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Abstract 

This thesis is concerned with the development of more appropriate and sensitive testing 

methods to enable the analysis and comparison of photocatalytic ability for photocatalytic 

materials with a range of activities. A significant part of this thesis is dedicated to the 

development and examination of the ISO 22197-1:2016 for NO removal (NO ISO) using 

commercial “self-cleaning” materials, including the impact of the formation of a surface layer 

of HNO3, resulting in decreasing NO and NOx removal activity with increasing irradiation time. 

In addition to this the effect of accelerated weathering on the NOx removing activity exhibited 

by exterior photocatalytic paints is explored, this work was carried out in collaboration with 

Prof. J. Krysa at UCT in Prague. Throughout this work it was found that no 

significant photocatalytic activity occurred without “standard” accelerated weathering 

(cycles of 0.76 mW cm-2, 8 h at 50 oC, followed by 4 h at 60 oC in the dark), although two 

samples were also activated by ‘condensation-only’ weathering (cycles of 4 h at 60 oC in the 

dark), due to the initial loss of surface silicate binder. 

A supersensitive test (SST) for photocatalytic activity was developed to assess the activities 

of materials that show little, if any activity when tested using the NO ISO. An expression is 

derived which relates rate, thereby photocatalytic activity, directly to the average %

NO removed, measured under either standard ISO or SST conditions, where the latter 

value is directly related to the photocatalytic area, A, and the reciprocal of the flow rate, 

1/f.  This relationship allows all %NOrem values < 25%, measured using either standard 

ISO or SST conditions, to be combined to create a universal scale of photocatalytic 

activity. This work identified commercial photocatalytic materials, such as tiles, that were 

of such low activity that even this test was unable to measure the activity leading to the 

development of a new silver ion photocatalytic activity indicator ink, paii that can probe 

even very low activity photocatalytic materials via a striking colour change from 

colourless to brown-black upon illumination with UV light. During this work, it became 

apparent that the photodeposition of Ag metal onto commercial photocatalytic films such 

as that on self-cleaning glass, could be used to produce highly conducting wires, 

investigated initially for demisting purposes. A study of Ag-particle growth on sol-gel TiO2 

films demonstrated the necessity of overlapping island growth of the Ag-particles to enable 

conduction.  
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1 Introduction 

1.1 Semiconductor Photocatalysis (SPC) 

Semiconductor photocatalysis (or heterogeneous photocatalysis), i.e. SPC, can be defined as 

the activation of a semiconductor with artificial light or sunlight. When exposed to light, the 

semiconductor absorbs photons with sufficient energy to promote electrons from the 

valence band to its conduction band, thereby creating electron-hole pairs. [1,2]  

The foundational theory of semiconductor photocatalysis was developed in the 1960’s by 

Gerischer and Pleskov [3]. In 1972, Fujishima and Honda [4] highlighted an important feature 

of semiconductor photocatalysis namely its ability to split water into hydrogen and oxygen 

upon solar light irradiation. This discovery identified a novel route to the solar generation of 

a clean fuel source (as opposed to fossil fuels) and promoted a myriad of other potential 

applications of SPC.   

In recent years, the areas of application of SPC are as diverse as: the photo-oxidative 

mineralisation of volatile and non-volatile organics and inorganics (especially NOx), 

photoinduced superhydrophilicity and photosterilisation [5]. Current commercial 

photocatalytic products include: (i) self-cleaning glass [6], concrete [7], plastic tent/awning 

materials [8] and tiles [9], (ii) odour-removing paint for indoor applications [10], (iii) NOx 

removing paint [11], concrete and tiles for exterior applications, (iv) photo-induced sterile 

surfaces (ceramics and metals) [12], (v) water and air purification units [5] and (vi) defogging 

mirrors [5]. These materials, usually contain a semiconductor photocatalyst (TiO2), deposited 

as a thin film over the surface or dispersed throughout the material (e.g. concrete and paper). 

The most important properties of semiconductor photocatalysts, include their chemical 

composition, physical properties, and band structure (band gap, band edges/band edge 

offsets, and Fermi level). Ideally, a semiconductor photocatalyst should be photocatalytically 

active whilst chemically and biologically inert, abundant at a low cost, simple to prepare, and 

activated by sunlight. 

One of the most popular photocatalysts used in research and most commercial 

photocatalytic products is titanium dioxide (TiO2), a white, inorganic compound which is 

stable, inexpensive, and non-toxic. Thus, titanium dioxide satisfies all the desired features of 



3 

an ideal semiconductor photocatalyst, with the exception that, as TiO2 has a large band-gap 

(i.e. Ebg is usually ca. 3.2 eV, as anatase TiO2 is the usually preferred crystalline form in 

photocatalysis), it is only activated by UV light [13], therefore only a small fraction, ca. 5%, of 

the solar spectrum. Despite this titanium dioxide has become the most prevalent 

semiconducting material to use in the field of semiconductor photochemistry. 

Its dominant position extends not only to basic research but, more importantly with respect 

to this thesis, to commercial applications. TiO2 is widely used throughout the world with 

various applications, the recent trends of these applications of TiO2 are shown in Figure 1.1.  

Figure 1.1: Proportion of the use of TiO2 [14] 

1.2 Features of Semiconductor Photochemistry 

A semiconductor is a type of material that has an electrical resistance which is between the 

resistance of an insulator (no electrical conductivity) and that of a conductor (low resistance 

to electrical conductivity). 

The band gap, Ebg, is the difference in energy between the valence band of electrons and the 

conduction band. This gap represents the minimum energy, ΔE, that is required to excite an 

electron up to a state in the conduction band where it can participate in a reduction reaction. 

For a semiconductor, absorption of a photon of energy ≥ Ebg results in the promotion of an 

electron, e-, into the conduction band from the valence band. This in turn produces a vacant, 
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positively charged, electron hole h+ in the valence band, which can participate in an oxidation 

reaction. 

Figure 1.2, illustrates a band theory representation of a semiconductor. Thus, as the number 

of monomeric units, N, in a particle increases, “bands” of electronic energy levels are formed 

due to the energy level splitting of the energy levels in the highest occupied molecular 

orbitals (HOMO) and in the lowest unoccupied molecular orbitals (LUMO). The diagram 

shows that as the number of units increases, the band gap, Ebg, separating the highest 

occupied band (valence band) and the lowest unoccupied band (conductance band) 

decreases, thereby lowering the energy required to photoexcite the particle.  

Figure 1.2: A molecular orbital diagram demonstrating the change in the electronic structure of a semiconductor 

compound as the number, N, of monomeric units present increases from 1  to clusters of more than 2000, resulting 

in a band gap.[3] 

Although TiO2 is by far the most utilised semiconductor within literature, a number of other 

semiconductor materials have been examined as potential photocatalysts, including WO3, 

CdS, ZnO and Fe2O3 [15]. Each of these materials have a different band gap (see Figure 1.2) 

and, therefore, require different wavelengths of light to generate an electron-hole pair. 
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1.3 Semiconductor Photocatalyst Self-cleaning Materials 

Currently, photocatalyst-based self-cleaning architectural materials is one of the most wide-

spread applications of SPC. There are already a great number of buildings worldwide which 

have utilised such materials including the Jubilee Church in Rome [16] and the Torre de 

Especialidades, a Mexican hospital [17]. In 2003, the sales of photocatalytic building materials 

accounted for 60% of the whole photocatalytic market share in Japan [18]. Interestingly, the 

very first house with self-cleaning exterior surfaces was Fujishima’s [19] as in the Fujishima – 

Honda cell. [4] Figure 1.3 below, illustrates some well-known examples of commercially 

available self-cleaning materials. 

Figure 1.3: Examples of commercial applications of semiconductor photocatalysts utilised as self-cleaning 

materials; (a) self-cleaning concrete, Jubilee Church, Rome, [16] (b) self-cleaning tile, Torre de Especialidades, 

Mexico [17] (c) self-cleaning ACTIV glass, Pilkington, [6] (d) self-cleaning cotton fabric, China [20] (e) self-cleaning 

tile, Vanke Pavilion. [21] 

Photomineralisation is the key photocatalytic reaction in many commercial photocatalytic 

materials, briefly it is the oxidation of an adsorbed organic ‘test’ pollutant to its minerals by 

oxygen [22,23], this reaction is discussed in detail in the next section. It has been shown that 

select semiconductors, such as TiO2 are capable of effecting complete mineralisation of a vast 

range of organics including alkanes, alkenes, haloalkenes, aromatics, haloaromatics, 

insecticides, pesticides, detergents, and dyes [3,24–26] as well as biological species, such as 

bacteria, viruses, algae and mould [5,27]. The species may be gaseous (e.g. VOCs and NOx), 
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solid (such as: stearic acid and soot) or dissolved in aqueous solution (e.g. 4-chlorophenol or 

methylene blue) [28] resulting in a wide range of applications.  

The creation of products to effectively utilise photomineralisation span over different 

industries and can be categorised via general function, most using anatase TiO2 as the chosen 

semiconductor. Table 1.1 highlights some examples of these materials and their main 

categories. 

Table 1.1: A table demonstrating the semiconductor function and the relevant commercially available products 

via category. 

