalysis produces no
film component other than stearic acid that is detectable
by FT-IR, (b) no gas phase products other than carbon
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Fig. 1. UV/Vis absorption spectra of a thick paste TiO2 freshly cast film as it dries in air under ambient conditions. The absorption spectra

were recorded every 5 min and the absorbance of the film decreased with increasing drying time. This feature is highlighted in the insert dia-

gram, a plot of the absorbance of the film at 550 nm as a function of drying time, with the data taken from the main diagram.
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dioxide and water are generated during the course of the
photocatalytic reaction and (c) the calculated ratio of the
number of moles lost due to the disappearance of stearic
acid and the concomitant appearance of carbon dioxide is
1:18, as expected for the photocatalytic mineralisation of
stearic acid, described by Reaction (3).
Figure 2 illustrates the observed variation in the

FT-IR absorbance spectrum of a typical stearic acid
film, deposited on a thick (4.5 lm) paste TiO2 film on a
glass slide, as a function of irradiation time with UVA
light (365 ± 25 nm) from the six 8 W BLB illumination
system. From the data in Figure 2 it is clear that the
stearic acid FT-IR peaks disappear with ultra-band gap
irradiation of a TiO2 paste film, as expected from
Reaction (3). Using the data illustrated in Figure 2, the
integrated areas under the absorption peaks, due to
stearic acid, as a function of irradiation time were
calculated and plotted to generate an integrated absor-
bance versus irradiation time decay profile. The results
of this work are illustrated in Figure 3, along with the
decay profile, calculated in a similar fashion, for a
stearic acid film on plain glass. Stearic acid does not
absorb UVA light, thus it is no real surprise that, in the
absence of titania film coating, it does not undergo any
appreciable decomposition upon illumination with UVA
light, as illustrated by the results in Figure 3 for plain
glass. In contrast, the FT-IR absorbance versus time
profiles recorded for the thick paste TiO2 film irradiated
with 365 nm light, also illustrated in Figure 3, show that
under the experimental conditions employed the film is
able to photocatalyse the complete destruction of stearic
acid within ca. 50 min.

3.2. Kinetics of photocatalysis

The kinetics of the photocatalytic destruction of stearic
acid, via Reaction (3), were studied as a function of initial
stearic acid concentration, over the range: (1.2–
5.6) · 1016 molecules of stearic acid cm)2, i.e. 64–
300 nm thick. Some of the stearic acid concentration
versus irradiation time decay profiles did show some
evidence of a tail to the decay profiles, particularly at high
stearic acid levels, as illustrated in Figure 3. This latter
feature has been suggested by others to be due to the
accumulation of a small amount of material that is more
difficult to destroy [14]. However, for the most part, the
rate of decay appeared largely independent of the stearic
acid concentration as illustrated by the results inFigure 4,
and the subsequent plot of the initial rate data versus
stearic acid concentration, illustrated in the insert dia-
gram of Figure 4. Such zero-order kinetics for Reaction
(3) have been reported by others [14, 15] in similar studies
and are usually attributed to the complete coverage of the
titania photocatalyic active sites by the stearic acid. This
appears a likely situation in this work given that the initial
stearic acid concentrations employed corresponded to
films 25–120 monolayers thick [8].
The FT-IR absorbance versus time decay profiles, as

illustrated in Figure 3, were determined for a commer-
cial, self-cleaning, titania film (ActivTM) as well as a
thick titania film. For each recorded profile it was
possible to determine the initial rate of destruction of
stearic acid as a function of time for the film under test,
first in units of integrated absorbance (i.e. peak area)/
min (simply the gradient of the initial part of the decay

Fig. 2. Recorded decrease in the FT-IR absorbance spectrum of a stearic acid film on a typical, 4.5 lm thick paste TiO2 film as a function of

irradiation time.
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curves in Figure 3) and then, as the more useful
parameter, Ri, (units: molecules of stearic acid/cm2/
min). The calculated initial rates for Reaction (3), in
these latter units, for a typical thick paste and ActivTM

titania film are listed in Table 1. For each sample, the
incident light intensity, Io, and the fraction of UV light
absorbed by the film f, are known or readily calculated,
thus it was possible to calculate the quantum yield for
each film tested for the overall photomineralisation
process, Reaction (3), /, where

/ ¼ initial rate of disappearance of stearic acidðRiÞ
rate of light absorptionð¼ Io � f� ð1� RreflÞÞ

ð4Þ

where, Rrefl is the fraction of light reflected by the film.
For smooth films of anatase (refractive index = 2.5),
such as the ActivTM and paste films, a value of 0.18 can be
estimated for Rrefl. The results of the quantum yield
calculations for the ActivTM and paste films are given in
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Table 1, along with those, reported by others, for a
1.3 lm film of the ubiquitous titania pigment, Degussa
P25 [11]; a material which is noted for its high photocat-
alyst activity and commonly employed as a reference
photocatalyst material. The quantum yield data in
Table 1 for the thick paste, and P25 films are not highly
dissimilar, i.e 0.32 and 0.15, respectively, with the thick
paste TiO2 film appearing somewhat more active than the
P25 film. However, the apparent enhanced photocata-
lytic activity of the thick paste titania film over one of P25
is likely to be fortuitous, since the latter films are white,
opaque and scattering and so values for f andRrefl cannot
be easily determined. Instead, the values for f andRrefl for
this latter film are assumed to be unity and zero,
respectively and, thus the reported quantum yield for
this film should be more accurately referred to as a
measure of its formal quantum efficiency, the value of
which is likely to be a lower estimate of the film’s true
quantum yield [3]. The results in Table 1 are encouraging
in that the subject of this work, namely: thick paste films,
appear at least to be on a par with P25 titania, a material
which is recognized as being one of the most active
commercial forms of titania.
The major problem with films of Degussa P25 TiO2 is

their lack ofmechanical stability, since they can be readily
wiped off and are easily damaged. In contrast, thick sol–
gel films are mechanically robust, undamaged, when
wiped, and are not removed by successive applications
and removals of Scotch TapeTM; the so-called ‘Scotch
TapeTM test’. Note that since the maximum quantum
yield for this process is likely to be ca. 1%, the calculated
quantum efficiency of the thick paste film of 0.32% is very
high and indicates that the material is very efficient for
promoting the photocatalytic Reaction (3).
In contrast to thick paste and P25 titania films,

ActivTM appears to comprise particles that are relatively
inactive in terms of photocatalytic activity. Thus, the
quantum yield for Reaction (3) was estimated as 0.01%,
for ActivTM, ca. 32 times lower than that for a typical
thick paste film. It could be that, for reasons not clear at
present, the titania produced by a CVD process is
inherently less active than that produced using a sol–gel
thick paste or flame-hydrolysis (P25) route. However,
another suggestion is that photocatalytic activity may be
related to film porosity, since both the sol–gel and the

P25 films are very porous (% porosity >50%), whereas,
from SEM and AFM images, the ActivTM film is
comprised of particles which are very closely packed,
producing largely non-mesoporous films [6, 8]. Addi-
tional evidence that film porosity may play an important
role in deciding the activity of a semiconductor photo-
catalyst is provided later on in this paper.

3.3. Photocatalyst durability

An important characteristic of any photocatalyst is
durability. Certainly, many semiconductors appear, on
paper at least, to be a much better choice as a
photocatalyst than titania, especially if the overall goal
is to utilise sunlight to drive the photocatalytic process
forward. However, almost all fail to deliver, usually on
the grounds of poor durability. Few semiconducting
materials can match titania’s chemical and biological
inertness, high photocatalytic activity and excellent
resistance to photochemical ageing. Figure 5 illustrates
the observed variation in integrated area due to stearic
acid on a thick paste TiO2 film as a function of
irradiation time in an experiment which involved the
repeated deposition of stearic acid on the same titania
paste film and its subsequent irradiation [8]. The results
in Figure 5 indicate that the photoactivity of a thick
paste titania film does not diminish with repeated
irradiation and help reinforce the reputation of this
photocatalyst material for high photochemical durabil-
ity. In contrast, most other semiconducting materials,
especially those with bandgaps that fall into the visible
region, either exhibit little or no photocatalytic activity
or readily undergo photocorrosion and/or inhibition.
The search for a photocatalyst with all the positive
features of titania as a photocatalyst and an ability to
absorb visible as well as UV light is one of the
continuing great quests in photochemistry.

3.4. Photocatalyst activity: Effect of final annealing
temperature

Usually in the sol–gel synthesis of titania, the titania
is largely in an amorphous, hydrated form, Ti(OH)4,
and the final high temperature annealing step

Table 1. Optical and photocatalytic properties of titania-coated glass samples

Film type Film thickness (d)

/nm

Initial rate (Ri)/(10
13

molecules/cm2/min)

Fraction of light

absorbed ( f )a
Quantum yieldb

/(10)2)

Paste (thick) 4500 144.0 0.70 0.32

ActivTM 15 0.6 0.07 0.01

P25 1300 – 1c 0.15c

af, calculated using f ¼ ð1� 10�AbsðkÞ) for ActivTM, with absorbance calculated using the formula: Absk ¼ 0:434akdð1� pÞ, where
a365=5·104 cm)1 [7] and p=0; for the Paste(thick) films f was calculated from an analysis of the overlap of the UV/Vis spectra of the film with

that of the emission spectrum of the lamp.
bQuantum yield, /, calculated as: /= initial rate/(f · Io (1-Rrefl)); where I0 ¼ 8:02� 1017 photons cm)2 min)1 and Rrefl ¼ ð2:5� 1Þ2=ð2:5þ 1Þ2
¼ 0:18:
cActually the formal quantum efficiency (FQE), d, for this material reported by others [11], given it has had to be assumed f = 1 and Rrefl = 0

and, by definition, d = rate of stearic acid destruction (molecules removed/cm2/min)/incident light intensity (photons/cm2/min).
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(T ‡ 450 �C) promotes the processes of dehydration
and crystallisation, often leading to the formation of
anatase particles [16–18]. However, the hydro-thermal
particle growth step employed here in the preparation
of the titania thick paste appears not only to promote
particle growth, but also crystallisation. Thus, XRD
analysis of the final paste reveals the titania particles
to be largely anatase even before the final heat-
treatment step is applied. Although the photocatalytic
activities of an annealed (450 �C for 30 min) and non-
annealed thick titania paste film are the very similar,
at higher annealing temperatures the photocatalytic
activity of the film is expected to change, either due to

particle sintering or a change in crystal phase (from
anatase to rutile). In a study of this effect, the
photocatalytic activities of the thick paste films were
measured, as a function of final annealing tempera-
ture, applied for 30 min to a set of typical non-
annealed films. In this work quartz was used as the
glass substrate in order to allow the application of
high (up to 900 �C) annealing temperatures and each
film generated was also characterised by UV/Vis
spectrophotometry, XRD, AFM and profilometry.
The measured variation in UV/Vis spectrum of these

films as a function of annealing temperature is illus-
trated in Figure 6 and reveals that whereas there is little
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difference between the absorption spectrum of a film
annealed at 450 �C and one annealed at 700 �C, the
films become more opalescent and light-scattering as the
annealing temperatures is increased above 700 �C. In
particular, the films become highly scattering at anneal-
ing temperatures >760 �C, and, as a consequence, films
annealed at 900 �C are white and opaque. This variation
in UV/Vis absorption spectrum is mainly due to particle
growth through sintering.
Direct evidence for the sintering of titania particles in

the thick paste films, with annealing temperatures
>760 �C, was gained from an AFM study of the
different films, some of the results of which are
illustrated in Figure 7. Thus, although the AFM’s of
the 450 and 700 �C annealed films are quite similar,
comprising particles typically 50–60 nm in diameter,
films annealed at 800 �C and, especially, 900 �C are
comprised of much bigger particles, i.e. typically, 99 and
217 nm, respectively. From this AFM study it is not
surprising that the films become more scattering at high
annealing temperatures, since particle growth is signif-
icant at these elevated temperatures, especially at
temperatures ‡800 �C.

Particle growth at temperatures ‡ 800�C is important,
but another critical process, which should not be
ignored, is the phase change of titania from anatase to
rutile, which also occurs in this region and a good way
to study this process is through the use of XRD. Thus,
the variation in the XRDs of the annealed titania films
was studied as a function of annealing temperature and
the results of this work are illustrated in Figure 8(a).
Anatase titania has major XRD peaks associated with
the following crystal planes and spacings, i.e. (hkl, d/Å):
(101, 3.51), (200, 1.89), (0 0 4, 2.38) and (05, 1.70),
respectively, whereas rutile has peaks at: (110, 3.25),
(211, 1.69), (101, 2.49) and (111, 2.19), respectively.
Given that the wavelength of the X-radiation used in
this work was 1.5406 Å, and the value of d is related to
the Bragg angle associated with a specific crystal
spacing, h, via the following equation:

dðin ÅÞ ¼ 1:5406=ð2 sin hÞ ð5Þ

It follows that anatase is expected to exhibit major
peaks at 2h values of: 25.4�, 48.1�, 37.8� and 53.9� and
rutile at: 27.4�, 54.3�, 36.1� and 41.2 � and some, or all,

Fig. 7. AFM images of a series of thick paste films (initially, ca. 4.5 lm thick) annealed at the following temperatures for 30 min: (a) 450,

(b) 700, (c) 800 and (d) 900 �C, respectively; all illustrated AFM’s are for a scanned area of 1 lm2.
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of these peaks can be seen in the XRD spectra illustrated
in figure 8(a). Figure 8(b) illustrates an expanded sec-
tion in the XRD spectra in Figure 8(a) and shows that
with increasing annealing temperature, the presence of
rutile (major peak (110) at 2h = 27.4�) in the film
emerges only at annealing temperatures ‡ 740 �C and in
significant amounts only T ‡ 800 �C. In addition, in all
films annealed at temperatures <900 �C, anatase is the
predominant species. Spurr and Meyers used the inten-
sities of the lines at 2h = 25.4� for the (101) plane of
anatase and 2h=27.4� for the (110) plane of rutile, i.e.

the lines depicted in figure 8(b), to calculate the fraction
of anatase, xA, using the following expression:

xA ¼
1

1þ 1:26ðIR=IAÞ
ð6Þ

where IR and IA are the intensities of the reflections for the
(110) plane of rutile and the (101) plane of anatase,
respectively [19]. Using this formula, and the data in
figure 8(b), the variation in xA was determined as a
function of annealing temperature and the results of this

Fig. 8. (a) Powder XRD patterns recorded for a series of thick paste films (initially, ca. 4.5 lm thick) annealed at the following temperatures

for 30 min (front to back): 450, 700, 730, 740, 750, 760, 800 and 900 �C, respectively. (b) Enlargement of the XRD spectra in (a), spanning

the range 22� 2h � 30.
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work are illustrated in figure 9. The results show that the
level of rutile in the films is only ca. 25% even at an
annealing temperature of 800 �C and that only at 900 �C
is the film fully transformed in rutile.
From the peakwidth of theXRDpeaks at 2h=25.3 and