Categories Commercially Available Products Function 

Exterior 
Construction 
Materials 

Exterior paints [29], coated glass [6], coated tiles and 
porous ceramics [9], coated or embedded concrete 
[30], coated or embedded fabrics (usually awnings) 
[31], coated or embedded plastic films [32] 

Self-cleaning 

Interior 
Furnishing 
Materials 

Tiles [33], window blinds [34], paints [10] 
Self-cleaning, 
Antimicrobial 
coatings 

Water 
Purification 
Materials 

Aqueous dispersions of TiO2 powders [35] 
Self-cleaning, 
Antimicrobial 
coatings 

1.3.1 Photomineralisation 

The most common method that commercially available “self-cleaning” products achieve a 

“self-cleaning” effect is through a process defined as photomineralisation, which leads to the 

degradation of organic contaminants. This is the transformation previously highlighted, 

where pollutants are transformed into their mineral acids and CO2 via the coupled 

concomitant reduction of O2 to H2O.  

Pollutant +  O2  

𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
⟶

ℎ𝜈 ≥ 𝐸𝑏𝑔

CO2  + H2O +  mineral acids   (1.1) 

Many commercial examples of photocatalytic products that utilise this ability contain a 

coating of TiO2 nanoparticles on the surface of the material which render it “self-cleaning”.  
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Using the standard of anatase TiO2 (ΔE = 3.2 eV) as an example a key set of photo-induced 

redox reactions that can occur on the surface of a particle of TiO2 upon UV irradiation are 

follows,  

𝑇𝑖𝑂2 + h𝑣 (≥ 𝐸𝑔) → ℎ𝑣𝑏
+ +  𝑒𝑐𝑏

−   (1.2) 

𝑒𝑐𝑏
− + 𝑂2  → 𝑂2

•− (1.3) 

ℎ𝑣𝑏
+ +  −OH → 𝑂𝐻•  (1.4) 

Thus, initially, absorption of light with energy greater than the band gap (Ebg) generates 

electron-hole pairs (reaction (1.2)). Often these electron-hole pairs recombine and generate 

heat, in this case no photoactivity occurs. However, as the photogenerated electrons and 

holes can migrate freely to the surface, they are then able to reduce a surface adsorbed 

electron acceptor and electron donor, respectively and so drive a photo-induced redox 

reaction.  

For TiO2 the conduction band electrons, e-, can reduce oxygen to form the superoxide 

(reaction (1.3)), and the valence band holes, h+ can oxidise surface hydroxyl groups (or water) 

to form hydroxyl radicals (reaction (1.4)) which can subsequently oxidise organic material in 

contact with the surface of the TiO2, to its mineral form, e.g. CO2 and H2O. A schematic 

illustrating these processes is given below in Figure. 1.4. The principles of redox 

photocatalysis are extensively reported within literature [25,36–39]. 

The rate of electron hole pair recombination compared with the generation of electron hole 

pairs largely determine the ability of a semiconductor to function effectively as a 

photocatalyst. Electron-hole recombination is promoted by defects in the semi-conductor 

material and thus most amorphous semiconductor materials show little if any photoactivity. 

Anatase TiO2 is commonly chosen preferentially as a photocatalyst over its rutile form due to 

its lower rate of electron hole pair recombination and much lower particle size, providing a 

greater surface area and greater opportunity for surface absorbed hydroxyl radicals to 

facilitate chemical reactions with the e-/h+ sites. 
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Figure 1.4: Schematic illustration of the major processes associated with the photomineralisation of organics by 

oxygen, sensitised by TiO2. (1) Ultra-band gap light generates electron-hole pairs. (2b) The photogenerated holes 

which migrate to the surface can react with surface hydroxyl groups to generate hydroxyl radicals. (3b) These 

radicals can then oxidise organic pollutants to their mineral form. (2a) The photogenerated electrons which make 

it to the surface can react with adsorbed oxygen (3a) to generate superoxide and subsequent other reactive species 

which can also oxidise organic pollutants. 

The overall process of semiconductor photocatalysis can be summarised as follows, 

D + A 

𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
→

ℎ𝜈 ≥  𝐸𝑏𝑔

 D+ +  A−  (1.5) 

where, D is an adsorbed electron donor,  A is an adsorbed electron acceptor and ℎ𝜈 is the 

energy of the incident light which must be greater than or equal to the bandgap energy of 

the semiconductor photocatalyst, 𝐸𝑏𝑔. If the change in Gibbs free energy for reaction (1.5) is 

positive, the overall process is an example of semiconductor photosynthesis. If, as is more 

common, the change in Gibbs free energy is negative, then it is an example of semiconductor 

photocatalysis. [3] 

1.4 Methods for Evaluating Photocatalytic Reactivity 

The rise of a growing and lucrative photocatalytic materials industry has led to a 

corresponding boom in the range of photocatalytic products. These new materials and 

products require standards by which their effectiveness can be assessed and compared. As a 
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result of this need, many  different ISO (International Organisation for Standardisation) tests 

have been developed and published [40–55], to assess the activities of the various 

photocatalytic surfaces, in terms of their ability to: (i) clean their surface, i.e. ‘self-cleaning’ 

materials, (ii) photo-oxidatively mineralise organic or inorganic pollutants in air or water 

and/or (ii) photo-sterilise the titania surface by destroying biological species, such as 

bacteria, algae, fungi and viruses. [56]   

The International Organisation for Standardisation is the world leading developer and 

publisher of standards, based in Geneva, Switzerland [5]. ISO standards aid manufacturers in 

the development and delivery of products to fulfil the desired characteristics defined by their 

customers, such as activity, robustness, appearance, and cost. This is advantageous to 

industry as set standards ensure their commercial products are competitive and effective, 

whilst providing quality control for consumers.  

Table 1.2 lists the main current UV-based, ISO photocatalytic standards, which are used to 

test photocatalytic materials, usually in film form, in terms of their ability to photo-

oxidatively mineralise pollutants, destroy biological contaminants and “self-clean”. 

Table 1.2: UV-based published ISO photocatalyst standards 

Type Test Method 1st Published ISO number Ref 

Self-cleaning 
H2O contact angle 2009 ISO 27448-1 [40] 

Methylene Blue 2010 ISO 10678 [41] 

Air-purification 

Nitric oxide 2007 ISO 22197-1 [48] 

Acetaldehyde 2011 ISO 22197-2 [49] 

Toluene 2011 ISO 22197-3 [50] 

Formaldehyde 2013 ISO 22197-4 [51] 

Methyl mercaptan 2013 ISO 22197-5 [52] 

Water-purification Dimethyl sulfoxide 2010 ISO 10676 [53] 

Biological 

Anti-bacterial 2009 ISO 27447 [54] 

Anti-fungal 2013 ISO 13125 [55] 

Anti-viral 2014 ISO 18061 [42] 

Anti-algal 2016 ISO 19635 [43] 

Others 

Light source 2011 ISO 10677 [44] 

Dissolved oxygen 2017 ISO 19722 [45] 

Total organic carbon 2019 ISO 22601 [46] 

Rz ink film reduction 2018 ISO 21066 [47]
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1.4.1 Removal of Nitric Oxide ISO 

Nitric oxide, NO, is widely used in the chemical industry as an important intermediate, being 

utilised in the manufacture of nitric acid, and as a stabiliser for propylene and methyl ether. 

However, it is also a known air pollutant and a component of smog, produced by the 

combustion of substances in air such as fuel in road vechicles and fossil fuels in power 

stations. Without the presence of a catalyst, NO is slowly oxidised to form toxic nitrogen 

dioxide by oxygen (t1/2 ∼ 70 h for 1 ppmv of NO in air) [56].  

The levels of NO in a busy London street, namely, Oxford Street in 2020, were reported to be 

ca. 200 ppbv, with peaks of 350-400 ppbv. [57] These values far exceed the recommended 

target NOx levels of 105 ppbv outlined by the latest EU directive to protect human health 

[58]. As it is a gas, the most likely route of exposure into the human body is inhalation and 

upon contact with skin and mucous membranes (in the eyes and lungs), it can cause massive 

irritation, leading to methemoglobin formation [59], which inhibits normal oxygen utilization. 

This can lead to a disease known as sick building syndrome with characteristics of fatigue and 

respiratory distress. 

The need to design methods or materials to reduce the levels of NO and its NOx counterpart, 

NO2  due to the threat not only to human health, but also the environment (NO contributes 

to the formation of acid rain) led to the development of materials based on semiconductor 

photocatalysis using functionalised building materials, typically based on TiO2. [60] 

In 2012, “Noxer” paving stones for NOx removal were installed in Cumbria, England [61]. 

Designed by Mitsubishi Materials [62], these environmentally friendly concrete paving stones 

are claimed to remove 0.13 mmol of NOx m−2h−1 [62] from the air at roadsides, converting it 

into nitric acid that can then be washed away by rain. 

The ISO 22197-1 [48] for the removal of NO has been established to provide a standard 

protocol for determining the NO and NO2 removal ability of functionalised building materials, 

typically based on TiO2. The details of the photoreactor used in the standard ISO 22197-1 for 

the removal of NO and the protocol therein are discussed in the experimental section of this 

body of work, Section 2.2.5. 
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The ISO 22197-1 protocol allows for a measurement of the photocatalyst’s overall ability to 

remove the oxides of nitrogen, i.e. NOx, supplied by an air steam mixed with NO (1 ppmv). 