27.4 it is possible to estimate the average size of the crystal
domains in each of the films as a function of annealing
temperature using the Scherrer equation [20]. A plot of
particle size, as measured by AFM, versus crystal domain
size, as calculated from XRD data using the Scherrer
equation, is illustrated in figure 10 and shows that at low
annealing temperatures, i.e. £ 730 �C, the particle size is
almost independent of annealing temperature, whereas
the crystal domain size increases markedly. Thus, at these
low annealing temperatures, crystal growth within parti-
cles dominates over the process of particle sintering and
growth. At higher annealing temperatures, i.e. ‡ 740 �C,
particle growth is more significant than crystal growth,
with the size of the titania particles growing due to particle
sintering ca. 5–6 times faster than that of crystal domain
size.
Of critical significance to a self-cleaning film is the

observed variation in its photocatalytic activity as a
function of annealing temperature. In this work the
measured rates of destruction of stearic acid, viaReaction
(3) for each of the annealed films was used to assess the
variation in the photocatalytic activity of the thick paste
TiO2 films as a function of annealing temperature and the
results of this work are illustrated in Figure 11.
The significant feature of these results is the marked

loss of photocatalytic activity of the titania films
annealed at temperatures ‡760 �C. This loss as a
function of annealing temperature does not correspond
very well, with either the observed variation in particle
or crystal domain size, or with the crystal phase, with
annealing temperature. Thus, at 760 �C the particle size

and crystal domain sizes are still relatively small (i.e. 82
and 24 nm, respectively) and there is little rutile present
(7%). Instead, the drop in photocatalytic activity,
illustrated in Figure 11, appears to correlate best with
the apparent change in the porosity of the film. An
approximate estimate of the fractional porosity, p, of the
film can be made using the following formula:

p ¼ h� h0
h

ð7Þ

where h and h0 are the thicknesses of paste titania films
with porosities, p, and zero, respectively.
In this work the thicknesses of all the films were

measured by profilometry. Assuming that the films
annealed at 900 �C have zero porosity, (AFM analysis
of these films show them to be very compact), then the
measured value of its thickness, which is 2.13 lm, is,
according to Equation (7), ho. Using this value for ho,
and the measured thicknesses for the other films and
Equation (7), it is possible to calculate the variation in
porosity, p, as a function of film annealing temperature
and these results are illustrated in Figure 12. Some
support for this approach for estimating porosity is that
the value calculated using Equation (7), 51%, for 450 �C
annealed films, is similar to that estimated for similar
films by others [21], using gas adsorption methods (50–
60%). Significantly, a plot of film photocatalyst rate
versus its calculated porosity yields a good straight line,
as illustrated by the insert diagram in Figure 12, i.e.
there appears to be a linear correlation between the
photocatalytic activity of a titania film and its porosity.
As noted earlier, the apparently low photocatalytic

activity of commercial self-cleaning titania films, made
by CVD, has been attributed previously to the low
porosity of these materials, compared to most sol–gel

0

0.2

0.4

0.6

0.8

1

400 500 600 700 800 900 1000

Temperature / °C

X
A

Fig. 9. Fraction of particles that are in the anatase form, xA, as a function of film annealing temperature. The values of xA for the different

films were calculated using Equation (6) and the intensity data in Figure 8.
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films [8]. One possible way in which porosity might be
expected to positively influence photocatalyst activity is
by providing a route, other than through the largely gas-
impermeable stearic acid layer, for oxygen to diffuse to
the active sites; effectively a ‘fire-grate’ effect. The
prolonged photocatalytic mineralisation of organics by
semiconductor photocatalysis is not possible without
oxygen; the overall process is, after all, simply the
photocatalysed ‘cold-combustion’ of the organic mate-
rial. A porous film might be expected to provide

channels through which the essential co-reactant, oxy-
gen can diffuse to the surfaces of the titania and allow
the photocatalytic process to occur unhindered. In
contrast, a compact, non-porous, titania film will lack
such channels, the rate of diffusion to the active sites will
be expected to be less and, as a consequence, the rate of
overall photocatalysis will be slower.
In a fire-grate, the rate of combustion can be

controlled to some extent by the position of the grate.
When open, the access of air to the burning embers
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nearest the grate is unlimited and combustion is rapid.
When closed, the flow of air is appreciably curtailed and
combustion is greatly reduced. As a consequence, the
enhanced photocatalytic activity of porous titania films
may be likened to an ‘open fire-grate’ effect, whereas the
markedly reduced activity of compact, non-porous films
is like a ‘closed fire-grate’ effect.
Although, from the results of this work, film porosity

appears to be an important, and until now largely
unrecognised, parameter in deciding the overall photo-
catalytic activity of titania films, the role of crystal phase
may be just as important and should not be ignored.
Certainly some researchers report rutile to be inactive as
a photocatalyst material [22, 23], whereas others, after
taking into consideration its usually reduced specific
surface area, have found it to be similar in activity as
anatase [24, 25]. In order to separate the roles of crystal
phase and porosity on photocatalytic activity more
work is required. In particular the generation of thick
paste, porous rutile films of similar particle sizes and
morphology to the ones reported in this work and thin,
non-porous rutile and anatase films would help resolve
some of these issues. Further work is in progress to
develop such materials.

4. Conclusions

Thick paste TiO2 films are optically clear, durable and
very active as photocatalysts for the destruction of
stearic acid on their surfaces. Although all the key
features of such photocatalyst films are unchanged at
annealing temperatures below 700 �C, above this tem-
perature they are altered markedly. Thus, the films

become increasing opaque, especially at temperatures
>760 �C and much less active. The marked decrease in
photocatalytic activity appears to correlate well with the
change in the calculated porosity of thick paste films as a
function of annealing temperature. This finding may
help explain the low photocatalytic activity associated
with most commercial samples of self-cleaning glass,
since their active outer coating usually comprises nan-
crystalline, non-porous thin films of titania.
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bstract

Robust, active, anatase titania films, 250 nm thick, are deposited onto glass at low temperatures, i.e., <100 ◦C, using plasma-assisted, reactive
c magnetron sputtering (PAR-DC-MS). The films are transparent and colourless and truly photocatalytic, exhibiting turnover numbers >2.0 for
he photocatalytic mineralization of stearic acid. These films are typically 6.9 times more active than a sample of commercial self-cleaning glass,
omprising a 15 nm layer of titania deposited by CVD, mainly because they are much thicker and, therefore, absorb more of the incident UV
ight. The most active of the films tested comprised particles of P25, but lacked any significant physical robustness. Similar results, but much more

uickly obtained, were generated using a photocatalyst-sensitive ink, based on the redox dye, resazurin, Rz. All titania films tested, including those
roduced by magnetron sputtering exhibited photo-induced superhydrophilicity. The possible future application of PAR-DC-MS for producing
ery active photocatalytic films on substrates not renowned for their high temperature stabilities, such as plastics, is noted.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Semiconductor photocatalysis (SPC) continues to be the
ocus of many research groups, especially with regard to the
bility of many semiconductors, most notably titania, to mediate
he photomineralisation of many organics by oxygen [1–4], i.e.,

rganic + O2
TiO2−→

hν≥Ebg
minerals (1)

here Ebg is the bandgap of the semiconductor, 3.0–3.2 eV for
iO2. Such is the ability of titania to mediate reaction (1) that
everal major commercial products, based on titania photocata-
yst films, have been launched successfully in recent years [5].
hese include self-cleaning glass and tiles, such as ActivTM

6] and HydrotechTM [7], sold by Pilkington Glass and TOTO,
espectively.
In most commercial manifestations of SPC, the active layer
s a film of titania, usually produced via some high temperature
reatment process, involving CVD or a sol–gel process. The high

∗ Corresponding author. Tel.: +44 141 548 2458; fax: +44 141 548 4822.
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emperatures (typically ≥450 ◦C) are needed to convert a largely
nactive amorphous titania into a much more active crystalline
orm, usually anatase and to help produce a physically robust
lm. It follows that, so far, the titania-film supporting substrate
ust be resistant to such high-temperature treatment; clearly

ot a problem when it comes to self-cleaning glass and tiles
6–8]. However, there is an obvious future market for transparent
hotocatalytic films on plastics for use in street-light covers, car
nd plane windows and corrugated sheet roofing, for example.
xploitation of this potentially large market has been largely
indered by the inherent high-temperature step in titania film
roduction.

Reactive magnetron sputtering is an example of a physi-
al vapour deposition (PVD) method by which titania films
an be generated [9–17]. However, this along with most other
VD methods, produces titania films which are usually non-
toichiometric, amorphous, not very active photocatalytically
nd poorly attached to the substrate (usually glass) without

post heat-treatment step to anneal and crystallise the film

10,13,17]. Note: a rather elegant method to produce low tem-
erature active films of titania involves the combination of a
ol–gel process, followed by a low-temperature oxygen plasma

mailto:a.mills@strath.ac.uk
dx.doi.org/10.1016/j.jphotochem.2006.11.004
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reatment [18]; however, use of the latter might pose problems
f the substrate was easily oxidised, as might be in the case of a
lastic.

Typically, in reactive dc sputtering, argon gas is used as
he sputtering gas and a titanium metal target is bombarded
ith argon ions, producing a vapour of titanium atoms, which

hen reacts with the oxygen reactive gas, to produce TiO2 that
eposits onto the substrate. A ring magnet placed below the
arget enhances the sputtering process. The mechanical char-
cteristics of the titania film that forms, in particular adhesion
nd compactness, depend upon the energy of the condensing
articles and in most cases, this energy is insufficient to create
echanically robust, active, stoichiometric titania films [13].
owever, by applying a radio-frequency ac-voltage to the non-

onducting substrate, a plasma is created over the substrate area
hat allows the condensing particles to gain sufficient energy,
ia chemical activation and acceleration, to create mechanically
obust, active, stoichiometric films of titania. Interestingly, these
lms are also quite crystalline, thus, no post high-temperature

reatment step is required to activate these plasma-assisted, reac-
ive dc magnetron sputtered (PAR-DC-MS) titania films and the

aximum temperature endured by the substrate can be ≤100 ◦C.
revious work has reported on the use of dc magnetron sput-

ering as a route to produce thin titania films. However, most
equire temperatures >100 ◦C to produce the most active films
9–17] and few report on the mechanical stability of these
lms [13]. In this initial paper, the use of this low-temperature
eposition technique to create robust titania films on glass is
escribed. The photocatalytic activity of the titania films is
ssessed by two different methods and compared to that of a
ypical, commercial self-cleaning glass film, ActivTM. This sys-
em allows 3D objects, up to 30 cm across in any direction, as
ell as planar substrates, as used in this work, to be coated with

itania.

. Experimental

The plasma assisted reactive dc sputtering deposition, PAR-
C-MS, system used in this work was built on site. The system

omprised a deposition chamber which utilised a batch vacuum
ystem with a configuration commonly used for the production
f optical components, i.e. a turbo-molecular pump and gas flow
nd process pressure control systems. The sputtering component
omprised a standard dc magnetron sputtering source (Galileo
vionica) fed by a dc pulsed generator (Advanced Energy) that

ypically operated under the following conditions: power 3 kW,
oltage 430 V, current 6.8 A, pulse frequency 10 kHz and pulse
idth 1 �s. A conductive target, 4 mm thick TiOx, where x lies

n the range 1–2, with planar dimensions 305 mm × 127 mm,
upplied by Bekaert VDS (Deinze), was used in this work. In
ost other work in which titania films are produced by reactive

puttering a titanium metal target is used, and a TiOx target is
sed here because the sputtered sub-oxide of titania is easy to

xidise fully to titania and yet, being a sub-oxide is still suf-
ciently conducting to be sputtered using a dc magnetron. A
ully oxidised titanium target would require an RF magnetron
ith significantly lower sputtering rates. The plasma assistance

o
a
r
t

ig. 1. Schematic illustration of the PAR-DC-MS system for producing low-
emperature, active titania films.

as provided by a rotary metallic substrate holder connected
o an RF system, operating at 13.56 MHz with a power den-
ity of 0.013 W cm−2. Fig. 1 provides a schematic illustration
f the PAR-DC-MS system, with its various major compo-
ents.

In a typical run using this system, 3 mm thick glass samples
diameter: 25 mm) were placed in the chamber which was then
umped down to 10−4 mbar after which a 4:1 mixture of argon
nd oxygen was pumped in, to achieve a process pressure of
× 10−2 mbar. A typical run time was 270 min and the final

hickness of the deposited titania film was ca. 250 nm. A long
eposition time is required to ensure no excessive local heating
f the substrate and the creation of a robust, crack-free, uniform
lm. The films produced using this procedure were optically
lear and exhibited an XRD spectrum typical of anatase titania.
n particular, the XRD spectrum, illustrated in Fig. 2(a), showed
eaks corresponding to the 101, 200 and 211 crystal planes, with
-spacings of 3.52, 1.89 and 1.67 Å, i.e., 2θB = 25.3◦, 48.1◦ and
4.9◦ for CuK�1 radiation, respectively.

The films were mechanically very robust and were not
emoved or damaged by numerous abrasion and adhesion tests
ncluding: a pull test using 3M Scotch TapeTM and a moder-
te abrasion test, using a cheesecloth pad, with a 0.5 kg weight
ttached to the rubbing head for pressure, which was rubbed 25
imes over the sample [13]. A typical AFM of the titania film
s illustrated in Fig. 2(b) and shows the film to be comprised

f closely packed particles, typically 60 nm in diameter. The Rq
nd Rmax values for the PAR-DC-MS film were 4.6 and 41.7 nm,
espectively; approximately twice those for ActivTM, indicating
hat the former are approximately twice as rough.
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Fig. 2. (a) CuK�1 XRD spectra of PAR-DC-MS titania film on glass, with peaks
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t 25.3◦, 48.1◦ and 54.9◦, indicating an anatase only crystal phase present and
b) AFM image of the titania film produced by PAR-DC-MS, with most titania
articles ca. 60 nm in diameter.