To determine this ability, the difference between the total NO removed, n(NO)rem, and NO2 

generated, n(NO2)gen, during the irradiation period is calculated.  

The key photocatalytic reactions which take place over the TiO2 surface are: 

4NO + O2  +  2H2O 

TiO2

⟶
ℎ𝜈 ≥ 𝐸𝑏𝑔

4HNO2  (1.6) 

4HNO2 + O2  

TiO2

⟶
ℎ𝜈 ≥ 𝐸𝑏𝑔

4NO2 +  2H2O  (1.7) 

Although some of the NO2 and HNO2 escapes the surface, and so cannot be photocatalytically 

oxidised any further, a significant amount of NO is converted to HNO3. The accumulation of 

nitric acid on the surface promotes its photocatalysed reaction with NO that generates the 

toxic product NO2, [63,64] i.e., 

2HNO3 +  NO 

TiO2

⟶
ℎ𝜈 ≥ 𝐸𝑏𝑔

3NO2 + H2O  (1.8) 

A typical trace of nitric oxide removal for a commercially available product, Mitsubishi filter 

paper attained from following this ISO is illustrated in Figure 1.5, where the solid black line is 

the NO removed, the broken black line is the NO2 generated and the red line is the NOx 

removed. 
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Figure 1.5: Typical data set generated using commercially available Mitsubishi Filter Paper, i.e., NO removed (solid 

line) and NO2 generated (broken line), NOx removed (red line) during an NO ISO standard test (inlet [NO] = 1000 

ppbv).  

1.4.2 Current ISO Test Limitations 

The current ISO standards, although providing an advantageous means for industry to ensure 

their commercial products are competitive and effective, poorly serve many of the current 

commercially available products such as self-cleaning glass, plastics, and tiles. Focusing on 

commercial self-cleaning glass, such as ActivTM from Pilkington Glass [6] for example, only 

two of the standard ISO test’s, namely methylene blue (MB) degradation, ISO 10678 [41] and 

that for Rz ink film reduction, ISO 21066 [47] can be used. Further, for most commercial 

photocatalytic tiles (such as the Hydrotect, Deutsche Steinzeug [65]) and plastics (such as 

Purify 30 Mesh, Taiyo Kogyo Europe [8]), all of the existing ISO standards are inappropriate 

to assess the photocatalytic ability of these materials as they exhibit little or no response 

when tested. 

Thusly, the chief problem facing the current ISO standards for photocatalytic materials is the 

fact that most commercial products under test are low activity materials and therefore 

requiring rigorous testing of activity. Many “self-cleaning” photocatalytic glasses, plastics and 

tiles have been developed to preserve a clean surface over time, thus remaining cleaner over 

a longer time frame than their “normal” non-photocatalytic counterparts. Accordingly, in 

order to function well, such materials need only to remove a surface pollutant faster than its 

rate of deposition, which is usually very slow, i.e.  200 nm per day [66]. Furthermore, a 
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photocatalytic material must be robust and long-lasting, often this is achieved by designing 

the materials with smooth and non-porous coatings, hence reducing the reaction surface 

area, and consequently reducing the ability for photocatalytic processes to occur. The above 

discussion highlights the inability, under the guidance of the current existing ISO standards, 

to sufficiently characterise the range of ‘self-cleaning’ photocatalytic materials that are 

commercially available.  

Additionally, to readily compare the ability of photocatalytic commercial products when 

tested is extremely challenging. Let’s consider two benchmark photocatalyst films used 

throughout literature, namely self-cleaning glass (Pilkington ACTIVTM [6]) and a P25 TiO2 

(Evonik [12]) powder suspension sample. Although not as active as a film of P25 TiO2, ActivTM 

glass has vastly superior mechanical stability, for this reason ActivTM glass is suitable for test 

as mentioned previously through methylene blue (MB) degradation, ISO 10678 [41] and Rz 

ink film reduction, ISO 21066 [47], whereas the surface of P25 TiO2 is much too fragile to 

withstand the application of an ink draw-down via a doctor blade method. P25 TiO2 is 

however extremely well suited to assessment using the ISO 22197 for NO removal, whereas 

the activity of ActivTM glass is too low to provide consistently reliable results. This highlights 

the inherent inability that exists to compare commercial products when different ISO tests 

are used.  

1.5 “Self-Cleaning” Paints 

Many commercial “self-cleaning” paints are promoted for their ability to purify air [11,67,68] 

and in particular their ability to remove, the oxides of nitrogen, NO and NO2, i.e. NOx, which 

are produced by the combustion of fuels, such as from cars and power stations. 

Photocatalytic paints show two main advantages when compared with other kinds of “self-

cleaning” building materials for their ability to remove NOx; namely (1) paint coatings can be 

applied on almost any surface but most importantly, streets, buildings and tunnels, where 

some of the largest formations of NO occurs due to traffic and (2) they present a very large 

interfacial area available for photocatalysis, providing large areas of photoactive surfaces to 

degrade pollutants.  

Titanium dioxide is one of the major components in the formulation of a standard paint (due 

to its ability to give opacity), normally this titanium dioxide is pigmentary, mainly in rutile 
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phase thus preventing the likelihood of any photoactivity. However, the paint formulation 

can be modified by incorporating photocatalytic titanium dioxide, anatase to create a “self-

cleaning” product, a commercially available example of this would be StoColor Photosan 

photocatalytic paint (STO SE & Co., Germany) [10]. In most cases for commercial “self-

cleaning” materials [4, 8, 9, 11], the TiO2 is in the form of a permanent coating, deposited 

using techniques such as, Chemical Vapour Deposition, Magnetron Sputtering or sol-gel 

annealing however “self-cleaning” paints are made from photocatalytically active TiO2 

particles in the form of powders embedded in a support medium/binder, usually a sacrificial 

resin, such as acrylate, silicate or polyurethane. 

Semiconductor photocatalysis and paints have had a long history, with the first identification 

of photochalking of paints in 1949 [69]. Photochalking is a phenomenon where the rapid loss 

of pigment, i.e. TiO2 photocatalyst occurs as a result of exposure to ultra-bandgap irradiation 

and is problematic commercially as eventually the destruction of binder will irreparably affect 

the mechanical stability of the paint. It has been shown that to develop full photocatalytic 

activity, accelerated weathering of photocatalytic paints is required, although it is interesting 

to note that few studies have probed this crucial feature of photocatalytic paints [70,71].  

Enhanced activity as a result of weathering is likely a result of the semiconductor particles 

first destroying the organics coating their surface, which function as a binder for the paint 

formulation.  Once the organic coating has been destroyed, a larger surface area of 

semiconductor photocatalyst material is exposed and available for reaction, thus increasing 

the rate of activity for photomineralisation of pollutants.  

A photocatalytic paint should optimally be capable of maintaining a reasonable 

photocatalytic activity whilst maintaining a long life, however this can be very challenging to 

design due to the pitfalls of high activity coinciding with low mechanical stability. To 

circumvent this, within the photocatalytic paint industry, additional non-photocatalytically 

active pigment, such as rutile, can be added, but consequently this may be disadvantageous 

as pigmentary TiO2 will also act as a UV screen to the photocatalytic TiO2, thereby producing 

a lower activity but more durable paint. Further, the addition of an inorganic or mainly 

inorganic (i.e. silicate or siloxane, respectively) binder and the minimisation of the sacrificial 

organic binder [71–73] may add to the longevity of the paint. As a result of the variations 

possible when designing a photocatalytic paint, there are vast differences amongst the 
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activity and longevity of commercially available paints, and as discussed in previous sections, 

few suitable methods to assess them on an appropriate scale.  

The ability for photocatalytic paints to remove NOx, VOCs and other pollutants has been well 

studied on a variety of materials, both indoors and outdoors [70,71,74–86], however most 

examined paints, were standard paints where TiO2 was added or in-house designed paints 

[70,71,76–81,83,85]. Very few studies have examined commercially available photocatalytic 

paint [74,77,82]. Table 1.3 below lists several photocatalytic paints, both for interior and 

exterior application that are currently commercially available, accompanied with the claims 

for their potential application. It is evident that this area of “self-cleaning” materials remains 

largely unexplored. 

Table 1.3: Commercially available photocatalytic “self-cleaning” paints and their claimed applications 

Paint Applications Ref 

StoColor 

(Photosan, Climasan) 

• Reduces the formation of particulates

• Breaks down harmful substances such as

nitrogen oxides and ozone

• Resistance to soiling

• Breaks down odours and pollutants

[10,87] 

Titanium  

(DR,FA, IN, LXAG) 

• Removing tobacco smoke, sulphur

dioxide, carbon monoxide (carbon

monoxide), nitrogen oxides, vapours of

aldehydes, alcohols (methanol, ethanol,

isopropanol), aromatic and aliphatic

hydrocarbons (benzene, toluene, 

ethylbenzene, xylene, kerosene, 

gasoline);   

• Removing discoloration on wall surfaces,

e.g. nicotine stains.

[88–91] 

Protectam (FN2) • Removing nitrogen oxides [92] 

Boysen 

(KNOxOUT) 

• Air-cleaning and Self-sanitizing

• Anti-bacterial protection

[11] 

Graphenstone 

(AmbientPro+ Premium) 

• Decontaminant of pollutants in towns and

cities.

• Reduces and eliminates all odours.

[63] 

Activacolors 

(Photodeco, Photowall, 

Photolacq, Photosiloxane, 

Photosilicate, Phototunnel) 

• Eliminates air pollution

• Eliminates polluted air aggressions

• Eliminates odours

• Contributes to the health of people

[93]
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1.6 Aims and Objectives 

Throughout this introduction, methods of assessing photocatalytic activity have been 

discussed and it is evident that the current ISO tests fail to adequately characterise a large 

range of commercially available ‘self-cleaning’ photocatalytic materials as they are low to 

very low activity materials. Thusly, there is a clear need for the development of a process 

that can successfully enable the analysis of photocatalytic ability for a large range of 

photocatalytic materials, ranging from very low to high activities; a method also with a non-

destructive methodology, leading to the ability to readily compare these differing products 

given their different mechanical stabilities.  

The overall scope of this thesis is to gain an enhanced understanding of the current ISO test 

for NOx removal [48], examining both commercial and lab-made photocatalytic products, in 

particular probing the impact of the formation of HNO3 on these materials, as a result of 

reactions formed throughout the NOx test, and focusing on expanding the range of the NOx 

test to cater for low photocatalytically active materials, as in its current iteration, it can only 

cater to medium – high photocatalytic activity materials. Thus, a significant part of this thesis 

is dedicated to the development and examination of the NOx test. Further work will explore 

the effects of conditioning such as accelerated weathering on common photocatalytic 

materials such as photocatalytic paints in collaboration with Prof. J. Krysa at UCT in Prague.   

To probe the impact of the formation of HNO3 on photocatalytic materials, analysed by the 

NOx test, coatings of P25 TiO2, and examples of a commercial, photocatalytic exterior paint 

and interior cloth will be tested under standard NO removal ISO conditions (one photoactive 

sample piece, 10 cm x 5 cm, 3 L min-1 flow rate, UV irradiation, 1 mW cm-2, 352 nm). [48] 

These will be used to demonstrate if as the test progresses, due to the accumulation of HNO3 

on the surface of the photocatalytic material, the materials ability to remove NO is reduced. 

Common methods used to reduce this inhibitory effect is to add an acid scavenger such as 

CaCO3 to the film [98], ergo, the effectiveness of this method will be explored by adding 

CaCO3 powder to a typical P25 TiO2 dispersion and testing the resulting film under NO ISO 

conditions to compare the difference in the [NO], [NO2] and [NOx] vs reaction time profiles. 

HNO3 is relatively volatile due to its boiling point of 83 oC [94], as a result of this, the resistance 

time of the HNO3 will also be probed to determine the photocatalytic materials ability to 

“recover” from the initial HNO3 deposition, and regain its ability to remove NO. To investigate 



the persistence of a layer of a photocatalytically generated layer of HNO3 on the TiO2 under 

test, such a layer will first be deposited on each of the films under test, by running each 

sample first under the standard NO ISO conditions.  Each film so treated will then be tested 

again, using the NO ISO, either (a) directly after deposition (t(dark) = 0 h), (b) 15 h later 

(t(dark) = 15 h) or (c) 7 days later (t(dark) = 168 h). A typical set of [NO], [NO2] and [NOx] vs 

reaction time profiles arising from this work will be examined to assess the relative ability for 

the photocatalytic material to remove NO. In addition to this, many photocatalytic materials 

also claim an ability to remove VOC, this work will therefore be repeated using the 

acetaldehyde removal ISO to determine the effect, if any, that HNO3 accumulation has on the 

materials ability to remove VOCs such as acetaldehyde. 

A further aim for this body of work is the examination upon the effect of accelerated 

weathering on the NOx removing activity exhibited by exterior photocatalytic paints, focusing 

on the potential longevity and conditions required for the real-life application of these 

materials. It has been established in literature that some photocatalytic materials require 

rigorous pre-conditioning to gain sufficient activity to remove NO. [71] The process and 

effects of accelerated weathering will be used to assess one lab-made and several 

commercially available photocatalytic paints for their ability to remove NO using the 

standard NO removal ISO under conditions where it undergoes (i) no accelerated weathering, 

(ii) accelerated weathering with both UV light irradiation and condensation and (iii) 

accelerated weathering where condensation conditions will be used only. A typical set of 

[NO], [NO2] and [NOx] vs reaction time profiles arising from this work will be examined to 

assess the relative ability for the photocatalytic material to remove NO given their pre-

conditioning. 

Chapter 5 of this thesis will explore the development of a more sensitive test; a 

supersensitive test for the photocatalytic activity of materials based of the standard ISO 

22197-1:2016 for the removal of NO. [48] This work focuses on the objective to design a 

test capable of detecting activity in materials of low photocatalytic activity opposed to 

the standard ISO which is insufficiently sensitive. In addition to this objective, it was 

sought to establish a protocol which would allow the ready assessment of materials 

with vastly different photocatalytic activities to enable ready comparisons of their 

respective ability to remove NO. The first aim of this work is to modify the existing ISO by 

increasing the sample area and decreasing the flow rate (three photoactive sample pieces, 

30 cm x 5 cm, 0.25 L min-1
 flow rate, UV irradiation, 1 mW cm-2, 352 nm), a series of 

photocatalytic samples will then 
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be tested under the new supersensitive conditions and the standard ISO conditions to 

determine if greater elucidation of a typical set of [NO], [NO2] and [NOx] vs reaction time 

profiles can be achieved using the supersensitive test. The efficacy of this change will be 

explored by comparing the effect that changing the sample area and the flow rate in 

incremental changes has on the %NO(rem) of a standard P25 powder suspension, with the 

aim to develop a universal scale upon which values obtained using the standard ISO and the 

supersensitive test can be readily compared to each other, allowing the comparison of 

materials with high to low photocatalytic activities for removing NO. 

The development of a new silver ion photocatalytic activity indicator ink, paii that can probe 

photocatalytic materials with very low activities will also be explored throughout this body 

of work, with the aim to act as a qualitative indicator of activity, similar to current paii’s [95] 

established within literature, but focusing on a much more sensitive level of detection. 

Throughout this work, it became apparent that the photodeposition of Ag metal onto a 

photocatalytic film, including commercial photocatalytic films such as that on self-cleaning 

glass, could be used to produce wires.  Thus, in the last chapter the use of Ag deposition to 

form wires on photocatalytic films is explored, assessing if the wires are conductive and the 

creation of a possible new application of such films, such as defrosting glass.  
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Birkhäuser Basel, 2008.

[20] D. Wu, M. Long, Realizing visible-light-induced self-cleaning property of cotton

through coating N-TiO2 film and loading AgI particles, ACS Appl. Mater. Interfaces. 3

(2011) 4770–4774.

[21] A.A. Ćurĉić, Photocatalytic self-cleaning facades in architectural design, Facta

Universitatis Series: Architecture and Civil Engineering, 16 (2018) 425–436.

[22] L. Marta I, Heterogeneous photocatalysis: Transition metal ions in photocatalytic

systems, Appl. Catal. B Environ. 23 (1999) 89–114.

[23] K. Wenderich, G. Mul, Methods, Mechanism, and Applications of Photodeposition in

Photocatalysis: A Review, Chem. Rev. 116 (2016) 14587–14619.

[24] A. Fujishima, T.N. Rao, D.A. Tryk, Titanium dioxide photocatalysis, 2000.

[25] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Environmental Applications



20 

of Semiconductor Photocatalysis, Chem. Rev. 95 (1995) 69–96. 

[26] A.L. Linsebigler, G. Lu, J.T. Yates, Photocatalysis on TiO2 Surfaces: Principle,

Mechanisms and Selected Results, Chem. Rev. 95 (1995) 735–758.

[27] R. Fagan, D.E. McCormack, D.D. Dionysiou, S.C. Pillai, A review of solar and visible light

active TiO2 photocatalysis for treating bacteria, cyanotoxins and contaminants of

emerging concern, Mater. Sci. Semicond. Process. 42 (2016) 2–14.

[28] O. Carp, C.L. Huisman, A. Reller, Photoinduced reactivity of titanium dioxide, Prog.

Solid State Chem. 32 (2004) 33–177

[29] StoColor Photosan A clever solution for clean air, www.sto-sea.com (accessed March

2021).

[30] TioCem®, https://www.duna-drava.hu/en/tiocem (accessed March 2021).

[31] IASO, https://www.iasoglobal.com/en/product/green-fabric (accessed March 2021).

[32] Ti-PureTM Titanium Dioxide Solutions for Plastics, 

https://www.tipure.com/en/applications/plastics (accessed March 2021).

[33] Self cleaning ceramic tiles, https://www.grespania.com/self-cleaning-ceramic-

tiles/ref640013en (accessed March 2021).

[34] Zorlu Holding, http://en.zorlu.com.tr/en/media-center/latest-

news/2016/miraculous-innovation-by-tac-self-cleaning-roller-blinds (accessed March

2021).

[35] H. Lachheb, E. Puzenat, A. Houas, M. Ksibi, E. Elaloui, C. Guillard, J.M. Herrmann,

Photocatalytic degradation of various types of dyes (Alizarin S, Crocein Orange G,

Methyl Red, Congo Red, Methylene Blue) in water by UV-irradiated titania, Appl.