Other titania films used in this work were a commercial self-
leaning glass, ActivTM (Pilkington Glass), comprising a 15 nm
hick titania film as the active coating, prepared by a CVD tech-
ique [19] and thick, 4 �m, titania films prepared by a sol–gel
ethod [20]. In both cases, the titania was anatase. P25 tita-

ia films 90 nm thick were prepared using a dip-coat method
escribed elsewhere [19]. As part of the assessment of the pho-
ocatalytic activities of the various TiO2 films, stearic acid was
sed as the organic material to be mineralized via reaction (1)
20–26]. For each film tested, 1.0 ml of a 0.02 M stearic acid in
hloroform solution was spread over the film, and then spun at
00 rpm for 15 s, in order to coat the film with a thin layer of
tearic acid. The final coated film was dried in an oven at 80 ◦C
or 10 min, allowed to cool and then used directly. The infra-red
pectrum of the film before and after the addition of the stearic
cid layer was recorded using a Spectrum 1 FT-IR spectrometer
Perkin Elmer, UK). The same instrument was used to record the
T-IR spectrum of the film as a function of time of irradiation
ith ultra-band gap light. The FT-IR’s software allowed the inte-
rated area under the stearic acid peaks to be determined over

he range 2800–3000 cm−1 for each FT-IR spectrum recorded
nd a plot of Aint versus irradiation time to be generated. A
ypical stearic acid film had an initial integrated absorbance
ver this range of 1.0 cm−1, corresponding to ca. 9.7 × 1015

S
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c
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olecules of stearic acid cm−2 [27]. In the stearic acid tests, all
rradiation were performed using six 8 W blacklight bulbs (i.e.
65 ± 20 nm) set in a half cylinder unit, with back aluminium
eflector, held 13 cm above the sample. In this work, the incident
ight intensity was 4.32 mW cm−2. All incident light intensities
ere measured using a UV meter with a calibrated UVA detector

UVP model MS-100 with MS125 UVA sensor).
The photocatalytic activities of the titania films were also

ssessed using a photocatalyst ink [28] comprising: 3 g of a
.5 wt% aqueous solution of hydroxyethyl cellulose (HEC),
.3 g of glycerol and 4 mg of the redox dye, resazurin, Rz. Typ-
cally, a 25 mm2 section of the sample under test was coated
ith a few drops of this ink, spun at 500 rpm for 10 s, and dried

n an oven at 70 ◦C for 10 min. Drying in air, rather than in an
ven, did not alter the performance of the ink. A typical dried
nk film was ca. 590 nm thick, as measured by weighing the
lm and using a weight-averaged density based on the relative
mounts of HEC and glycerol present. In the ink tests, all UV
rradiations were performed using a small UVA irradiation sys-
em (VWR), comprising two, 4 W black light blue lamps (typical
utput: 365 ± 20 nm); with an irradiance of 7.4 mW cm−2 when
laced directly above the sample under test. All UV/Vis spec-
ra were recorded using a Thermo Electron Helios Beta UV/Vis
ingle beam spectrophotometer.

Contact angles were measured using an FTA200 contact
ngle instrument (Camtel). This instrument allows the depo-
ition of a 10 �L water droplet onto the substrate under test via
500 �L syringe coupled to a 27 gauge needle with a 90◦ bevel

ip held above the test substrate. The shape of the droplet on
he sample under test was stable for many minutes and so 30 s
fter its delivery its profile was recorded using a combination
f a white light source, prism and CCTV, all in a horizontal
lane, i.e., perpendicular, to that of its delivery. The resulting
ecorded profile image of the water droplet was then analysed
nd the contact angle determined using a computer and propri-
tary instrument software. In this part of the work, ultra-band
ap irradiation of the films under test were carried out using two
W 254 nm germicidal lamps (BDH, UK) for 30 min.

. Results and discussion

A popular method for assessing the activity of a self-cleaning
itania photocatalyst film is the stearic acid (SA) test, in which a
hin layer of SA is deposited onto the film and its photocatalytic
estruction monitored as a function of time. This reaction has
ained preference over the years [20–27] for a number of rea-
ons, including (a) SA provides a reasonable model compound
or the solid, wax-like, thin organic films that deposit on exterior
nd interior surfaces, (b) SA is very stable under UV illumina-
ion in the absence of a photocatalyst film, (c) SA films, typically
monolayer thick (i.e. >2.5 nm) [24], are very easily cast onto

he photocatalytic film under test from a methanol or chloro-
orm solution and (d) the kinetics of removal of >2.5 nm thick

A films are usually simple and zero-order, and the thickness of

he deposited SA film on a titania film under test is not usually a
ritical factor when assessing the photocatalytic activity of the
itania film, making the test much easier.
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Fig. 3. Absorbance vs. wave number plot as a function of UV irradiation time
of a stearic acid film on a sample of (a) PAR-DC-MS titania on glass and (b)
plain glass.
A. Mills et al. / Journal of Photochemistry an

The overall photocatalytic mineralization of SA can be sum-
arized as follows:

H3(CH2)16CO2H + 26O2
TiO2−→

hυ≥Ebg
18CO2 + 18H2O (2)

Although there are likely to be many intermediates involved
n reaction (2), none of significance are detectable in the gas
hase above the SA film [26]. The lack of volatile intermedi-
tes helps ensure that reaction (2) goes to completion and that
ll the SA present on the titania film is mineralized [27]. The
ost commonly employed method to monitor the kinetics of

his reaction is via the disappearance of the SA film using infra-
ed absorption spectroscopy, since SA absorbs strongly in the
egion 2800–3000 cm−1, with peaks at 2958 cm−1, 2923 cm−1,
nd 2853 cm−1, due to asymmetric in-plane C–H stretching in
he CH3 group and asymmetric and symmetric C–H stretching
n the CH2 groups, respectively.

A number of different photocatalytic films, including that
roduced by PAR-DC-MS, were tested using this technique.
he variation in the FT-IR absorbance spectrum of a typical
AR-DC-MS film, with an initial coating of stearic acid, as a
unction of UV irradiation time is illustrated in Fig. 3(a). These
esults show that after 200 min exposure to UVA light the stearic
cid film is completely removed, in contrast to a similar experi-
ent, carried out under otherwise identical reaction conditions,

ut using plain glass, for which the SA film remained largely
nchanged, as indicated by the results illustrated in Fig. 3(b).
he amount of stearic acid present on any of the photocatalytic
lms tested is proportional to the integrated area, Aint, under the
orresponding FT-IR absorbance spectrum [23]. Thus, data of
he form illustrated in Fig. 3 can be converted into associated Aint
ersus UV irradiation time plots for the different photocatalytic
lms tested and the results of this work are illustrated in Fig. 4.
rom this plot it appears that the PAR-DC-MS titania film is
arkedly more active (ca. 6.9 times) as a photocatalyst for the

emoval of stearic acid than the commercial self-cleaning glass,
ctivTM. This marked difference is largely due to film thickness,

ince the PVD titania film is typically ca. 17 times thicker than
he CVD titania film on ActivTM glass. The most active of the
lms tested was a 90 nm film of P25, which was ca. 25 times
ore active than a film of ActivTM glass and 3.8 times more

ctive than the PVD titania film, as indicated by the initial rates
or SA destruction given in Table 1.

One of the most active clear and robust photocatalyst titania
lms reported is produced using a sol–gel technique [20] and
as used here to compare with the activity of the PAR-DC-MS
lm. Like the other two samples it utilizes an anatase film of

itania, but is generated as a much thicker (ca. 4 �m) layer, so as
o be able to absorb much more of the incident UVA light. As a
onsequence, in practice the best of the titania films tested in this
ork were the P25 and sol–gel films, as indicated by the results

n Fig. 4 and summarized in Table 1, although the latter films are
ess robust physically than the PAR-DC-MS or CVD films. The

nitial rate of disappearance of stearic acid data in Table 1 can be
ecalculated in terms of activity per nanometer of titania and the
esults are also given in this table and show that the titania film
n ActivTM is the most active of the four titania coated samples

Fig. 4. Integrated IR absorbance (over the range 2800–3000 cm−1) due to stearic
acid, Aint, vs. UV irradiation time plots for the following underlying titania films
on glass: (©) plain glass, (�) ActivTM, (�) PAR-DC-MS and (�) sol–gel.
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Table 1
Results of the stearic acid (SA) and resazurin (Rz) ink tests on the photocatalytic activities of various titania-on-glass films

Film SA test Rz ink test Rink = dAbs610/
dt (10−3 min−1)

Turnover numbera

RSA = dAint/t (10−3 cm−1 min−1) RSA/thickness (10−6 cm−1 min−1 nm of titania−1)

PAR-DC-MS 4.8 19 97.2 2.1b

ActivTM 0.7 47 13.6 6.9
Sol–gel 12.8 3.2 c 0.03
P25d 17.8 20 c 12.6e

a Turnover number = No. of molecules of SA destroyed/No. of sites of TiO2 present.
b Based on the data in Fig. 5.
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c Too fast to measure accurately.
d Ninety nanometer film as prepared and used previously [19].
e Based on an initial SA absorbance of 11 data in Ref. [19].

ested for reasons which remain unclear, but could include differ-
nces in surface morphology, porosity, degree of crystallinity, to
ame but a few. The important difference between the PAR-DC-
S films and those produced by a sol–gel or CVD technique is

hat the latter two require a high temperature (≥450 ◦C) to create
lms with appreciable photocatalytic activity and a reasonable
egree of mechanical stability, whereas the PAR-DC-MS titania
lms are prepared under ambient conditions, during which the
ubstrate temperature does not exceed 100 ◦C.

An essential feature of any photocatalyst film is its abil-
ty to work many times without losing its activity. Titania is

very photoactive material that, upon UV activation, gener-
tes conductance band electrons and valence band holes that
re extremely reactive, with the former able to reduce ambi-
nt oxygen present and the latter able to oxidise most organics
nd many inorganics either directly or, more usually, indirectly
ia the intermediate generation of adsorbed hydroxyl radicals
1–3]. The striking oxidizing power of photoactivated titania
s one of its key features since it ensures that few materials
dsorbed on its surface are able to resist complete oxidative
ineralization. Titania is also a photocatalyst that is recognized

s showing little evidence of photochemical wear with pro-
onged use. The photocatalytic durability of the PAR-DC-MS

lms was tested by studying the repeated photomineralization
f a stearic acid film using the same sample and the results are
llustrated in Fig. 5. These show that even after the destruction
f five, relatively thick, films of stearic acid, each compris-

ig. 5. Aint vs. UV irradiation time plot for a PAR-DC-MS sample of titania onto
hich a new layer of stearic acid is repeatedly deposited and then destroyed by
hotocatalysis.
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ng ca. 9.7 × 1015 molecules of stearic acid cm−2, the kinetics
f reaction (2) remained largely unaltered. Since the density
f anatase titania is 3.9 g cm−3, the number of moles of sites
er g of TiO2 is 0.0004 [29] and the thickness of the film
s ca. 250 nm, it follows that a typical PAR-DC-MS film has
.35 × 1016 sites per cm2, (assuming 0% porosity). Thus, the
urnover number (TN) [30] for the PAR-DC-MS photocatalyst
lm is ≥(5 × 9.7 × 1015/2.35 × 1016), i.e., ≥2.06. On this basis,

urnover numbers can also be calculated for the P25, sol–gel and
ctivTM films and the results are reported in Table 1. Turnover
umbers for photocatalysts are rarely calculated, despite the fact
hat it has been argued that the epithet of ‘photocatalyst’ should
e only applied when it has been established that the photocata-
yst has a turnover number >1 [30]. From the results in Table 1,
t appears that the PAR-DC-MS, P25 and CVD films of titania
eserve to be called ‘photocatalysts’, whereas the thick, sol–gel
lm would need to destroy >ca. 38 consecutive layers of stearic
cid to qualify.

A brief inspection of the results illustrated in Figs. 4 and 5
eveals the SA test is quite slow, even when a very active film, like
hat produced by PAR-DC-MS, is used. This is hardly surprising,
iven the film is thin (250 nm), only absorbing about 32% of
he incident UVA light, and the photocatalytic reaction (2) is a
04 electron (each most probably generated by one photon) per
A molecule destroyed process, i.e. a process with a maximum
ossible quantum yield for reaction (2) of 0.96%.

In a recent paper [28], we reported on a much more photon
fficient, rapid method for assessing photocatalytic activity, util-
sing a photocatalyst ink. This ink typically comprised a redox
ndicator dye, resazurin, Rz, a sacrificial electron donor, glyc-
rol, a polymer binder, hydroxyl ethyl cellulose, and a solvent,
ater. Once deposited on a photocatalytic film for testing, upon

ts UV illumination, the Rz photocatalytic film interacts with
ifferent components of the ink, with the photogenerated elec-
rons reducing the blue resazurin dye to its pink reduced form,
esorufin (Rf), and the photogenerated holes oxidizing glyc-
rol to glyceraldehye and/or glyceric acid (Glyox). These basic
rocesses are illustrated in the schematic in Fig. 6. The main
dvantage of this ink over the SA test, is that it is very rapid, and

asily observed and monitored. These features are well illus-
rated by the recorded changes in the absorbance spectrum of
n Rz ink film on a typical sample of the PAR-DC-MS film
s a function of UV irradiation time, as shown in Fig. 7. These
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in this work. Other work shows more appropriate, i.e. less sen-
sitive, photocatalyst inks can be created by using less easy to
reduce dyes in its formulation.
ig. 6. Schematic highlighting the major photo-induced electron transfer pro-
esses associated with the Rz photocatalyst indicator ink.

esults show that within 2 min irradiation, the initially blue films
ontaining Rz (λmax = 610 nm) turns pink as all the Rz is con-
erted to Rf (λmax = 580 nm). In contrast, the disappearance of
SA film takes hours and is not readily observed, with moni-

oring requiring FT-IR spectroscopy. Using the data illustrated
n Fig. 7, the change in absorbance of the film at 610 nm, at any
ime, t, i.e. �Abs610, can be calculated where

Abs610 = Abst − Abs∞ (3)

nd Abst and Abs∞ are the absorbances of the film at 610 nm
t time, t, and when all the Rz has been converted to Rf, respec-
ively. This approach was used to construct the plots of �Abs610
ersus t for plain glass, ActivTM and PVD films illustrated in
ig. 8 from the associated plots of absorption spectrum at differ-
nt irradiation times, as illustrated in Fig. 7 for the PAR-DC-MS
lm. From the results in Fig. 8, it is clear that the PAR-DC-MS

itania film is much more active than the CVD film (i.e. Activ),
a. 6.9 times, and that this assessment required only a few min-
tes UV irradiation to be made. In contrast, the SA test, which
evealed a similar difference in activities between the PVD and

VD films (a factor ∼=7.1, see Table 1), requires typically 60 min
V irradiation time in order to make this assessment. Thus, the
z ink test is excellent for assessing thin, photocatalytic films,
f limited activity, however, it is too sensitive (responds in <1 s),

ig. 7. UV/Vis absorption spectra of a PAR-DC-MS film with a coating of the
z photocatalyst indicator ink recorded every 10 s upon exposure to UV light.
ith increasing irradiation time the absorbance of the peak due to Rz (610 nm)

ecreases and that due to the reduced form of the dye, Rf, at 580 nm, increases.

F
fi
p

ig. 8. Plots of the changes in absorbance at 610 nm of a Rz ink film, �Abs610,
s a function of UV irradiation time when the ink film was cast on: (©) plain
lass, (�) ActivTM or (�) PAR-DC-MS glass.

t the UVA levels employed, to be used on thick, highly active,
hotocatalytic films, such as the sol–gel film samples also used
ig. 9. CCTV profiles of a water droplet on the surface of PAR-DC-MS titania
lm (a) before and (b) after its illumination with UV light for 30 min. With a plain
iece of glass the water droplet does not change shape with UV illumination.
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Finally, all films were tested for photoinduced superhy-
rophilicity, i.e. PSH, which involves the conversion of the
urface of the titania film from a hydrophobic to a hydrophilic
ature, upon irradiation with UV light [31–33]. There is much
ebate as to the underlying cause of PSH, which may be simply
ue to the photocatalytic destruction of hydrophobic organics
dsorbed on the surface of titania [32], i.e. reaction (1), or to a
hoto-induced hydration process [31,33], i.e.