Catal. B Environ. 39 (2002) 75–90.

[36] M. Pera-Titus, V. García-Molina, M.A. Baños, J. Giménez, S. Esplugas, Degradation of

chlorophenols by means of advanced oxidation processes: A general review, Appl.

Catal. B Environ. 47 (2004) 219–256.

[37] H. Wang, L. Zhang, Z. Chen, J. Hu, S. Li, Z. Wang, J. Liu, X. Wang, Semiconductor

heterojunction photocatalysts: Design, construction, and photocatalytic

performances, Chem. Soc. Rev. 43 (2014) 5234–5244.

[38] J.L. Muzyka, M.A. Fox, Oxidative photocatalysis in the absence of oxygen: methyl

viologen as an electron trap in the TiO2-mediated photocatalysis of the Diels-Alder

dimerization of 2,4-dimethyl-1,3-pentadiene, J. Photochem. Photobiol. A Chem. 57

(1991) 27–39.

[39] A. Mills, R.H. Davies, D. Worsley, Water purification by semiconductor photocatalysis,

Chem. Soc. Rev. 22 (1993) 417.



21 

[40] ISO 27448: 2009, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for self-

cleaning performance of semiconducting photocatalytic materials — Measurement of

water contact angle, ISO, Geneva, 2009.

[41] ISO 10678: 2010, ‘Fine Ceramics, Advanced Technical Ceramics – Determination of

Photocatalytic Activity of Surfaces in an Aqueous Medium by Degradation of

Methylene Blue’, ISO, Geneva, 2010.

[42] ISO 18061: 2014, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Antiviral Activity of Semiconducting Photocatalytic Materials - Test Method Using

Bacteriophage Q-beta’, ISO, Geneva, 2014.

[43] ISO 19635: 2016, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Antialgal Activity of Semiconducting Photocatalytic Materials’, ISO, Geneva, 2016.

[44] ISO 10677: 2011, ‘Fine Ceramics, Advanced Technical Ceramics – Ultraviolet Light

Source For Testing Semiconducting Photocatalytic Materials’, ISO, Geneva, 2011.

[45] ISO 19722: 2017, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method For

Determination of Photoactivity on Semiconducting Photocatalytic Materials by

Dissolved Oxygen Consumption’, ISO, Geneva, 2017.

[46] ISO 22601: 2019, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method For

Determination of Phenol Oxidative Decomposition Performance of Semiconducting

Photocatalytic Materials by Quantitative Analysis of Total Organic Carbon (TOC)’, ISO,

Geneva, 2019.

[47] ISO 21066: 2018, ‘Fine Ceramics, Advanced Technical Ceramics – Qualitative and

Semiquantitative Assessment of the Photocatalytic Activities of Surfaces by the

Reduction of Resazurin in a Deposited Ink Film’, ISO, Geneva, 2018.

[48] ISO 22197-1: 2007, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Air-Purification Performance of Semiconducting Photocatalytic Materials – Part 1:

Removal of Nitric Oxide’, ISO, Geneva, 2016.

[49] ISO 22197-2: 2011, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Air-Purification Performance of Semiconducting Photocatalytic Materials – Part 2:

Removal of Acetaldehyde’, ISO, Geneva, 2011.

[50] ISO 22197-3: 2011, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Air-Purification Performance of Semiconducting Photocatalytic Materials – Part 3:

Removal of Toluene’, ISO, Geneva, 2011.

[51] ISO 22197-4: 2013, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Air-Purification Performance of Semiconducting Photocatalytic Materials – Part 4:

Removal of Formaldehyde’, ISO, Geneva, 2013.



22 

[52] ISO 22197-5: 2013, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Air-Purification Performance of Semiconducting Photocatalytic Materials – Part 5:

Removal of Methyl Mercaptan’, ISO, Geneva, 2013.

[53] ISO 10676: 2010, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Water Purification Performance of Semiconducting Photocatalytic Materials by

Measurement of Forming Ability of Active Oxygen’, ISO, Geneva, 2010.

[54] ISO 27447: 2009, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Antibacterial Activity of Semiconducting Photocatalytic Materials’, ISO, Geneva, 2009.

[55] ISO 13125: 2013, ‘Fine Ceramics, Advanced Technical Ceramics – Test Method for

Antifungal Activity of Semiconducting Photocatalytic Materials’, ISO, Geneva, 2013.

[56] A. Mills, C. Hill, P.K.J. Robertson, Overview of the current ISO tests for photocatalytic

materials, J. Photochem. Photobiol. A Chem. 237 (2012) 7–23.

[57] London Air Quality Network,  http://www.londonair.org.uk/LondonAir/Default.aspx

(accessed March 2021).

[58] Air Quality Clean Air For Europe Directive, http://data.europa.eu/eli/dir/2008/50/oj

(accessed March 2021).

[59] M.S. Raut, A. Maheshwari, Inhaled nitric oxide, methemoglobinemia, and route of

delivery, Saudi J. Anaesth. 11 (2017) 364.

[60] A. Fujishima, X. Zhang, D.A. Tryk, TiO2 photocatalysis and related surface phenomena,

Surf. Sci. Rep. 63 (2008) 515–582.

[61] Air Quality News, https://airqualitynews.com/2012/04/20/kendal-street-to-be-

fitted-with-anti-pollution-paving/ (accessed March 2021).

[62] Mitsubishi Materials,  https://www.mmc.co.jp/corporate/ja/ (accessed March 2021).

[63] Y. Ohko, Y. Nakamura, N. Negishi, S. Matsuzawa, K. Takeuchi, Photocatalytic oxidation

of nitrogen monoxide using TiO2 thin films under continuous UV light illumination, J.

Photochem. Photobiol. A Chem. 205 (2009) 28–33.

[64] A. Mills, S. Elouali, The nitric oxide ISO photocatalytic reactor system: Measurement

of NOx removal activity and capacity, J. Photochem. Photobiol. A Chem. 305 (2015)

29–36.

[65] Deutsche Steinzeug,  https://www.deutsche-

steinzeug.de/news/presse_und_news_detail.html?nd_ref=2586 (accessed March

2021).

[66] Y. Paz, Z. Luo, L. Rabenberg, A. Heller, Photooxidative self-cleaning transparent

titanium dioxide films on glass, J. Mater. Res. 10 (1995) 2842–2848.

[67] STO,  http://www.sto.co.uk/en/home/home.html (accessed March 2021).



23 

[68] Graphenstone AmbientPro+, https://graphenstone.co.uk/graphenstone-uk-

ambientproplus.html (accessed March 2021). 

[69] A.E. Jacobsen, Titanium Dioxide Pigments: Correlation between Photochemical

Reactivity and Chalking., Ind. Eng. Chem. 41 (1949) 523–526.

[70] S.M. Mirabedini, M. Sabzi, J. Zohuriaan-Mehr, M. Atai, M. Behzadnasab, Weathering

performance of the polyurethane nanocomposite coatings containing silane treated

TiO2 nanoparticles, Appl. Surf. Sci. 257 (2011) 4196–4203.

[71] M. Baudys, J. Krýsa, M. Zlámal, A. Mills, Weathering tests of photocatalytic facade

paints containing ZnO and TiO2, Chem. Eng. J. 261 (2015) 83–87.

[72] P. Grochel, W. Duttlinger, M. Troll, J. Ermuth. (2010). Coating Composition, U.S. Patent

No. 7686879B2

[73] A. Weier, C. Schaller, W. Weh, G. Gerlach, G. Burgeth. (2018). Surface Coating

Composition, U.S. Patent No. 0142107A1

[74] R. Zouzelka, J. Rathousky, Photocatalytic abatement of NOx pollutants in the air using

commercial functional coating with porous morphology, Appl. Catal. B Environ. 217

(2017) 466–476.

[75] T. Maggos, J.G. Bartzis, P. Leva, D. Kotzias, Application of photocatalytic technology

for NOx removal, Appl. Phys. A Mater. Sci. Process. 89 (2007) 81–84.

[76] M. Arekhi, M. Jamshidi, Influences of inorganic binder on photocatalytic oxidation

(PCO) and degradation of nano/micro TiO2 containing acrylic composites, Prog. Org.

Coatings. 115 (2018) 1–8.

[77] S.M. Amorim, J. Suave, L. Andrade, A.M. Mendes, H.J. José, R.F.P.M. Moreira, Towards

an efficient and durable self-cleaning acrylic paint containing mesoporous TiO2

microspheres, Prog. Org. Coatings. 118 (2018) 48–56.

[78] A. Basso, A.P. Battisti, R. de F.P.M. Moreira, H.J. José, A. Pavei Battisti, R. de Fátima

Peralta Muniz Moreira, H. Jorge José, Photocatalytic effect of addition of TiO2 to

acrylic-based paint for passive toluene degradation*, Environ. Technol. (United

Kingdom). 41 (2020) 1568–1579.

[79] A. Velázquez-Palenzuela, K. Dam-Johansen, J.M. Christensen, Benchmarking of

photocatalytic coatings performance and their activation towards pollutants

degradation, Prog. Org. Coatings. 147 (2020) 105856.