Ti–O–Ti ≡ + H2O → ≡ Ti–OHHO–Ti ≡ (4)

Included in the PSH process is the feature that, once rendered
ydrophilic, the titania film slowly regains its initial hydrophilic
haracter in the dark, e.g. via contamination by airborne organics
r via the dehydration of the surface (i.e. the reverse of reaction
4)). It appears to be generally true that any titania photocatalytic
lm also exhibits the PSH effect. The change in shape of a water
roplet on the surface of a PAR-DC-MS titania film before and
fter UV irradiation is illustrated in Fig. 9. These results were
ypical for all the titania films tested, i.e. P25, sol–gel, ActivTM

nd PAR-DC-MS, and are indicative of the PSH effect. This
ffect enhances the self-cleaning nature of the titania film, which
s able to remove organics not only by a photocatalytic mineral-
zation process, i.e. reaction (1), but also by PSH, since organics
hich would otherwise spoil the surface of the glass, adhere
oorly to a hydrophilic surface and are readily washed away by
rain) water.

. Conclusions

Robust, active, anatase titania films can be deposited onto
lass at low temperatures, i.e. <100 ◦C, using a PVD technique:
lasma-assisted, reactive dc magnetron sputtering. The films are
ransparent and colourless and truly photocatalytic, exhibiting
urnover numbers >2.0 for the photocatalytic mineralization of
tearic acid. These films are typically 6.9 times more active than
sample of commercial self-cleaning glass, mainly because they
re much thicker and, therefore, absorb more of the incident UV
ight. All titania films tested, including those produced by mag-
etron sputtering exhibited photo-induced superhydrophilicity.
he low temperatures used in the production of the PAR-DC-MS
lms makes this technique promising with respect to producing
obust, very active photocatalyst titania films on low temperature
ubstrates, such as plastics, metals and artificial fibres. Further
ork in this area is in progress.
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Abstract

The photomineralisation of soot by P25 titania films is studied using FT-IR and the process shown to involve the oxidation of carbon
to CO2 exclusively. The efficiency of this process is low, however, with a formal quantum efficiency of 1.1 · 10�4 molecules of carbon
oxidized per incident photon of UVA light. The cause of this low efficiency is attributed largely to the less than intimate contact between
the fibrous soot layer and the surface of the photocatalyst.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Soot, the product of the incomplete combustion of fossil
and other fuels, is comprised of finely divided carbon par-
ticles, hydrocarbons and tar. Most soot is classified as
ultra-fine (particle size <0.1 lm) particulate matter and as
such can penetrate deep into the lungs and its cells, where
it is able to cause serious health problems including chronic
asthma and bronchitis (Barfknecht, 1983; Corporan et al.,
2004). Soot particles can have an environmental lifetime of
1–3 weeks and travel long distances; for example, they have
been found at the South Pole, where no major emission
source exists for many thousands of miles (Barfknecht,
1983). In many industrial cities evidence of long-term past,
if not present, high levels of airborne soot, is provided by
the blackened state of the exteriors of its buildings. Any
surface coating that is capable of completely mineralising
soot is therefore of interest, not only with regard to health
but also with respect to the maintenance of clean facades.

Self-cleaning materials, such as glass or tiles, have
emerged recently as a tool to combat air-pollution and a
route to provide buildings with longer-clean exteriors
(Mills and Lee, 2002; Cassar, 2004; Scrivener and Van
0045-6535/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Danne, 2004). Such materials are usually based on a thin,
photocatalytically active coating of titania that is able to
mediate the oxidation of many airborne pollutants via
the following solar-driven, general mineralisation reaction
(Fujishima et al., 1999; Mills and Lee, 2002):

organicþO2 ������!
htP3�3:2 eV

TiO2

CO2 þH2Oþmineral acids ð1Þ

Since the bandgap of titania is large, i.e. 3–3.2 eV, only
the UV component of sunlight is able to effect reaction (1).
Recent work by others (Lee and Choi, 2002) and this group
(Lee et al., 2004) has established that titania is also able to
remove soot deposited on its surface, most likely via the
following photocatalytic reaction:

CþO2 ������!
htP3�3:2 eV

TiO2

CO2 ð2Þ

However, the exact reaction stoichiometry associated with
the photocatalytic removal of soot has not, as yet, been
established. In mineralisation reactions, such as (1) or (2),
it is important to establish that the products are just min-
erals and that there is no significant generation of any reac-
tive intermediates that are environmentally less friendly
than the reactants. Thus, in reaction (2) it is important to
show that only CO2 is produced and no other, possibly
less ‘green’, forms of carbon, and carbon-containing

mailto:a.mills@strath.ac.uk
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compounds such as CO, are produced. If reaction (2) can
be shown to be the correct reaction stoichiometry for soot
removal by titania films this would be an encouraging re-
sult for the many commercial products, such as tiles and
glass, that are currently being promoted for use as part
of the exteriors of buildings. In this short paper, the results
of a study of the stoichiometry and efficacy of reaction (2)
are reported.

2. Experimental

Unless stated otherwise all chemicals were purchased
from Aldrich Chemicals and used as received.

A typical Degussa P25 TiO2-coated glass slide was pre-
pared by dipping a cut-up, 1 mm thick microscope slide
(final dimensions: 1 cm · 2.5 cm) in a 5 wt% P25 TiO2

aqueous slurry, drying in an oven at 70 �C for 30 min,
washing with water (to remove any loose material) and
finally drying with compressed air, which provides a rapid
and clean method of drying. The process was repeated
three times to get a thick (ca. 0.9 lm) film on both sides
of the slide; one of which was then wiped off to leave a final
film that was white and semi-transparent as shown in
Fig. 1a. A layer of soot (ca. 0.5 lm thick, as determined
by SEM) was then deposited onto the TiO2-coated glass
slide using a burning ‘T-lite’; a typical soot-coated film is
illustrated in Fig. 1b. Scanning electron microscope,
SEM, images of the soot layer revealed a layer of fibrous
wisps, similar to those reported by others.

All UV/Vis absorption spectra were recorded using a
Perkin Elmer Lambda 20 spectrophotometer and used to
ensure that the TiO2-film and TiO2-plus-soot film prepara-
tion methods generated reproducible samples. All infra-red
absorption spectra were recorded using a Perkin Elmer
Spectrum One FT-IR spectrometer. In the latter work,
a 10 cm quartz gas cell with demountable CaF2 faces,
Fig. 1. Photographs of (a) a typical P25 TiO2 film on glass, (b) a soot-covered P
film inside.
thermostatted at 20 �C, and with purge gas inlet and taps
and outlets, (Lidam Scientific, UK) was used to house a
soot-covered Degussa P25 TiO2-coated glass slide, as illus-
trated in Fig. 1c. This arrangement allowed any major car-
bon-containing volatiles, like CO2, to be monitored as the
film under test placed in the gas cell, usually in 101.3 kPa
oxygen, was irradiated from above with UVA light.

All UV irradiations were carried out using six 8 W
blacklight blue (kemission(max) = 365 nm; half-peak band
width ca. 50 nm) fluorescent lamps set in a hemi-cylindrical
arrangement with an aluminium back reflector. The irradi-
ation source was placed about 10 cm above the samples
under test and typically the incident UV light intensity
was 4.28 mW cm�2, measured using a UV meter with a cal-
ibrated UVA detector (UVP model MS-100 with MS125
UVA sensor).

Digital photography of the films was carried out using
an Epson PhotoPC 3000Z digital camera.

3. Results and discussion

In a typical study of the photocatalytic decomposition
of soot on a P25 TiO2 film, the disappearance of the soot
from the sample in the IR-gas cell was monitored via
digital photography and the results are illustrated in
Fig. 2. From these results it is clear that the overall process
is very slow (ca. 45 d) and, as is apparent from Fig. 1b and
was confirmed upon closer inspection of the film, that the
deposited soot layer was patchy rather than of a uniform
thickness. Not surprisingly, the thicker patches took longer
to remove via reaction (2).

At the same time the destruction of a soot film was mon-
itored photographically (see Fig. 2), it was also possible to
monitor the evolution of any major, infrared-active volatile
species, produced as part of this process, via FT-IR and
the results of this work are illustrated in Fig. 3. Careful
25 TiO2 film and (c) the 10 cm FT-IR gas cell with soot-covered P25 TiO2



Fig. 2. Photographs of a typical P25 TiO2 film on glass in a sealed FT-IR gas cell after various times of illumination with UVA light (4.28 mW cm�2).

Fig. 3. Some of the infra-red absorption spectra recorded for the FT-IR
gas cell in Fig. 1c, as a function of irradiation time. The observed spectra
were all of the same shape and due to CO2.
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analysis of this latter data revealed that the shape of
the infra-red spectrum of the observed volatiles did not
change throughout the irradiation process and was identi-
cal to that of CO2 alone. Thus, no evidence was found for
any other volatile species, including CO, being produced
during the photocatalytic oxidation of soot, sensitized by
TiO2. The FT-IR cell was calibrated with injections of
known volumes of carbon dioxide and this allowed the
data illustrated in Fig. 3 to be converted into a plot of
the number of moles of CO2 produced as a function of
irradiation time, which is illustrated in Fig. 4. The final
number of moles of CO2 observed (22.5 · 10�6 mol) corre-
sponded exceedingly well (i.e. 100% stoichiometry accord-
ing to reaction (2)) to the measured mass loss observed
for the TiO2-soot film before and after irradiation
(0.27 mg). The data in Fig. 4 give a reasonable fit to a first
order process described by the following expression:
NCO2

= 22.5(1 � exp(�0.003 t)), where NCO2
is the number

of moles of CO2 photogenerated after irradiation time, t.
From the data illustrated in Figs. 2 and 3, it is clear that

the process is very slow and given an initial rate of CO2 pro-
duction of 1.91 · 10�11 mol s�1 (from the data in Fig. 4)
and an incident light intensity of ca. 1.04 · 1017 pho-
tons s�1, it is possible to estimate a formal quantum effi-
ciency (FQE) for the process of 1.1 · 10�4 molecules
photon�1, implying an electron/photon formal quantum
efficiency of 4.4 · 10�4. This value is markedly (ca. 640
times) lower than that reported for the destruction of stearic
acid (0.28 = electron/photon FQE) (Paz et al., 1995),
presumably reflecting a more refractory nature for soot,
possibly due to its less intimate contact with the surface.
No attempt was made to optimise the latter, which might
well have been improved by modifying the deposition
procedure.
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Fig. 4. Plot of the number of moles of CO2 generated, calculated using the data in Fig. 3, as a function of irradiation time. Based on this data an initial rate
for CO2 generation of 1.91 · 10�11 mol s�1 was estimated. The line joining the points is not the result of a fit to the data.
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From the results of this work it appears that self-cleaning
titania films are able to remove soot particles from their sur-
faces via the semiconductor photomineralisation process
summarized by reaction (2), in which CO2 is the exclusive
oxidation process. The fibrous, loosely-held nature of the
soot layer is probably the main cause for the observed low
formal quantum efficiency (1.1 · 10�4 molecules/photon)
for the mineralisation process. These results offer encour-
agement to producers of titania-based self-cleaning materi-
als for building exteriors, although the low FQE represents
a concern. The titania used, P25, is an intimate mixture of
anatase (70%) and rutile (30%). Further work is needed to
establish if either of these two crystal phases are better or
worse than P25 for the photocatalytic oxidation of soot.
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Thick (4 µm) films of anatase titania are used to photocatalyze the removal of deposited films of amorphous
sulfur,∼2.8µm, thick and under moderate illumination conditions (I ) 5.6 mW cm-2) on the open bench the
process is complete within∼8 or 18 h using UVC or UVA light, respectively. Using UVA light, 96% of the
product of the photocatalytic removal of the film of sulfur is sulfur dioxide, SO2. The photonic efficiency of
this process is∼0.16%, which is much higher (>15 times) than that of the removal of soot by the same
films, under similar experimental conditions. In contrast to the open bench work, in a closed system the
photocatalytic activity of a titania film toward the removal of sulfur decreased with repeated use, due to the
accumulation of sulfuric acid on its surface generated by the subsequent photocatalytic oxidation of the initial
product, SO2. The H2SO4-inactivated films are regenerated by soaking in water. The problems of using titania
films to remove SO2 from a gaseous environment are discussed briefly.

Introduction

Titanium dioxide photocatalysis has emerged in recent years
as a potentially useful tool for environmental remediation.1-3

The usual role of such photocatalysis is to effect the mineraliza-
tion of organic pollutants in air or water, i.e.

In this work, titanium dioxide, TiO2, is the preferred photo-
catalyst, because it is inexpensive, very active as a photocatalyst,
easily cast as films which are mechanically robust (e.g., via
CVD or sol-gel techniques), and biologically and chemically
inert.1-3 A number of building materials, such as glass, tiles,
concrete blocks, and paving, are now being sold with TiO2

photocatalyst coatings, and the market continues to grow.4

Although most TiO2 photocatalyst research has focused on the
destruction of organics, there are a number of notable inorganic
pollutants that also need to be addressed before this method
can be considered as a general, effective tool for cleaning up
the environment. One such pollutant is soot, i.e., ultrafine
particles of carbon, which blackens most external building
surfaces and can cause serious health problems including chronic
asthma and bronchitis.5,6 Another airborne, particulate, envi-
ronmental pollutant is sulfur, generated as a byproduct in several
industrial chemical processes, including sour natural gas pro-
cessing.7,8 Previous work by this group9 and others10 has shown
that thick (>1 µm) anatase TiO2 films, produced via a sol-gel
technique, are very effective at photocatalyzing the oxidation
of soot to carbon dioxide. Following on, this paper describes
the results of a study of the photocatalytic oxidation of
amorphous sulfur by these very active, thick, TiO2 photocatalytic
films. The initial product of the latter process is sulfur dioxide,
SO2, which represents a much bigger threat to the environment

than particulate sulfur, due to its large-scale global production,
and intimate involvement with acid rain production. Thus, this
paper also investigates briefly the use of thick TiO2 films as
photocatalysts for the removal of SO2 from the gas phase.

Experimental Section

Unless stated otherwise, all chemicals were purchased from
Aldrich Chemicals and used as received.

All thick TiO2 films were prepared using titanium (IV)
isopropoxide as the precursor and a sol-gel technique, the
details of which are given elsewhere.11 The films were typically
4 µm thick, optically clear and colorless, and comprised∼13
nm particles of anatase titania in a porous network (∼60%
porosity). The films were laid down from a sol-gel, as 1 cm
wide, 7.6 cm long strips on microscope glass slides and
converted to robust, anatase crystalline films by annealing at
450 °C for 30 min.

Amorphous sulfur was deposited onto the surface of a
photocatalyst film by dip-coating the slide into a 4.0 mol dm-3

solution of sulfur (100 mesh) dissolved in carbon disulfide and
air-drying for 30 min. Using this technique, typically 4× 10-5

g cm2 of sulfur were deposited onto the titania films. Figure 1
illustrates a typical side-on scanning electron micrograph image
of the sulfur-on-titania films, from which it is possible to
estimate the thickness of the sulfur layer as∼2.8µm, comprising
particles, typically∼260 nm in diameter but with some ranging
in size from 60-500 nm. This image also shows that both the
darker, underlying titania layer and the lighter, top-coat of
amorphous sulfur are very porous.