[80] M.T. Islam, A. Dominguez, R.S. Turley, H. Kim, K.A. Sultana, M.A.I. Shuvo, B. Alvarado-

Tenorio, M.O. Montes, Y. Lin, J. Gardea-Torresdey, J.C. Noveron, Development of

photocatalytic paint based on TiO2 and photopolymer resin for the degradation of

organic pollutants in water, Sci. Total Environ. 704 (2020) 135406.



24 

[81] M. Baudys, J. Krýsa, A. Mills, Smart inks as photocatalytic activity indicators of self-

cleaning paints, Catal. Today. 280 (2017) 8–13.

[82] B. Tryba, P. Homa, R.J. Wróbel, A.W. Morawski, Photocatalytic decomposition of

benzo-[a]-pyrene on the surface of acrylic, latex and mineral paints. Influence of paint

composition, J. Photochem. Photobiol. A Chem. 286 (2014) 10–15.

[83] N.S. Allen, M. Edge, G. Sandoval, J. Verran, J. Stratton, J. Maltby, Photocatalytic

Coatings For Environmental Applications, Photochem. Photobiol. 81 (2005) 279–290.

[84] C.E. Bygott, J.E. Maltby, J.L. Stratton, R. McIntyre, Photocatalytic coatings for the

construction industry, in: P.B.A.L. Cassar (Ed.) International RILEM Symposium on

Photocatalysis, Environment and Construction Materials - TDP 2007, RILEM

Publications SARL, Italy, 2007, pp. 251–258.

[85] C. Águia, J. Ângelo, L.M. Madeira, A. Mendes, Influence of photocatalytic paint

components on the photoactivity of P25 towards NO abatement, Catal. Today. 151

(2010) 77–83.

[86] B. Tryba, R.J. Wrobel, P. Homa, A.W. Morawski, Improvement of photocatalytic

activity of silicate paints by removal of K2SO4, Atmos. Environ. 115 (2015) 47–52.

[87] STO, StoColor Photosan, https://www.sto-

sea.com/media/documents/download_broschuere/kategorie_fassade/StoColor_ph

otosan.pdf (accessed March 2021). 

[88] Titanium, DR, https://www.farbypigment.pl/produkt/titanium-dr (accessed March

2021).

[89] Titanium, FA, https://www.farbypigment.pl/produkt/titanium-fa (accessed March

2021).

[90] Titanium, IN, https://www.farbypigment.pl/produkt/titanium-in (accessed March

2021).

[91] Titanium, LX AG, https://www.farbypigment.pl/produkt/titanium-lx-ag (accessed

March 2021).

[92] Protectam, FN2, http://fn-nano.com/shop (accessed March 2021).

[93] Activacolor, http://www.activacolors.net/en/our-products (accessed March 2021).

[94] Wikipedia, Nitric Acid,  https://en.wikipedia.org/wiki/Nitric_acid (accessed March

2021).

[95] A. Mills, M. McGrady, A study of new photocatalyst indicator inks, J. Photochem.

Photobiol. A Chem. 193 (2008) 228–236.



Chapter Two: 

Experimental and Instrumentation 



26 

2 Experimental and Instrumentation 

2.1 Materials Declaration 

Unless stated otherwise all chemicals and materials used throughout this project were 

purchased from Sigma Aldrich and used as received. The high opacity thin paper (Offenbach 

bible paper, 50 gsm) was supplied by Shepherds Bookbinders Ltd., London [1]. The samples 

of Activ self-cleaning glass [2] and the Purify Mesh 30 [3] were gifts from Pilkington Glass-

NSG and Taiyo Europe GmbH, respectively. The commercial self-cleaning tiles were obtained 

from Deutsche Steinzeug [4] and utilised the Hydrotect technology developed by TOTO [5]. 

The P25 titania was provided by Evonik Degussa corporation [6]. StoColor Climasan 

photocatalytic paint, STO interior and exterior paint, were provided by Sto SE & Co. KGaA 

[7]). All water used to make the aqueous solutions was doubly-distilled and deionised. Gases 

were provided by BOC and used as received.  

2.2 Instrumentation 

The instrumentation that has been used throughout this body of work is discussed in detail 

within this section, including UV irradiation sources, PDXRD, FTIR, SEM, the nitric oxide 

photocatalytic reactor, the QUV weatherer and other methods such as digital photography. 

2.2.1 Irradiation Sources 

TiO2 has a large band-gap (i.e. Ebg is usually ca. 3.2 eV, as anatase TiO2 is the preferred 

crystalline form in photocatalysis), which means it is only activated by UV light [8]. Thus, the 

UV-light source typically used throughout this work consisted of a UVP EL Series UVA Lamp, 

equipped with 2 x 4 W black light blue (BLB) tubes (λmax = 352 nm, broad band emission), and 

a UVP Blak-Ray XX-15BLB UV Bench Lamp equipped with 2 x 15 W BLB tubes (λmax = 352 nm, 

broad band emission).  

The USB2000+ miniature fibre optic spectrometer, equipped with SpectraSuite (v1.0.0.0) 

software, was used to measure the typical emission profile of a broadband 15 W BLB UVA 

light tube (λmax = 352 nm), which was one of the typical UV light sources used in this work. 

This light source is of sufficient energy to ‘activate’ the photocatalyst films being tested (e.g. 

anatase TiO2, 3.2 eV bandgap ≡ 388 nm) [9].  
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Figure 2.1: Emission profiles for the (black solid line) 352 nm broadband BLB UVA light sources used, with the 

anatase TiO2 absorbance edge (388 nm, red dashed line) highlighted for reference.  

 

To ensure well controlled and repeatable parameters amongst experiments, the shelving unit 

which housed the fluorescent tubes (Figure 2.2) was set up with grids and markings to ensure 

that the exact placement of samples could be repeated for each test. 

 

 

Figure 2.2: Schematic illustration of the shelving unit used throughout typical irradiation procedures. 

 

2.2.2 Powder X-Ray Diffraction (PDXRD) 

Powder X-ray diffraction (PDXRD) is a common characterisation technique that provides 

useful structural information of crystalline materials such as crystal phase, size, shape, lattice 

parameters and interatomic distances. The interatomic distances within a crystal structure 
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are comparable to X-ray wavelengths causing incident X-rays to diffract due to constructive 

and destructive interferences of the light leaving the sample.  

 

To illustrate this feature, Figure 2.3 depicts a crystal with crystal lattice planar distances, d. 

The interplanar spacing (d-spacing) of a crystal is used for identification and characterization 

purposes. When the path length difference between ABC and A’B’C’ is an integer multiple of 

the wavelength, λ, constructive interference occurs for a combination of that specific 

wavelength, crystal lattice planar spacing and angle of incidence (Θ). Each rational plane of 

atoms will undergo refractions at a unique angle (for X-rays of a fixed wavelength). The 

general relationship between the wavelength of the incident X-rays, angle of incidence and 

spacing between the crystal lattice planes of atoms is known as Bragg's Law, expressed as: 

 

n λ =2dsinΘ                 (2.1) 

 

where n (an integer) is the "order" of reflection, λ is the wavelength of the incident X-rays, d 

is the interplanar spacing of the crystal and Θ is the angle of incidence. 

 

 

Figure 2.3: Schematic representation of Bragg’s Law 
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Approximately 0.5 g of sample powder was loaded into the sample holder of the 

diffractometer (Bruker D8 Advance), the sample was then flattened using a glass microscope 

cover slip to provide a smooth uniform surface. A plot of peak intensity related to the incident 

X-ray angle is obtained. The patterns within these spectra are compared to known spectra to 

identify the relevant crystal phases. PDXRD has been used in this thesis to verify the crystal 

phase of TiO2 in the photocatalyst samples. A typical XRD spectrum of TiO2 anatase and rutile 

powder is shown in Figure 2.4 below. 

 

Figure 2.4: XRD of anatase (black solid line) and rutile (red solid line) powder, consistent with the standard 

spectrum (JCPDS no.: 88-1175 and 84-1286 [10])  for anatase and rutile TiO2 which identifies characteristics peaks 

for anatase (black dotted line) and rutile (red solid line) . 

 

 

2.2.3 Fourier Transform Infrared Spectrometer (FT-IR)  

Infrared absorption (IR) spectroscopy is a highly advantageous characterisation technique 

due to the low cost of IR spectrometers, simple sample preparation and fast spectra 

collection when compared to other methods. In this technique IR radiation that are 

characteristic of molecular vibrations frequencies, particularly of functional groups within the 

molecule are absorbed. Molecules can vibrate via different vibrational modes such as 

bending, stretching, rocking, wagging or twisting modes; this accounts for the multiple peaks 

observed in the IR spectra of a given compound. Each molecule has its own unique IR 

absorption fingerprint and on obtaining the spectra, this can be compared to a library 

database allowing identification of the functional groups present.  
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The infrared spectrophotometer used in this project was a Perkin-Elmer Spectrum One, run 

using Spectrum (v6.3.4) software. Sample spectra were recorded from 4000 – 450 cm-1. The 

samples investigated were all paints, in an investigation to identify their respective binder. 

Samples were coated onto CaF2 discs and placed into the spectrophotometer so that the 

beam strikes the centre of the sample. When the sample absorbs energy, the evanescent 

wave is attenuated or altered. The attenuated energy from each evanescent wave is passed 

through the sample to the detector, producing spectra for analysis.  