All UV/vis absorption spectra were recorded using a Perkin-
Elmer Lambda 20 spectrophotometer. All infrared absorption
spectra were recorded using a Perkin-Elmer Spectrum One FTIR
spectrometer. In the latter work a 10 cm quartz cell with
demountable CaF2 faces, with purge gas inlet and outlet taps
(Lidam Scientific, UK) were used to house any photocatalytic
film under test. Typically, this arrangement allowed the major
sulfur-containing volatiles, like SO2, to be monitored as a sulfur-
on-titania film was irradiated with UV light in a closed system.

* Author for correspondence. E-mail: a.mills@strath.ac.uk.
† University of Strathclyde.
‡ University College London.
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The infrared spectrum of SO2 has been reported elsewhere;12

briefly, it comprises very strong bands at 1151 and 1362 cm-1

and a weaker one at 2499 cm-1.
UV irradiations were carried out using six 8 W UV

fluorescent tubes that were either UVC (i.e.,λmax(emission))
254 nm), or UVA (λmax(emission)) 365 ( 20 nm), set in a
cylindrical hemisphere arrangement with an aluminum back
reflector. Unless stated otherwise, all mentions of UVC or UVA
light refer to these light sources. In both cases the incident light
intensity was typically 5.6 mW cm-2, as measured using a UV
power meter (UVP model MS-100).

Digital photography of the films was carried out using an
Epson PhotoPC 3000Z digital camera.

Results and Discussion

The disappearance of the sulfur layer on a typical thick titania
film in air by semiconductor photocatalysis, achieved by
irradiating the film on the open bench with the use of UVC
light, was monitored initially by digital photography, and the
results are illustrated in Figure 2. These results, and others
obtained from the same experimental system but using UVA
light, reveal that the sulfur film deposited on titania is removed
within hours upon exposure to UV light, i.e., in∼8 h (UVC)
or 18 h (UVA), whereas, over the same time periods, sulfur
deposited onto glass did not noticeably disappear upon irradia-
tion with either UV light, under the same conditions (see Figure
2). The most likely initial process associated with the photo-
catalytic removal of sulfur is as follows:

It is probable that the photocatalytic oxidation of sulfur by
oxygen proceeds via a mechanism similar to that which operates
in the well-studied, photocatalytic oxidation of organics, i.e.,
reaction 1. Thus, the absorption of anultra-band gap photon,
i.e., hν g 3.2 eV, generates an electron-hole pair. Although
many of the latter ultimately recombine, some photogenerated
holes that reach the surface are able to either react directly with
the sulfur or photo-oxidize adsorbed hydroxyl radicals which
then react with the sulfur. The photogenerated electrons that
reach the surface are able to react with oxygen to form
superoxide, which can be further reduced, eventually forming

water, or generating hydrogen peroxide, which can act as another
source of hydroxyl radicals.

The removal of the amorphous sulfur film via the photocata-
lytic process (i.e., reaction 2), upon UV irradiation on the open
bench, was also monitored via the change in the UV/visible
absorption spectrum of the film and showed that the absorbance
due to the sulfur on a sulfur-on-titania film, Abs(S), is
proportional to the mass of sulfur remaining on the titania film
at most wavelengths. For example, at 600 nm, Abs(S) is taken
as the difference between the absorbance of the sulfur-on-titania
film and that of a titania-only film at 600 nm, i.e.,∆Abs600.
The variation in the absorbance spectrum of a typical sulfur-
on-titania film upon irradiation with UVC or UVA light on the
open bench is illustrated in Figure 3a, and the data contained
therein were used to create the plot of∆Abs600 as a function of
irradiation time, illustrated in Figure 3b. From these data it can
be seen that the photocatalytic process, reaction 2, appears much
slower (∼2.3 times) if UVA, rather than UVC, light is
employed. Mass loss measurements made on these films reveal
initial rates of sulfur removal of 90 or 41µg h-1 using a UVC
or UVA light source, respectively.

A large part of the higher activity for reaction 2 using UVC
light is due to the greater absorbance of the TiO2 film of UVC
light (i.e., 100% absorbed) compared to the UVA light (only
∼44% absorbed, a factor of 2.3). Another possible, but much
smaller, contributor to the increased apparent photocatalytic
activity when UVC light is used is the photoactivity of sulfur
itself, since others have found that sulfur powder, when
dispersed in anaerated, aqueous solution, is susceptible to
photolytic oxidation, i.e.

when UVC (i.e., 254 nm) but not UVA (i.e., 365 nm) or visible
light is used.13,14In our work, in order for reaction 3 to contribute
to the loss of sulfur using UVC light, it must be assumed that
the latter process occurs also inambient humid air, using
amorphous films of sulfur, as well as inaerated aqueous
solution, using powder dispersions of crystalline sulfur, as
reported by others.13 In support of this, separate photolysis
experiments carried out on an amorphous layer of sulfur
deposited onto roughened glass, which was needed to make the
sulfur layer stick well to the glass to form a layer, revealed that
in ambient air (60% humidity, 20°C), sulfur is, indeed, photo-
oxidized in O2 when exposed to UVC but not UVA light, albeit
at a much slower rate (<5 times) compared to that observed
using a TiO2 photocatalytic film. In this work, FT-IR gas-phase
measurements where the sulfur-on-titania film was in a closed
FT-IR gas cell, reveal that the initial product of the photolysis
of sulfur by UVC light is SO2, and so the overall photoreaction
can be described as follows:

Since the above photolysis reaction is possible, it cannot be
ruled out as making a small (<20%) contribution to the overall
kinetics of sulfur removal on titania films when using UVC
light. A brief inspection of the results illustrated in Figure 3b,
coupled with the knowledge that the parameter,∆Abs600, is
proportional to the mass of sulfur remaining on the photocatalyst
film, reveals that the kinetics of sulfur removal are ap-
proximately zero-order with respect to the level of sulfur present.
Such kinetics are not surprising, given that those for most
photocatalytic processes are described by a Langmuir-
Hinshelwood-type expression1-3 and that the titania films used

Figure 1. Electron micrograph of a typical amorphous sulfur layer
(lighter-colored particles) deposited onto a thick sol-gel film of anatase
titania (20,000× magnification).

S + O298
TiO2

hν g 3.2 eV
SO2 (2)

2S+ 3O2 + 2H2O98
UVC

2H2SO4 (3)

S + O298
UVC

SO2 (4)
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in this work were covered by a thick (∼2.8µm) layer of sulfur
so that all the available photocatalytic sites would most likely
be occupied and, as a consequence, only saturation, or zero-
order, kinetics would be observed. The same argument is often
used to explain the observed zero-order kinetics for the
photocatalytic destruction of greater than monolayer deposits
of stearic acid on titania films15,16and for soot removal by titania
photocatalysis.9,10 Although the titania films are covered by a
relatively thick layer of sulfur, this layer does not appear to
prevent either UVA or UVC light transmission through to the
underlying titania layer, presumably via a scattering process.

In this study of the UVC- and UVA-driven photocatalytic
oxidation of a sulfur-on-titania film, when monitored using
FT-IR in a closed gas cell, SO2 appears to be the initial product.
However, when using UVC light, the kinetics of this process
are complicated by the recognized UV sensitivity of the product,
SO2, since the latter has an absorbance maximum at∼285 nm17

and in air is photo-oxidized by UVC light to form sulfur trioxide,
SO3, which, in turn, readily forms sulfuric acid, in the presence
of water,18 i.e.

As a consequence, when UVC is used as the illumination
source, in a closed system the overall kinetics comprise a
mixture of the photomineralization process, reaction 2, and the
photolytic reactions 4 and, more notably, 5 of the reactant, sulfur,
and the initial product, SO2, respectively.

In order to avoid the above photolytic complications, in a
subsequent study of the stoichiometry and quantum efficiency
of the photocatalytic reaction 2, all illuminations were conducted
using UVA light. Thus, a typical sulfur-on-glass film was
irradiated with UVA in a gas stream (100 cm3 min-1) of oxygen,
and the amount of SO2 generated via the photocatalytic oxidation
of the sulfur, i.e., reaction 2, was monitored by trapping the
SO2 from the gas stream by passing it through 100 mL of a 0.1
M sodium tetrachloromercurate (II) (TCM) scrubbing or trap
solution. Such a TCM trap solution, upon contact with SO2, is
known to form rapidly a stable, nonvolatile, soluble disulfito-
mercury (II) salt (DSM) via the following reaction:19

During the course of the irradiation the TCM trap solution
was sampled (1 mL samples) at regular time intervals,t, and
each sample was reacted with a color-developing solution,
comprising 1 mL ofp-rosaniline hydrochloride (0.04 wt % dye
in 6 wt % concentrated HCl acid), 1 mL of formaldehyde (0.2
wt %), and 4 mL 0.1 M TCM solutions. The colored product,
p-rosaniline metasulfonic acid (p-RMSA) has an absorbance
maximum at∼560 nm, and so the absorbance at this wavelength
in the developed solution, i.e., Abs560, is directly proportional
to the level of DSM (and therefore the mass of SO2 produced
via reaction 2, i.e. [SO2]t) present in the scrubbing solution at
the associated irradiation time,19 t. Figure 4 illustrates the
observed changes in the absorption spectrum of the developed
p-RMSA solution, derived from the sampled TCM trap solution,
as a function of irradiation time.

A calibration graph, relating [SO2]t to Abs560, was created
by injecting in known amounts of sodium metabisulfite into
the TCM scrubbing solution and measuring the absorbance at
560 nm in the subsequent developed solution, Abs560. Thus,
using the Abs560 data illustrated in Figure 4, the associated plot
of [SO2]t versus irradiation time,t, shown in Figure 5 was
constructed. From this plot, and the overall loss of mass of the
film, it appears that 903µg of sulfur dioxide are generated via
reaction 2 for a loss of 470µg of sulfur from the film, indicating
that the yield of SO2 in photoreaction 2 is∼96%. This high
efficiency is similar to that reported earlier (100% yield) by us
for the photocatalytic oxidation of soot to carbon dioxide by
the same thick, sol-gel based titania films.9

From the initial part of the plot of [SO2]t vs t illustrated in
Figure 5 it is possible to derive a value for the initial rate of
generation of SO2 of 58.9µg h-1, equivalent to 0.129µg cm-2

min-1, since the film had typically an area of 7.6 cm2. The
incident UVA light intensity was 7 mW cm-2, equivalent to
7.7× 1017 365 nm photons/cm2/min. Thus, the formal quantum
efficiency for reaction 2 is∼0.16% which is much higher (∼15
times) than that reported for the photocatalytic oxidation of soot,9

0.011%, probably partly due to the much more intimate contact
of the dense sulfur particles with the titania film, when compared
to the lighter, fibrous and more loosely attached films of soot
used in the previous studies. The former are deposited by a
precipitation method, as described earlier, whereas the latter are
generated using a candle flame. It is also very likely that the

Figure 2. Time-sequence photographs of a typical sulfur-on-titania film as a function of UVC irradiation time. Note that the specks of sulfurnot
on the titania film, such as in the bottom left-hand corner of each photo, are not significantly changed during this irradiation process.

2SO2 + O298
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2SO398
2H2O
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soot particles absorb more and scatter less UV light, and
consequently, their transmission of the UV to the underlying
titania film is significantly lower than that for a sulfur film of
approximately the same thickness.

The generation of sulfur particles is an environmental problem
associated with a number of industrial chemical processes but
is confined largely to regions close to the factory, due to the
dense nature of the sulfur particles. In contrast, and as noted
earlier, SO2 pollutant production is associated with many large
industries and is a global environmental problem, due to its
rapidly diffusing and toxic nature. Curiously, the use of
photocatalysis for the removal of gaseous SO2 has not been well
studied. One possible reason for this emerges from the work of
Shang et al. using titania nanoparticulate powder, prepared by

a sol-gel process, to photo-oxidize SO2 in the presence of
oxygen:18

In the latter work the photo-oxidation of SO2 was found to
be ∼5.3 times faster in the presence of TiO2, but the titania
powder showed decreasing, and eventually no, activity after
repeated use, although the deactivated titania could be regener-
ated by sonicating in water. Qualitative analysis by Shang et
al. showed that the major product (i.e.,>92%) was SO3 or, in
humid air, H2SO4 both of which accumulate on the surface of
the titania and were responsible for the loss of photocatalytic
activity by the titania observed by these workers with its
repeated use.18

Figure 3. (a) Variation in the absorption spectra of a sulfur-on-titania film as a function of UVC irradiation time; spectra recorded every 60 min
with top spectrum (t ) 0). (b) Plot of the change in absorbance due to sulfur on a typical sulfur-on-titania film at 600 nm,∆Abs600, as a function
of irradiation time, using either UVC (b) or UVA (O) light. The UVC data points were taken from the data in (a).

2SO2 + O298
TiO2

UV light
2SO3 (7)
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In our work on the photocatalytic oxidation of sulfur, i.e.,
reaction 2, the process went to completion within a few hours
of UV irradiation under open bench conditions, i.e., in air with
a typical relative humidity of 60%, as illustrated by the results
in Figure 2 and noted earlier. Further work in the open air
revealed that a titania film does not lose its photocatalytic
activity for removing sulfur with repeated use, presumably
because the oxidation product, SO2, diffuses away from the
titania film. In contrast, in a closed system, such as a sealed
FT-IR gas cell, in which the SO2 accumulates in the gas phase
above the film, the kinetics of sulfur removal are much reduced
(<4.6 times), and the titania film loses much of its initial
photocatalytic activity with repeated use, presumably due to
poisoning by the H2SO4 product generated via the photolytic
or photocatalytic reactions 5 and 7, respectively. In support of

this, and as indicated by Shang et al., soaking a repeatedly used,
largely inactive titania film in water regenerates much of its
initial photocatalytic activity.18

The above findings indicate that titania photocatalysis may
not be appropriate for use in the removal of SO2, since the likely
product, SO3, or more likely H2SO4 if any moisture is present,
appears to poison the surface. However, since these poisons
may be readily removed by water it might be possible to use
titania photocatalysis to remove SO2 from an ambient gaseous
environment, if the photocatalyst was washed regularly with
(rain) water. Although, even under these circumstances, the
product, H2SO4, is a recognized environmental hazard in its own
right and would require careful disposal. Alternatively, it could
be collected as a possible commercial byproduct of photoca-
talysis-based, sulfur dioxide removal process.

Figure 4. Absorption spectra of thep-RMSA-developed solution, derived from 1 mL samples of the DSM trap solution, for the following UVA
irradiation times (from bottom to top): 0, 6, 24, 48, and 80 (and 96) h respectively, using a typical sulfur-on-titania film sample in a flowing stream
of oxygen. Note: the 80 and 96 h spectra are identical.

Figure 5. Plot of the mass of sulfur produced, [SO2], from a typical sulfur-on-titania film sample, as a function of UVA irradiation time. Data are
derived from the absorbances at 560 nm of the sampled DSM trap solution.
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Conclusion

Anatase titania films are able to photocatalyze the slow
oxidation of amorphous sulfur to form SO2. Using UVA light,
the stoichiometry of this reaction is∼96%, with a photonic
efficiency of∼0.16%. Using UVC light the photochemistry is
complicated by the concomitant photolysis of sulfur to form
SO2 and of SO2 to form SO3 and/or H2SO4. In a closed
environment, which allows the initial SO2 product to accumulate,
titania is able to photo-oxidize the SO2, but the product, H2-
SO4, appears to poison the surface, and the photocatalytic
activity of the film is only regenerated after soaking in water.
This latter feature is a major problem in the use of titania
photocatalyst films for air remediation, particularly in very dry
environments where the possibility of photocatalyst film
regeneration is much reduced. In addition, the photocatalytic
removal of SO2, and presumably NOx, is not without its
problems, as the product or products are also environmental
hazards and can form acids which poison the titania photocata-
lyst.
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In Situ, Continuous Monitoring of the Photoinduced Superhydrophilic Effect: Influence of
UV-Type and Ambient Atmospheric and Droplet Composition
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Department of Pure & Applied Chemistry, UniVersity of Strathclyde,
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A controlled-atmosphere chamber, combined with a CCTV system, is used to monitor continuously the change
in shape of water droplets on the self-cleaning commercial glass, Activ, and a sol-gel TiO2 substrate during
their irradiation with either UVA or UVC light. This system allows the photoinduced superhydrophilic effect
(PSH) exhibited by these materials to be studied in real time under a variety of different conditions. UVA
was less effective than UVC in terms of PSH for both titania-coated glasses, and plain glass was unaffected
by either form of UV irradiation and so showed no PSH activity. With UVA, ozone increased significantly
the rate of PSH for both substrates, but had no effect on the wettability of plain glass. For both titania substrates
and plain glass, no PSH activity was observed under an O2-free atmosphere. A more detailed study of the
PSH effect exhibited by Activ revealed that doping the water droplet with either an electron acceptor (Na2S2O8),
electron donor (Na2S2O4), or simple electrolyte (KCl) in the absence of oxygen did not promote PSH. However,
when Activ was UV irradiated, while immersed in a deoxygenated KCl solution, prior to testing for PSH
activity, only a small change in contact angle was observed, whereas under the same conditions, but using a
deoxygenated persulfate-containing immersion solution, it was rendered superhydrophilic. The correlation
between organic contaminant removal and surface wetting was also investigated by using thick sol-gel films
coated with stearic acid; the destruction of SA was monitored by FTIR and sudden wetting of the surface
was seen to coincide with the substantial removal of the organic layer. The results of this work are discussed
in the context of the current debate on the underlying cause of PSH.

Introduction

Semiconductor photocatalysis has, over the last 30 years, been
shown to have wide-ranging technological and synthetic
applications.1-7 Its use in the field of environmental remediations
through the creation of photocatalytic water and air purification
systems, and more recently self-cleaning surfacessis an area
where the transition from a promising technology to global
market product ranges has occurred.8,9 A key observation in
the creation of titania-based, self-cleaning coatings is that of
the photoinduced superhydrophilic effect (PSH), i.e. the greatly
improved water wettability of titania films upon UV illumina-
tion. First noticed in 1988 by Kume and Nozu,10 working for
the Nippon Itagarasu company, it was ascribed initially to the
simple photocatalytic destruction of adventitious hydrophobic
organic material deposited on the titania coating on glass,10 a
photocatalytic model of PSH that has found increasing support
in recent years. PSH in titania films was re-recognized in the
mid-nineties by researchers at the TOTO Inc. laboratories,
working with those at Tokyo University, who reported that TiO2/
SiO2 films acquired superhydrophilic properties upon UV
irradiation.5,11 Thus, in this later work, preirradiation water
droplets were formed on the TiO2/SiO2 film substrates, but
postultraviolet irradiation, the water spread evenly across the
surface, forming “sheets” instead.11

Over the past 10 years much research has been carried out
to provide an appropriate mechanistic model for PSH. Not
surprisingly, most models begin with the photogeneration of

electron-holes pairs within the photocatalyst, which occurs when
electromagnetic radiation of energy greater than the band gaps
the energy difference between the valence band (VB) and the
conductance band (CB)sis absorbed by the semiconductor and
promotes an electron from the VB to the CB. These photoge-
nerated electrons and holes are then able to migrate to the surface
where, upon interaction with oxygen and adsorbed hydroxyl
groups, respectively, they can take part in numerous reactions,
including the photocatalytic mineralization of any organic
material that may be present on the surface of the photocatalyst,
i.e.

The above process, the photocatalytic oxidation of organics, is
a well-recognized and accepted feature of most forms of titania.
However, when discussing the mechanism of PSH, it is the final
fate of the photogenerated electrons and holes, when there is
no apparent organic material on the surface of the photocatalyst,
that is at the heart of the ongoing debate that is based largely
on two very different models. The first assumes that the
photogenerated electrons and holes responsible for PSH produce
a restructuring of the surface of the titania, from one that is
intrinsically hydrophobic to one that is hydrophilic and able to
revert back to the former in the dark via a, usually slow (hours
or days), dehydration process. A very simplified summary of
this process is as follows:

* Address correspondence to this author. E-mail: a.mills@strath.ac.uk.
Fax: +44-141-548-4822. Phone:+44-141-548-2458.
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The second model proposes that the photogenerated electrons
and holes effect the photocatalytic destruction of very small
amounts of adventitious, hydrophobic, and usually, almost
undetectable (via FTIR for example), organic surface species,
via reaction 1, to reveal the pristine, intrinsically hydrophilic
surface of the titania photocatalyst underneath. In this case the
slow return of the original hydrophobic nature of the titania in
the dark is thought to be due to the re-contamination of the
hydrophilic surface by air-borne hydrophobic organics.

Evidence supporting each mechanism has been reported. For
example, in the case of the restructuring model, FTIR5 and X-ray
electron spectroscopy12,13(XPS) have been used to demonstrate
the reversible adsorption of water on TiO2 with UV illumination.
The importance of bridging oxygen sitessalso key to the re-
structuring model in PSHswas highlighted in this work by
studying PSH using different crystal faces of rutile TiO2, with
the (001) face, which does not feature bridging oxygens,
showing the least propensity for the PSH.5,12 The UV-light-
driven surface hydration/dark dehydration model was also
supported by evidence that showed previously UV-irradiated
samples recovered their hydrophobicity at increased rates in the
dark when under vacuum.14

In contrast, other groups have reported strong evidence for
the alternative “photocatalyst” model of PSH, summarized by
reaction 1. For example, White15 and Zubkov,16 utilizing model
organic layers of trimethyl acetate (TMA)15 and hexane16 to
recreate the hydrophobic-hydrophilic change during UV ir-
radiation of a titania surface, reported an induction period,
presumably during which the hydrophobic organics are photo-
oxidised, followed by rapid wetting of the surface. Another
study, using sum frequency generation (SFG) analysis to
successfully detect surface hydrocarbons at levels which FTIR
would not normally have sufficient sensitivity,17 showed that
the intensity of the C-H stretches due to these hydrocarbons
decreased upon UV irradiation of an apparently pristine but
hydrophobic sample of titania on glass, and regenerated under
ambient, dark conditions due to re-contamination of the surface
by air-borne hydrocarbons.

Interestingly, work into PSH has been characterized by the
observation of two very different types of kinetics associated
with the change of water droplet contact angle, CA, with
illumination time, namely: hyperbolic-shaped decay profiless
characterized by a linear plot of CA-1 versus UV irradiation
time5,18-22sand those which are decidedly nonhyperbolic and
better described by an initial slow decrease in CA for a period,
followed by a rapid drop in CA;13,19,23-25 examples of each can
be seen in Figure 1. Interestingly, the examples illustrated in
Figure 1 are from different reports by the same research
group.18,23 With respect to the above different shaped CA vs
illumination time decay profiles illustrated in Figure 1, UV light
intensity, and how well it is absorbed, is found to be significant,
with low intensities and thin films appearing to give nonhy-
perbolic profiles,19,25 and high intensities and thicker films
displaying hyperbolic type profiles.5,19,20,23These differences,
it has been suggested, could be due to a preliminary surface
conditioning process, possibly the removal of low levels of
organic impurities,19,24 thus providing support for the organic
impurity, i.e., reaction 1, model of PSH.

While the debate as to the mechanism of PSH continues there
is still a great deal of fundamental work that can be carried out
and which should lead to an improved understanding of PSH

and its mechanism. To date the majority of PSH research has
been carried out either on single crystals or on substrates derived
by a variety of different sol-gel procedures. While the latter
are nearer to the CVD-coated, poly-nanocrystalline titania films
used in most examples of self-cleaning glass, the variety of the
different sol-gel formulations and fabrication conditions em-
ployed by the different research groups has not been conducive
to comparing and contrasting the PSH results. To help avoid
this problem, in this work the self-cleaning photocatalytic glass,
Activ (Pilkington), which has already been suggested as a
possible reference photocatalyst,19 is used. In addition, some
work is also carried out with a much more active, photocatalyst
film, prepared by a sol-gel procedure, to aid comparison with
PSH work carried out by others5,18,24using similar, highly active
films.

In the study of PSH, most evaluations are invariably made
by measuring the contact angle exhibited by a water droplet on
the substrate under test, i.e., CA, usually before and after a
period of UV irradiation. Until now, to generate a CA vs UV
irradiation time profile, such as illustrated in Figure 1, a number
of identical samples of the titania film under test needed to be
prepared, irradiated for different times, and have their CAs
measured. This is very time-consuming work and the generation
of identical titania film samples is not usually achieved. As a
result the CA vs time profile that results from such work
provides only an average picture of the kinetics of PSH and
any subtleties in the decay profile and kinetics are likely to be
lost. In contrast, the PSH features of any titania film type would
be assessed much more easily, quickly, and accurately by
monitoring the actual CA vs UV irradiation real time profile
for a single sample. In this paper a controlled-atmosphere
chamber, combined with a CCTV system, is used to monitor
continuouslythe change in shape of water droplets on the self-
cleaning commercial glass, Activ, and a sol-gel TiO2 substrate
during their irradiation with either UVA or UVC light. This
system allows the PSH activities of these samples to be studied
quickly and easily under a wide range of different conditions,
generating results which help provide a better understanding
of the mechanism behind the PSH effect.

Experimental Section

Unless stated otherwise all chemicals were purchased from
Aldrich Chemicals and used as received. The two types of
titania-coated substrates used in this work were 2 square cm
Activ samples, supplied by Pilkington Glass, and 1 cm× 2 cm
sized,∼4 µm thick, doctor-blade-cast paste films, made by a
sol-gel method, using titanium isopropoxide as a precursor,
as described elsewhere.26 The Activ glass samples were
comprised of a 4 mm thick float glass coated with an
approximately 15 nm layer of TiO2, deposited by an in-line CVD
process.19 Films of both types were left in a sealed box in the
dark for in excess of 1 month before use. In work in which an
additional layer of stearic acid (SA) was coated onto a sol-gel
film, this was achieved by spin coating 3 droplets of a 2 g of
SA L-1 of chloroform solution at 135 rpm for 10 s and gave
very thin layers of SAstypically comprising 1.2× 1016

molecules cm-2.27 Monitoring of the SA destruction was
achieved by using a Perkin-Elmer Spectrum One FTIR spec-
trometer to measure the peak absorbance area in the region
2700-3000 cm-1 as a function of irradiation time, which
provided a measure of the amount of SA remaining on the
substrate under test.

Contact angles were measured with an FTA100 system,
comprising a CCTV camera interfaced with a computer, which

tTi-O-Tit + H2O {\}
O2, hν g EBG

dark
tTi-OH HO-Tit

(2)
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provided a continuous stream of images of any water droplet
after its initial deposition onto the photocatalyst substrate under
test. Droplets were deposited using a 500µL Gastight (Hamil-
ton) syringe, via a 30-gauge stainless steel needle with 0° bevel
(Kahnetics), which deposited reproducible 5µL water droplets.
The software package associated with the instrument allowed
calculation of the contact angle made by the water droplet
deposited on the substrate by curve-fitting the droplet image
outline. This system allowed the contact angle of a water droplet
on a substrate under test to be monitored continuously in situ
as a function of UV irradiation time. At all times unless stated
otherwise, when contact angle changes were measured in situ,
an environmental chamber was used to keep the ambient
atmosphere at 100% relative humidity (RH), withT ) 22 °C,
to limit evaporation of the water droplet.

The environmental chamber noted above had a brass body,
fitted with two glass windows to allow CCTV observation in
the plane of the droplet for contact angle analysis. A circular
quartz window on top permitted both UVA and UVC irradiation
of the underlying TiO2 films; this window also featured a rubber
septum through which the syringe needle was passed for the
initial water droplet deposition. A schematic illustration of this
system is given in Figure 2. Irradiation of the substrates for
PSH studies was carried out by using either UVC or UVA light.
In either case, two 8-W bulbs were used and gave a typical
intensity of∼0.5 mW cm-2 of UV light inside the experimental
chamber. A small desk fan was used to cool the system
continuously and minimize any local heating effects due to the

low-energy UV lamps. The environmental chamber allowed
flushing by water-saturated (i.e., 100% RH) oxygen, nitrogen,
or air gas stream and was typically run at 100 mL min-1 during
the recording of the variation of CA vs illumination time for
any sample. In some experiments an ozone generator (OZ500,
Dryden Aqua) was also connected into the gas system to purge
the chamber with an atmosphere containing approximately 1700
ppm ozone in an otherwise 100% RH, oxygen atmosphere.

Results and Discussion

In Situ, Continuous Observation of PSH. In a typical
experiment, a sample of Activ glass was placed in the
environmental chamber, in a 100% RH O2 atmosphere, and a
water droplet then deposited onto its surface. Figure 3a shows
a set of images of the water droplet on the Activ glass, taken at
different times during the UV irradiation process. Initial work
on Activ and paste films showed that the water droplet contact
angles decreased with increasing UV irradiation time, indicative
of the PSH effect. The blank experiment, using water droplets
on plain glass, showed that upon their irradiation with UV the
CA did not decrease rapidly but, instead, decreased gradually
due to evaporation with a typical initial rate (-r i) of 0.17 deg
min-1, which did not change over many hours of irradiation.
Figure 3b shows the measured variations in CA on Activ under
UVC and UVA irradiation, from which-r i values of 1.38 and
0.27 deg min-1, respectively, were calculated. With UVC light,
the surface of Activ is rendered superhydrophilic, i.e., CAe

Figure 1. Time dependence of the contact angle (CA) made by a water droplet on two different TiO2 films under UV illumination with different
light intensities, showing nonhyperbolic (B, 0.1 mW cm-2)23 and hyperbolic CA vs irradiation time profiles (O, 0.2 mW cm-2).18

Figure 2. Schematic of the environmental chamber system used for in situ CA measurements on TiO2 photocatalyst and blank substrates.
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5°, after∼20 min, while with UVA this process takes∼55 min;
the difference is probably due to the higher fraction of light
absorbed,f, by the 15 nm layer of TiO2 in the UVC regions
i.e., ca.f ) 0.53 for 254 nm, compared to 0.07 for 365 nm
light.19,26

Both CA vs time profiles illustrated in Figure 3b are decidedly
nonhyperbolic in shape, which is typical of a low-activity, titania
photocatalyst film, such as Activ. Such nonhyperbolic shapes
can be loosely characterized by two parameters, namely, the
maximum rate of wetting,-rmax, and the time taken for the
latter to occur,δ. From the data in Figure 3b, for UVA,-rmax

is 2.0 deg min-1 and δ is ∼38 min, whereas with UVC
irradiation, -rmax is 22.4 deg min-1 and δ is ca. 16 min. It
appears likely that-rmax and the delay time (δ) are negatively
correlated to some extent and related closely to the photocata-
lytic activity of a sample, i.e., the greater the photocatalytic
activity of the sample, the larger itsrmax value and the lower
the value ofδ exhibited.