A typical FTIR spectrum of an in-house “self- cleaning” paint is demonstrated below in Figure 

2.5. 

Figure 2.5: Fourier transform infrared spectroscopy (FTIR) spectra of an in-house “self-cleaning” paint 

2.2.4 Scanning Electron Microscopy and Electron Dispersive X-Ray Spectroscopy 

(SEM-EDS) 

Electron micrographs of photocatalyst surfaces were taken to confirm particle size and 

distribution, using an FEI Quanta FEG – environmental SEM Oxford Ex-ACT, running in high 

vacuum mode and using an ETD detector. Prior to SEM analysis, samples were sputter coated 

in a 10 nm layer of gold using a Quora Q150R S rotary pumped sputter coater. Typical SEM 

spectrographic images were recorded at 100,000 x magnification.   
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Energy-dispersive X-ray spectroscopy (EDS) was used to determine the chemical analysis of 

the samples under test. The incident electron beam excites the sample causing the ejection 

of electrons from inner shell orbitals of the atoms. An electron from a higher energy shell 

then fills the vacancy from the ejected electron resulting in the emission of X-rays. This 

feature is illustrated in Figure 2.6, where the letters K, L and M refer to the n value that 

electrons in that shell have i.e. K electrons, closest to the nucleus are n=1 electrons while α 

and β indicate the size of the transition. The energy and intensity of this emission can be 

measured to provide the elemental composition of the sample, as the energies of the x-rays 

are characteristic of each element in the periodic table. 

Figure 2.6: An energy diagram modelling the electron movement in EDS 

Figure 2.7 (a) and (c) demonstrate typical SEM images allowing for the calculation of particle 

size and distribution at 100,000 times magnification. Where on the surface of ActivTM
, TiO2 

particle size = 32 nm ± 4 μm and on the surface of a Ag-Activ film at 100,000 times 

magnification, Ag particle size = 1.9 μm ± 0.5 μm. Figure 2.7 (b) and (d) demonstrate typical 

EDS images at 100,000 times magnification of the sample surface providing information of 
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elemental composition, namely in (b) the yellow dots are representative of silica, and in (d) 

the pink is representative of Ag metal.  

 

Figure 2.7: a) SEM image of the surface of ActivTM at 100,000 times magnification. (TiO2 particle size = 32 nm ± 4 
μm). b) EDS image of the surface of ActivTM at 100,000 times magnification. The yellow is representative of silica 
that is visible from the glass substrate upon which the TiO2 film is applied. c) SEM image of the surface of a Ag-
Activ at 100,000 times magnification and (Ag particle size = 1.9 μm ± 0.5 μm). d) EDS image of the surface of a Ag-
Activ at 100,000 times magnification. The yellow is representative of silica that is present and the pink is 
representative of Ag metal. 

 

2.2.5 Nitric Oxide Photocatalytic Reactor  

2.2.5.1 International Organization for Standardization (ISO) Conditions 

The NO air-purification ISO method ISO 22197-1:2007 has been established to provide a 

standard test for determining the NO and NO2 removal activities of functionalised building 

materials, typically based on TiO2. Details of the photoreactor used in the standard ISO NO 

removal test and the protocol therein used to assess the NO removal capacity of different 

samples have been reported previously [11–13]. 
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According to the ISO NO removal test specification [14], the test piece must be pre-irradiated 

with a UV lamp (I ≥ 1 mW cm-2) for at least 5 h in air to decompose any residual organic 

matter present. Following this the sample is washed with water and allowed to air dry. This 

preconditioning step is so that the surface exposed to the NO stream during the NOx test can 

be considered pristine. The ISO standard employs an inert flat-bed photoreactor system 

(Figure 2.8) designed to hold three plates, each 10 cm x 5 cm (i.e. Area, A, = 5x10-3 m2), of 

which the test photocatalytic sample is the middle one, and the other two are non-

photocatalytic blank samples, such as plain glass.  In any run, all three plates are illuminated 

with UVA light, delivered by 2 x 8 W BLB lamps with a 352 nm emission peak and overall UVA 

irradiance = 1 mW cm-2. Humidified (RH = 50% at 25 °C) air and dry NO, mixed to give a NO 

concentration of 1000 ppbv, are passed into the system at a flow rate, f, 3.0 L min-1 

(= 50 m3 s-1) via mass flow rate controllers. The gas mixture is made to pass through a narrow 

gap of 5 mm between the top borosilicate glass window and the test sample below, and the 

outlet gas stream from the reactor is sampled through a valve attached to a suitable NOx 

detection system, based on chemiluminescence [15]. 

In this work we used a Teledyne T200 chemiluminescence NO/NO2/NOx analyser (Enviro 

Technology Services, UK) which took measurements every minute. A diagrammatic 

representation of the ISO system is shown below (Figure 2.8). 

Figure 2.8: Cross-sectional schematic of the photoreactor used in the NO air-purification ISO method. The sample 

is mounted in an inert flatbed photoreactor system and subjected to a 1000 ppb NO/air gas stream, humidified to 

50% ± 1 RH, at a rate of 3 L min-1, via a series of mass flow controllers. The NO/NO2 concentration (and therefore 

the NOx concentration) is monitored at a chemiluminescence analyser (T200, Enviro Technology Services, UK). The 

photoreactor is illuminated for 5 hours (1 mW cm-2) under a constant flow of 1000 ppb NO/air.  
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The concentration of NO and NO2 in the outlet stream are measured for ca. 30 min before 

the light is switched on, during the 5 h irradiation period of the test, and for 30 min after the 

light has been switched off. This procedure is slightly different from that detailed in the ISO 

standard, in which, at the end of the test, the gas stream is switched to the air-only carrier 

gas at the same time the irradiation is stopped [14]. However, this unnecessary additional 

gas-switching step is usually ignored by most working on this system [16–20] as it has no 

effect on the key results generated by the reactor.  

 

As stated previously, NO and NO2 concentrations exiting the ISO reactor system are 

monitored continuously using the chemiluminescence gas analyser (T200, Enviro Technology 

Services, UK).  Degussa P25 (Evonik) is often used in literature as a representative TiO2 

photocatalyst [21], thusly a typical set of data generated using the standard ISO conditions 

for NO removal for a sample of P25, as a standard sample is illustrated in Figure 2.9. 

 

 

Figure 2.9: Typical data set generated using a P25 standard film, i.e., NO removed (solid line) and NO2 generated 

(broken line), during an NO ISO standard test (inlet [NO] = 1000 ppbv). (1) UV light on, (2) UV light off and (3) feed 

gas changed to zero calibration gas (i.e., air). 

 

2.2.6 QUV Weatherer 

The exposure to laboratory light sources ISO method ISO 16474-3:2013 [22] has been 

established to provide methods for exposing samples to fluorescent UV radiation under 

controlled environmental conditions (temperature, humidity and/or water) in apparatus 

designed to mimic the weathering effects that occur on sample surfaces when exposed to 
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daylight in operational use. [22] Throughout this body of work a commercially available QUV 

accelerated weathering tester (Model QUV/se, Q-Lab) was used to reproduce daylight under 

controlled environmental conditions for a range of photocatalytic paint samples. 

 

The QUV tester is fitted with UVA-340 lamps, which provide a simulation of sunlight in the 

wavelength region from 365 nm (visible range) down to the solar cut-off of 295 nm  

(UV range). An automatic irradiance control system is used to maintain any programmed 

settings within the exposure chamber of the tester. Though temperature does not typically 

affect the primary photochemical reaction being analysed, it does affect the rate of any 

subsequent reactions and effect the reproducibility of results. Thusly, temperature was 

controlled within the QUV UV tester via a black panel temperature sensor. 

 

The QUV weatherer test chamber is equipped with a means of producing uniform 

condensation on the surface of the samples undergoing testing, under specified conditions. 

Water used for this condensation upon the sample surfaces was distilled to avoid leaving any 

visible stains and reduce the likelihood of other contaminants. A diagrammatic 

representation of the QUV tester is shown in Figure 2.10.  

 

 

 

Figure 2.10: A diagrammatic representation of the testing chamber of the QUV accelerated weathering tester 
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Sample holders (Figure 2.11) were made from inert polypropylene (PP). These holders were 

designed using a free and open-source general-purpose parametric 3D computer-aided 

design modeler, FreeCAD, then sliced using Cura 4.0 software and finally printed using an 

Ultimaker 3, 3D printer.  

 

The holder was designed to contain glass sample slides of 10 cm x 5 cm when placed in the 

exposure chamber, with the sample surface facing inwards to the exposure chamber. The PP 

holders were designed with small ridges to prevent the glass sample from falling forwards 

into the chamber and a raised platform to prevent sample contamination when set down. A 

smooth back in the design allowed the sample to be laid completely flat in the tester 

specimen holder, enabling a uniform exposure across the entire sample area. Retaining rings 

were used to secure the samples within the exposure chamber, and blank panels were used 

to fill all spaces within the exposure area to ensure uniform exposure conditions when 

insufficient samples to fill the tester were used.  