The simplest explanation for such a relationship is the
existence of a layer of hydrophobic surface organic contaminants
on low-activity samples such as Activ, which are removed faster
(resulting in a low value ofδ and high value of-rmax) the
greater the photocatalytic activity exhibited by the sample. The
photocatalytic activity of such low-activity photocatalyst films
can be increased a number of ways, including by, as in Figure

3b, using light, such as UVC, which is absorbed much more
strongly than UVA or by using a greater intensity of the same
wavelength of light. These results, and the photocatalytic model
of PSH, suggest that any titania-based photocatalytic film is
PSH active and can be made to exhibit a hyperbolic CA vs
time decay profile, for whichδ is zero and-rmax is very high,
if its activity can be increased sufficiently. In this context, the
high UVA absorbances of thick, sol-gel films of titania help
explain why these films are often reported to exhibit hyperbolic-
type CA vs time decay profiles with use of UVA light sources,
in contrast to thin titania films, such as Activ. Not surprisingly,
initial work shows thatδ for Activ decreases with increasing
UV irradiance.

In the presence of a water-saturated, nitrogen-only atmo-
sphere, rather than oxygen, no PSH effect was observed for
both Activ (see Figure 3b) and thick paste titania films, in
agreement with the recent results of others.16 This observation
highlights the need for oxygensor some other sacrificial electron
acceptor, SEA, for PSH to operate, a feature that is common
to both PSH mechanisms.

Effect of an Ozone-Containing Atmosphere.In another set
of experiments the chamber was flushed with a water-saturated,
oxygen gas stream containing ozone (1700 ppm) and irradiated
with UVA; the latter UV light was used so as not to electroni-
cally excite the ozone. The resulting CA vs time profiles for a

Figure 3. (a) CCTV images of water droplet on Activ taken in situ during UV irradiation. CAi ) 69°, final CA ) ∼0° (b) CA versus irradiation
time profiles recorded using Activ sample irradiated from above in water-saturated oxygen atmosphere and either UVC (O) or UVA (B) light, or
in a water-saturated N2-only atmosphere with UVC light (+). Note that although the CAs were monitored continuously, the values of sampled
contact angles are depicted here, and in other figures, using different symbols, to aid differentiation between the different CA vs time profiles. [In
O2: UVA, -r i ) 0.27 deg min-1, -rmax ) 2.0 deg min-1; UVC, -r i ) 1.38 deg min-1, -rmax ) 22.4 deg min-1.]
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typical water droplet on Activ and paste films are shown in
Figure 4, parts a and b, respectively. With both substrates the
presence of ozone was found to increase markedly the rate of
the photoinduced hydrophilic conversion process, and decrease
the time taken for the superhydrophilic state to be reached, i.e.,
from ∼55 to <5 min for Activ and from∼38 to ∼8 min for
the paste film. In contrast, the CA for a droplet on plain glass,
subjected to the same UVA/ozone process, remained largely
unchanged, showing that the very rapid PSH effect exhibited
by Activ and sol-gel titania films under similar conditions is
not due to ground state, or UV excited, ozone reacting with the
surface of the substrate supporting the water droplet. Instead,
in the latter systems, ozone appears to be acting as a super
sacrificial electron acceptor. Note that the combination of UVC
and ozone renders all three substrates superhydrophilic with a
few minutes of irradiation due, most probably, to the highly
effective oxidizing action of electronically excited ozone. The
suggestion that ozone is a more effective SEA than oxygen in
semiconductor photocatalysis is not without precedent, as ozone

in combination with UVA light has been shown to increase the
rate of photocatalytic decomposition of toluene.28

Also notable from the data illustrated in Figure 4a is that the
considerable (ca. 38 min) delay time observed in the CA vs
time profile for an Activ film irradiated in O2 with UVA is
eliminated, and the maximum rate of PSH is increased when
ozone is present, i.e.,-rmax[UVA/ozone] ()14.8 deg min-1)
. -rmax[UVA/O2] ()2.0 deg min-1)), presumably reflecting
the marked increase in the rate of the photocatalytic mineraliza-
tion of the surface organic species brought about by the presence
of the super-electron acceptor, ozone, and the negative correla-
tion betweenrmax andδ, noted earlier. Note also in Figure 4b
that the CA vst profile for the much thicker, and so more UVA
absorbing, paste titania film exhibits no real delay time in the
absence or presence of ozone, i.e.,δ ≈ 0 min, although the
rate of PSH is much faster (compare-rmax[UVA/O2] ()1.3 deg
min-1) to -rmax[UVA/ozone] ()5.1 deg min-1)) in the latter
case. Presumably, this lack of a delay, and consequent generation
of a hyperbolic decay in CA, is due to the titania paste film’s

Figure 4. (a) CA vs UVA irradiation time for hydrated oxygen (B) and ozone (0) atmospheres with Activ samples, and UVA/ozone for plain
glass (+) [Activ: UVA/O 2, -r i ) 0.27 deg min-1; UVA/ozone,-r i ) -rmax ) 14.8 deg min-1] [plain glass: UVA/ozone,-r i ) 0.10 deg min-1].
(b) CA vs UVA irradiation time for pure oxygen (O) and ozone (B) atmospheres for sol-gel paste films [UVA/O2, -r i ) -rmax ) 1.3 deg min-1;
UVA/ozone,-r i ) -rmax ) 5.1 deg min-1].
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much greater photocatalytic activity compared to Activ, due to
its greater absorbance of UVA light (f ) 0.83, cf. 0.07 for
Activ). It also shows that above a certain PSH activity, as
measured by-rmax, the delay time is zero and so is no longer
correlated with-rmax, for films not deliberately contaminated
with hydrophobic organics.

PSH on Deliberately Contaminated Titania Films. As
noted above the thick titania sol-gel films do not exhibit any
delay in their CA vst plots, even in the absence of ozone, see
Figure 4b, and follow a more conventional hyperbolic profile,
as would be expected for films of high activity, which absorb
strongly any incident UV light, based on the photocatalyst model
of PSH. In contrast, and as indicated earlier, thin titania films
and/or low incident UV light intensities have been shown to
give rise to such nonhyperbolic CA vs irradiation time profiles
and appear associated with low rates of PSH.19,23 Interestingly
and not surprisingly, such nonhyperbolic CA vst profiles can
be effected by using very active, thick, sol-gel films, even in
an ozone-containing environment, through the application of a
stearic acid (SA) film onto the substrate’s surface before water
droplet deposition, as shown by the CA vs UVA irradiation
time profile in Figure 5. Figure 5 also illustrates the variation
of the integrated area under the FTIR peaks due to the SA layer
on the same thick paste titania film, i.e., Aint vs UV irradiation
time. This concomitant monitoring of the SA layer by FTIR on
an identical film shows that there is a strong correlation between
the end of the induction period- characterized by a sudden
wetting process- and the removal of the final, FTIR-detectable,
traces of the stearic acid layer. These results appear to lend
support to the elegant work of Yates et al.16 and their proposal
that such delay periods are due to organic film contaminant
removal by photocatalysis.

PSH and Salt Doping of Water Droplets.In the previous
section ozone was seen to increase the rate of PSH by acting as
a super, i.e., much more effective than O2, sacrificial electron
acceptor, and no PSH effect was observed on Activ and sol-
gel samples in the absence of an electron acceptor such as ozone,
or atmospheric oxygen. These results raise the following
question: Does the electron acceptor have to be oxygen or
oxygen-containing, or can it be another SEA? Certainly in some
examples of semiconductor photocatalysis, i.e., reaction 1, other

SEAs have been used with great effect.29 Thus, in this work
the role of electron-acceptor in PSH was investigated further
by dissolving various salts in the water used to generate the
deposited water droplets. Thus, water droplets containing 0.1
M sodium persulfate (an SEA), potassium chloride, and sodium
dithionite (an oxygen scavenger) were each, in turn, deposited
onto an Activ titania film. As shown in Figure 6a all three salt-
containing drops made the PSH process faster, i.e., typically
reaching a CA< 5° in <10 min rather than the usual∼18 min,
in 100% RH oxygen. The CA vst profiles generated by this
work suggest that having an electrolyte in the water droplet
accelerates the photocatalytic process and thus the rate of PSH.
The fact that the electrolyte may also act as either an SEA (as
in the case of persulfate) or a scavenger of O2 (as in the case of
dithionite) in the water droplet appears to make no difference
to the kinetics of PSH. These results imply that PSH depends
more on what happens to the surface surrounding the water
droplet rather than underneath the droplet itself.

Possibly of greater initial surprise is the observation that PSH
is not exhibited by Activ with use of any of the different salt-
containing droplets under an anaerobic, rather than oxygen,
atmosphere. This is surprising because sodium persulfate is a
proven effective SEA for the TiO2-sensitized photooxidation
of organics in water,29 so if the photocatalytic model of PSH is
correct, persulfate’s presence in a water droplet, in an otherwise
anaerobic atmosphere, should allow any organic material directly
beneath the water droplet to be destroyed, effectively burning
a hole into any underlying organic film. Given this, initially it
seems odd that the water droplet does not spread, i.e., no PSH
activity is exhibited, when a persulfate droplet is UV irradiated
under anaerobic conditions. However, a possible reason for the
persulfate-containing water droplet not spreading would be that,
apart from underneath the water droplet, the surrounding titania
film would, presumably, remain covered with a thin, albeit
undetectable (by FTIR at least), layer of organic material that
renders it hydrophobic, as indicated by the schematic illustration
in Figure 6b. Support for the above “hole-burning” model, as
illustrated in Figure 6b, was provided by a demonstration that
persulfate is able to effect readily the complete cleaning of the
surface of an Activ sample of the hydrophobic organics by
semiconductor photocatalysis under anaerobic conditions, thereby

Figure 5. CA (() and FTIR (0) integrated area,Aint, measured from 2700 to 3000 cm-1, versus UVA irradiation time for stearic acid coated paste
film in an ozone-containing (1700 ppm) oxygen, water-saturated atmosphere. A blank of a stearic acid-coated paste film treated with only ozone
produced no change in integrated area over 30 min.

6014 J. Phys. Chem. C, Vol. 111, No. 16, 2007 Mills and Crow



rendering it superhydrophilic. This was achieved by preirradi-
ating an Activ film, submerged in an anaerobic, 0.1 M persulfate
solution, with UVA light. The results of this work showed that
the titania film was rendered superhydrophilic by this process
whereas, in contrast, films which had been treated similarly,
but with 0.1 M KCl or sodium dithionite as the immersion
solution, retained their initial hydrophobic character.

Conclusions

Contact angles were measured in situ during irradiation with
UVC and UVA to generate both hyperbolic (on thick paste
films) and nonhyperbolic (on Activ) profiles. Ozone, or the
presence of an electrolyte in the deposited droplet, increases
the rate of PSH on Activ TiO2 substrates significantly. In
contrast, the combination of UVA and ozone revealed plain glass
to have no PSH activity, indicating that ozone acts as a super-
electron acceptor that is able to enhance significantly the PSH
activities of titania-based films. The deposition of a thin film
of stearic acid causes a delay in the onset of the usual rapid
drop in CA as a function of UV irradiation time. Concomitant
monitoring, by FTIR, of the stearic acid layer revealed a strong
correlation between its final removal and the sudden wetting
on a TiO2 film, i.e., the onset of PSH. PSH was not observed
for samples of Activ using sodium persulfate-doped droplets
in a deoxygenated atmosphere, but when such samples were
preirradiated in a deoxygenated solution of persulfate, they were
rendered superhydrophilic; showing that persulfate can be used
as a replacement for oxygen as an electron acceptor in PSH.
The combination of all these results appears to provide strong
support for the Yates et al.16 model of PSH, namely that it is

simply a manifestation of the well-established photocatalytic
mineralization of hydrophobic organic material and that most
pristine, polycrystalline titania films, such as those found in
commercial, self-cleaning glass, are intrinsically superhydro-
philic, due to the van der Waals-London forces, hydrogen
bonding, and electrostatic interactions.30

It can be argued that, as all the experiments reported above
were carried out at a 100% RH, a photocatalytic water
chemisorption mechanism for PSH cannot be ruled out.
However, work carried out with the high boiling point, not easily
oxidized, polar liquid, DMSO, as the droplet medium, in the
absence of water vapor, showed that the titania films continued
to exhibit a clear PSH effect. This observation, and the
observation of PSH with use of water droplets in an ambient
oxygen atmosphere of 0% RH, appears at odds with a photo-
catalytic water chemisorption mechanism.
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1. INTRODUCTION

Titanium dioxide films have been widely observed to become
superhydrophilic, that is, water droplet contact angle < 5◦,
when exposed to ultraviolet (UV) light, a phenomenon
termed photoinduced superhydrophilicity (PSH) [1–7]. Its
effects have been pivotal in the development of self-cleaning
surfaces for glazing and other applications, but the precise
mechanism by which this change is effected remains the
subject of some debate, although it is clear that PSH is
initiated by the photogeneration of electron/hole pairs and
their migration to the surface. An essential feature of the
overall PSH phenomenon is not only the initial, photo-
induced hydrophobic to hydrophilic change, but also the
reverse, dark process, whereby a superhydrophilic titania film
recovers its original hydrophobic form. Any mechanism of
PSH must embrace both the light-induced superhydrophilic
process and the dark hydrophobic recovery step.

In 1985 Kume and Nozu of Nihon Itagarasu, Japan
reported that sheet glass coated with TiO2 had the ability to
stay clean by “. . .rapidly and automatically decomposing and
removing organic stains adhered to the glass surface. . .” [8].
Most importantly, part of their patent application involved
the observation that the contact angle made by a water

droplet on the glass, that is, CA, was reduced as a function
of UV irradiation time. This appears to be the first clear
claim of a PSH effect relating to titania films on glass and
explanation for the effect, namely, it is due to the removal of
hydrophobic organic stains on the surface, via the following,
well-established, photocatalytic oxidative (PCO) process:

organic + O2
TiO2−−−−−→

hν≥3.2 eV
minerals

(
e.g., CO2 and H2O

)
. (1)

In contrast, in 1997, Wang et al. [6], reporting on the UV-
induced PSH of TiO2/SiO2 films, proposed that the effect
was not due to PCO but rather the dissociative adsorption
of water at surface defects created by UV light [9]. The
defects, it was suggested, were formed by the trapping of
holes at bridging oxygen lattice points close to the surface,
the Ti4+ sites being reduced to Ti3+ by the electrons and
oxygen atoms being ejected to form vacancies [10]. The
oxygen vacancies were thought to cause an increase in the
adsorbed hydroxyl group density and lead to the formation
of hydrophilic regions. It was proposed that storage in
the dark, in the presence of oxygen, removed the defects
replacing the chemisorbed hydroxyl groups with oxygen
and so returning the surface to its original hydrophobic
state. A very simple summary of this surface reorganisation
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mechanism for PSH is as follows:

≡Ti−O− Ti≡+H2O
O2,hν≥EBG←−−−−−−−−−−−−−→

dark
≡Ti−OH HO− Ti≡ .

(2)

It has been suggested that the above mechanism is specific
to only a few materials of which titania is most notable,
for example, it is not exhibited by silica substrates, that
is, glass. This photo-induced surface reorganisation (PISR)
model of PSH has received support from a number of
different studies including examination of the creation of
Ti3+ defects on single-crystal rutile TiO2 using XPS [11];
FTIR measurements that reveal anatase TiO2 is able to
adsorb water reversibly upon UV irradiation [10]; and AFM
studies which show apparent “roughening” of the surface
as a result of UV exposure (attributed to defect formation)
[12]. The importance of bridging oxygen, an integral part
of the PISR model, has also been illustrated using rutile
single crystals, with the (001) face—which does not feature
bridging oxygens—showing the least propensity to photo-
induced hydrophilic change [10, 13].

Recently, support for the more simplistic PCO model
of PSH, based on reaction (1), namely, the photocatalytic
removal of hydrophobic organic surface contaminants, has
increased with a number of different groups reporting
evidence for this model using test hydrophobic surface
contaminants such as trimethyl acetate [14] and hexane
[15], and the detection of previously unobserved layers of
hydrocarbons on titania surfaces [16]. These results have
presented a significant challenge to the PISR model of PSH.

Key to any model of PSH is an explanation of the dark
recovery step, and significant support for this aspect of the
PISR model of PSH effectively a dark, dehydration step (see
reaction (2)) has been provided by studies [10, 17, 18] which
show that titania films regain their original hydrophobicity
at an increased rate when stored at increased temperatures
[18, 19] or under an evacuated (H2O free) atmosphere
[17]. The PISR model rationale behind this is that heat
and vacuum cause the metastable water/hydroxyl groups,
responsible for the superhydrophilic surface of titania, to
dissociate more quickly. It has also been demonstrated that
hydrophilic TiO2-glass films exhibit a measurable increase in
contact angle when subjected to ultrasound [20]. The use of
ultrasound to render a superhydrophilic film slightly more
hydrophobic was interpreted initially by advocates of the
PISR model as being due to the reoxidation of the surface
by sonically produced OH radicals [20], but more recently as
simply the breaking down of the photo-induced hydrophilic
metastable state by an external stimulus [18]. A similar
interpretation has been used to explain the effect of wet
rubbing [21], which reconverts superhydrophilic titania to its
original hydrophobic state via a mechanochemical effect.

In this paper, the effects of UV/O3, heating, and strong
acid pretreatment on initially hydrophobic samples of Activ
and plain glass were studied. In addition, the effects of
vacuum, ultrasound, and rubbing on the wettability of clean,
superhydrophilic samples of titania-coated, self-cleaning
glass (Activ), and plain glass were examined and the results

discussed in terms of the two different mechanisms of the
PSH effect.

2. EXPERIMENTAL

All reagents, unless otherwise stated, were supplied by
Aldrich and used as received. The titania-coated substrates
used in this work were 2 cm × 2 cm Activ samples, supplied
by Pilkington Glass, comprising 4 mm thick float glass coated
with an approximately 15 nm layer of TiO2, deposited by an
inline CVD process [22]. The reverse side of Activ provided
the samples of uncoated float-glass used in all “plain glass”
blank experiments. Additional experiments revealed no
difference in behaviour between that of the reverse side of
Activ and uncoated float glass samples. Typically, all glass
samples, that is, Activ or plain, were cleaned with chloroform
and left in a sealed box in the dark for in excess of one month
before use. Unless otherwise stated, both types of glass were
rendered superhydrophilic by pretreating with UVC/ozone,
effected by irradiation with 2 × 6 W UVC (254 nm) bulbs
(Vilber-Lourmat, Torcy, France), irradiance ∼1 mW cm−2,
in a water saturated, that is, 100% relative humidity (RH),
oxygen atmosphere containing ∼1700 ppm ozone, produced
by a corona-discharge ozone generator (OZ500, Dryden
Aqua, Edinburgh, UK).

Other pretreatment methods used included a heat-
treatment process, using a muffle furnace, in which the
samples were kept at the desired temperature for 1 hour
before removing to cool to room temperature in a covered
Petri dish. Aqua regia was also used as a pretreatment
method and involved immersing the samples for 1 hour in
the aqua regia before being removed, rinsed with doubly-
distilled, deionised water and dried in a stream of cylinder
air.

Water droplet contact angles, CAs, were measured using
an FTA100 system comprising a CCTV camera interfaced
with a computer, which provided a continuous stream
of images of any water droplet after its initial deposition
onto the surface of the substrate under test. Droplets were
deposited using a 500 µL Gastight (Hamilton) syringe, via
a 30-gauge stainless steel needle with 0◦ bevel (Kahnetics),
which deposited reproducible 5 µL water droplets. The
software package associated with the instrument allowed
calculation of the contact angle made by the water droplet
deposited on the substrate by curve fitting the droplet image
outline. Three droplets were deposited per sample and the
average of the contact angles determined with a typical
variance of <5%.

The study of the kinetics of contact angle recovery
of samples held under vacuum was carried out using a
vacuum desiccator connected to a vacuum line. Noncovered
samples were simply left on the benchtop in a light-free
laboratory. For the investigation of ultrasonic (US) recovery,
samples of superhydrophilic Activ or glass were immersed
in doubly-distilled, deionised water and placed in a US bath
(VWR model: USC100T). All glassware for this section was
thoroughly cleaned with chloroform and rinsed with water
before use. Sample handling was carried out using plastic
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Table 1: Table of water contact angles for Activ and glass samples
before and after pretreatment.

Pretreatment
method

Activ Glass

initial CA/◦ final CA/◦ initial CA/◦ final CA/◦

UVC/O(a)
3 71 <5 35 <5

Δ 500◦C(b) 70 <5 37 <5

Aqua regia(c) 70 <5 38 <5
(a)Samples irradiated by 2× 6 W UVC bulbs in ∼1700 ppm O3 for 1 hour.
(b)Samples heated to 500◦C and held at temp for 1 hour before cooling under
Petri dish.
(c)Immersion in 25 mL aqua regia for 1 hour before rinsing and drying.

forceps and the samples were dried with compressed air from
a cylinder.

3. RESULTS AND DISCUSSION

3.1. Pretreatment cleaning methods

The combination of short wavelength ultraviolet light and
ozone to create electronically excited ozone, O∗

3 , a very
effective oxidising agent, is well documented in its use for
destroying organic materials and scouring the latter from
surfaces such as semiconductor wafers [23, 24]. Recent work
by this group has found that the combination of UVC and
ozone as a pretreatment produces a superhydrophilic surface
on Activand plain glass. These findings imply that the intrin-
sic state of a titania film or pristine glass is superhydrophilic,
as indicated by other work on both plain glass [25] and
titania [26]—such as found on Activ—and that this state
requires simply the removal of all surface contaminants,
particularly hydrophobic organics for its production.

The finding that UV/O3 pretreatment renders Activ
superhydrophilic fits in with both the PSIR and PCO
models of PSH. However, the observation that plain glass
is also rendered superhydrophilic indicates that the initial
hydrophobic nature of the plain glass, and most probably
Activ, is due to contamination of the surface by hydrophobic
organics, at a level too low to be detected by simple
FTIR. Thus, there appears no need to invoke a surface
reorganisation mechanism, that is, PISR to explain PSH in
titania, since the above results imply any oxidative process
that removes hydrophobic surface organics, such as UVC/O3,
will render the surface of titania and glass superhydrophilic.
The typical water droplet contact angles of plain and Activ
glass samples before and after UV/O3 treatment are given in
Table 1.

A series of experiments were carried out to investigate a
variety of other oxidising pretreatment methods, including
heating and strong acid immersion, to ascertain if all were
able to render Activ and plain glass superhydrophilic (i.e.,
CA < 5◦). Thus, heating Activ and plain glass at different
temperatures and testing their hydrophilic natures, via CA
measurements, produced the results illustrated in Figure 1.
These results show that for both substrates, the CA decreases
with increasing temperature, with glass falling from an initial
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Figure 1: Plot of contact angle versus pretreatment temperature for
Activ (◦) and for glass (•).

contact angle, CAi, ∼35◦ to <5◦ by 300◦, and Activ from
CAi∼70◦ to <5◦ by 550◦.

That the titania substrates become hydrophilic with heat
treatment appears at odds with the PSIR model of PSH, that
is, reaction (2), which suggests that the dark dehydration
process should be promoted by high temperatures [27],
leading to either no change, or an increase in its hydrophobic
nature and not, as observed in Figure 1, a decrease. Instead,
the results in Figure 1 indicate that the initial hydrophobic
character of Activ and plain glass is due to organic sur-
face contaminants that are readily oxidised by high-heat
treatment to reveal the intrinsic superhydrophilic nature of
glass and titania films. From the data in Figure 1, it appears
that the plain glass samples become hydrophilic at lower
temperatures than Activ, probably due to a lower level of
contamination on glass, which is much smoother than the
titania films, rendering the latter more susceptible to organic
adsorption.

In a final set of experiments, Activ and plain glass samples
that were initially hydrophobic were pretreated with the very
oxidising reagent, aqua regia, and all found to be rendered
superhydrophilic (see Table 1).

From the above results, it appears that all three methods
of pretreatment, that is, UVC/O3, heat (>550◦C), and
aqua regia are able to effect the conversion of both Activ
and plain glass samples from an initial hydrophobic state
to a superhydrophilic state. All three methods use very
strong oxidising agents/conditions to render plain and Activ
glass samples superhydrophilic, most probably due to the
oxidation of any surface hydrophobic organic species. These
results provide significant support for the PCO model of PSH
and reveal that the pristine, that is, organic-free, surfaces of
these materials are superhydrophilic.

3.2. Studies of the “dark” hydrophilic to
hydrophobic process

The “dark” recovery of contact angle, that is, the regeneration
of hydrophobicity, exhibited by superhydrophilic titania
films has been widely reported [10, 17, 22, 28], and opinion
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Figure 2: Water droplet contact (CA) angle versus exposure time
in an evacuated atmosphere for Activ (◦) and glass (•); CA
measurements recorded under ambient conditions.

over its cause is polarised between a recontamination of
the surface by airborne organics (the PCO model of PSH)
and the reverse of reaction (2), that is, a dehydroxyla-
tion/dehydration process on the surface of the titania (the
PISR model of PSH). Work carried out by others [17]
shows that superhydrophilic samples of titania become more
hydrophobic when stored in an evacuated atmosphere. These
results are interpreted as providing strong evidence of the
PISR model, in which vacuum storage accelerates water
desorption and therefore CA recovery in superhydrophilic
samples of titania. In replicating this work, we also found
that the CA of Activ increases markedly when the samples
are stored under vacuum, but also, and more revealing, that
plain glass exhibits the same feature, although to a lesser
extent. These results, illustrated in Figure 2, indicate that
the phenomenon of the CA increasing for superhydrophilic
titania films held under vacuum—used to support the
“surface reorganisation” model, that is, reaction (2)—is not
specific to titania films but is also exhibited by plain glass and
so not likely to be associated with a PISR mechanism, which
is attributed to titania but not to glass. Instead, the more
likely explanation is that it is due to organic contamination
of a clean surface, that is, glass or titania in this work,
produced by exposing the sample to air when making the CA
measurement after storage in a vacuum.

The effect of airborne contamination of a pristine, super-
hydrophilic glass, and Activ surface was demonstrated by
leaving two freshly prepared samples out on the bench
and monitoring the change in CA as a function of time.
The results of this work are illustrated in Figure 3, from
which it is clear that, on the open bench, a pristine,
superhydrophilic sample of glass, or Activ can be rendered
noticeably hydrophobic within few hours of exposure. Note
that, as expected from its lower surface roughness, over the
same time plain glass is rendered less hydrophobic than Activ
due to this surface contamination. Simple IR analysis of these
glass samples revealed no indication of contamination of
their surfaces by hydrophobic organics, implying that the
level is very low and below that detectable by conventional
FTIR spectroscopy.
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Figure 3: Variation in CA versus time for initially pristine
superhydrophilic sample of Activ (�) and glass (�) under ambient
laboratory conditions.

Table 2: Table of water contact angle for Activ and glass samples
before and after either sonication or immersion for 10 minutes in
deionised (DI) water.

Treatment
Activ Glass

initial CA/◦ final CA/◦ initial CA/◦ final CA/◦

Sonication for 10
minutes in DI water

<5 8.9 3.8 8.2

DI water immersion
for 10 minutes

<5 6.4 4.3 5.3

Previous work carried out by others [20] has shown that
a superhydrophilic titania film is rendered more hydrophobic
upon exposure to ultrasound (10 minutes). In another
set of experiments, both glass and titania films, rendered
superhydrophilic by treatment with UVC/O3, were placed
in high-purity water in clean beakers and treated with
ultrasound. The measured CAs of these samples before and
after exposure to ultrasound are given in Table 2 and show
that for both samples upon sonication the CA rises slightly,
by 3–5◦, whereas without sonication the CA remains largely
unchanged. These results imply that the effect of ultrasound
on superhydrophilic films, be they glass or titania, is very
small and most probably due to a roughening of the
substrate, and/or some organic contamination. This effect
is, once again, not specific to titania and would have been
expected if the PISR model was appropriate.

Other work shows that any wiping or rubbing of a
pristine superhydrophilic glass or titania film using a tissue
or cloth renders the film hydrophobic, and this is attributed,
once again, to organic contamination of the surfaces of these
substrates. It appears unlikely that rubbing is able to effect
the reverse of reaction (2) via a mechanochemical effect as
claimed by others [21] since plain glass is affected in the same
way as titania.

4. CONCLUSIONS

UV light is well known to render titania samples superhyd-
rophilic, but this can also be effected for glass and titania
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films by the combination of UVC and ozone or pretreatment
with a highly oxidising solution (e.g., aqua regia) or by
heating at T > 500◦C, suggesting that a common process
is responsible for the cleaning of both substrates, namely,
the removal of adventitious hydrophobic organic surface
species via oxidation. These findings indicate that the
pristine surfaces of plain glass and titania are intrinsically
superhydrophilic and imply that the photocatalytic oxidation
of organics on titania (PCO) is the most likely cause of the
PSH effect.

Investigations of the recovery of the initial hydropho-
bicity exhibited by untreated titania or plain glass showed
that, once rendered superhydrophilic, the dark hydrophilic
to hydrophobic process is exhibited by both titania and
plain glass films and is most likely due to contamination by
airborne, hydrophobic organics. Thus, storage of titania or
plain glass under vacuum, or on the open bench, leads to a
noticeable increase in CA. The effect of ultrasonic treatment
on contact angle recovery is very small for both plain and
titania-coated glass, and probably due to surface roughening.
Rubbing or wiping the hydrophilic plain glass or titania films
produces a marked rise in hydrophobicity and is attributed
to contamination of the surfaces by hydrophobic organics.

The work presented here provides further support for the
proposal that the PSH effect is due to the UV-driven removal
of hydrophobic surface organics by PCO, and the dark, slow
readsorption of airborne organics.
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