 

 

Figure 2.11: A diagram of the polypropylene (PP) holders used in the testing chamber of the QUV accelerated 

weathering tester 

 

Specific test conditions were programmed to mimic daylight conditions and operated 

continuously throughout the entire exposure period selected. The details of the relevant 

programmes used throughout this body of work are detailed in Table 2.1. below. 
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Table 2.1: Artificial Weathering Programmes 

Cycle Exposure Period Lamp Type 
Irradiance 

(Wm-2nm-1) 

Black-

standard 

temperature 

Relative 

Humidity (%) 

K 
8 h dry Type 1A 

(UVA-340) 

0.76 50 ˚C ± 3 ˚C 
Not controlled 

4 h condensation Light Off 60 ˚C ± 3 ˚C 

C condensation N/A Light Off 60 ˚C ± 3 ˚C Not controlled 

From the table above, Cycle K, which is established in ISO 16474-3:2013 [22], was used as the 

standard weathering cycle and Cycle C, was used where the effects of condensation-only 

were being investigated. Care was taken not to handle or disturb the test surface of the paints 

when placed and removed into the test chamber. To allow the paint samples to fully dry 

following weathering, the paint samples were removed from their PP holders and placed into 

a MEMMERT UM200 Oven, which maintained a dark environment at ~28˚C for one week 

before any further testing on samples took place.  

To confirm that the oven was capable of maintaining a constant temperature over an 

extended period of time, a Monarch Instrument, RHTEMP Track-ItTM LB Logger was used to 

monitor the temperature over a period of 160 h, Figure 2.12. From this graph it is evident 

that the oven maintains a suitable temperature over an extended time with no dramatic 

changes in temperature. 

Figure 2.12: A graph depicting the change in temperature (˚C) over 160 h inside a MEMMERT UM200 Oven, in 

which paint samples are stored for 1 week following accelerated weathering, prior to NOx analysis. The 

temperature was recorded on a Monarch Instrument, RHTEMP Track-ItTM LB Logger. 
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2.2.7 Other Methods 

All photographs present within this thesis were captured using a Canon 7D MKII fitted with a 

Canon EF 24-70mm f/2.8L II USM lens. Before each photograph was taken, the Custom White 

Balance (CWB) feature of the camera was calibrated on the camera using a white card, 

allowing the camera to automatically lock onto the correct colour temperature of samples 

being photographed. Digital images for colourimetric analysis used in this work were 

captured on a handheld scanner, an Ion CopyCat handheld document scanner with a 

resolution of > 300 dpi. Typically, in these analyses, samples were photographed as a function 

of UVA irradiation time, t, and the images were later processed to yield their digital colour 

space data, discussed in greater detail below.  

 

2.3 General Procedures 

Outlined throughout this section are the general procedures utilised in completion of this 

thesis. More specific experimental procedures are included in the relevant results chapters.  

 

2.3.1 Film casting techniques 

Photocatalytic films were primarily cast using a ‘doctor blade’ method during this work, 

which is described in detail below. Doctor blading uses a smooth ‘bar’, typically the edge of 

a glass rod, to draw paste across a blank glass slide. Elevated tracks applied to each side of 

the sample area allow for a controlled wet-film thickness of the sample area. Typically, 

throughout this thesis, ScotchTM tape, with a thickness of ca. 60 µm was used to create the 

tracks before coating. The paste is drawn horizontally in a line across the top of the sample 

and the bar is placed behind it. For inks, the bar used was a Kbar (no.3), whereas for paints 

and sol-gel, a glass rod was used. Using equal hand pressure, in one smooth motion the bar 

is dragged across the tracks from the top to the bottom of the sample, resulting in a known 

uniform-thickness wet film, from which a reproducible dry film can be made. A typical 

example throughout this work was for the casting of a paint film, STO Exterior Paint; when 

wet the thickness was 60 m, following 2 days of drying at 30OC, a dry film of 25 m was 

produced. A diagrammatic illustration of this process is given in Figure 2.13. 
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Figure 2.13: Step-by-step guide to doctor blading. (a) the line of paste is placed between the raised spacers and 

the doctor blade is placed just behind it, then (b) the paste is drawn down the length of the sample being coated. 

The thickness of the drawn paste is controlled by the thickness of the tracks. After the drawdown is complete, (c) 

excess paste is removed by naturally adhering to the doctor blade bar. 

2.3.2 Preparation of Photocatalytic Paint Samples 

Glass substrates (10 cm x 4.7 cm) were thoroughly cleaned with water and methanol and 

allowed to air dry. The paint samples were prepared for application by rigorous stirring to 

ensure there was no separation amongst phases within the paint. The paint coated samples 

(10 cm x 4.7 cm) were prepared using the same doctor-blade technique as that described 

above.   

In short, the glass sample to be coated is secured to the bench using Scotch Magic Tape and 

the line of paint is placed between the raised spacers and the doctor blade (a glass rod) is 

drawn down the length of the sample being coated with equal hand pressure. Excess paint is 

removed by naturally adhering to the glass doctor blade bar. After the drawdown is complete 

the sample is left to dry for a minimum of 48 hrs and stored in the dark until use. A digital 

image of a typical photocatalyst paint (STO Exterior) applied to the surface of a glass float 

(10 cm x 4.7 cm) is shown below in Figure 2.14.  

The average loading (g cm-2) of each paint sample was calculated by comparing the weight of 

the sample slide, before and after the application of paint (when fully dried) and dividing this 
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value by the area of the sample. A sample of the paint was removed to determine the weight 

percent. The initial sample weight was recorded before being placed in a furnace at 1000 °C 

to evaporate. The dry weight was then recorded, and weight percent was determined.  

Figure 2.14: Digital image of a typical photocatalyst paint (STO Exterior) on the surface of a glass float  

(10 cm x 4.7 cm) 

2.3.3 TiO2 sol-gel paste formulation for thick photocatalyst films 

A paste of TiO2 nanoparticles was prepared using the following sol–gel method. Titanium (IV) 

isopropoxide (Ti(OPri)4) (3.3 M; 20 cm3) was added to a 100 mL round bottomed flask 

containing glacial acetic acid (17.4 M; 4.65 g) using a syringe. As Ti(OPri)4 is moisture 

sensitive, the tip of the needle is submerged below the surface of the acetic acid when adding 

Ti(OPri)4, hence preventing the isopropoxide forming aggregates inside the needle, blocking 

it. Although the reaction is highly exothermic, Ti(OPri)3 (OAc), is soluble and colourless and 

so no visible change in the appearance of the solution was observed.  

Titania was then synthesized using the modified precursor via the sol–gel process, the basic 

steps are as follows: [23] an initial hydrolysis reaction, i.e.  

– 𝑀 − 𝑂𝑅 +  𝐻2𝑂 → – 𝑀 − 𝑂𝐻 + 𝑅𝑂𝐻  (2.2) 

followed by the condensation processes: 

– 𝑀 − 𝑂𝐻 +  𝑅𝑂 − 𝑀 −  → – 𝑀 − 𝑂 − 𝑀 − +𝑅𝑂𝐻  (2.3) 
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– 𝑀 − 𝑂𝐻 +  𝐻𝑂 − 𝑀 −→ – 𝑀 − 𝑂 − 𝑀 −  +𝐻2𝑂              (2.4) 

 

The hydroxylated and condensed species formed as a result of reactions (2.2), (2.3) and (2.4) 

lead eventually to the formation of oxypolymers and then hydrous oxides when water is 

added.[23] 

 

The presence of acetate in the titania precursor, modifies how condensed species form and 

promotes the generation of less condensed and more anisotropic polymeric species, thus 

avoiding precipitation, whilst at the same time promoting gelation. In this work reactions 

(2.2)–(2.4) were initiated by using a syringe, to add the Ti(OPri)4 solution to a 250 mL conical 

flask containing 120 mL of distilled water and concentrated nitric acid (1.08 g, 15.7 M), 

generating a dispersion of the hydrous oxide. A PTFE magnetic stirrer bar was added and the 

flask was covered with a borosilicate watch-glass and placed in a paraffin oil bath on a 

IKA® RCT basic IKAMAG™ safety control stirrer/heating plate. A Fuzzy Logic temperature 

controller was used to maintain a temperature of 80°C for 8 h whilst stirring continuously 

(750 RPM) whereupon it turned milky white and opaque. Within a few minutes at this 

temperature the reaction solution gelled, but became fluid again, and by the end of the 

process had a translucent tinted-blue appearance. The solution was then allowed to cool 

down to room temperature and filtered through a 0.45 μm syringe filter to remove any non-

dispersed aggregates. 

 

80 mL of the filtered solution was transferred into a 125 mL TeflonTM liner and placed in an 

acid digestion bomb (Parr Instruments®). An exploded view diagram of the digestion bomb 

is shown in Figure 2.15. The digestion bomb was then placed inside an oven and heated to 

220°C for 12 h. The high pressure and temperature conditions inside the vessel encourage 

crystal growth of colloidal TiO2 by increasing the solubility of small particles via Ostwald 

ripening. Ostwald ripening is a process where smaller crystals are dissolved and reform into 

larger crystals, which are more energetically favoured. In this way the average particle size 

was increased in the solution while the variation in particle size was kept small. The latter 

step not only promotes the sol–gel process, including the creation of a gel and its eventual 

breakdown into a TiO2 sol, but also promotes the breakdown of any aggregated colloid 

particles and their redispersal as primary particles, which are electrostatically stabilised by 

the nitric acid (ca. 0.1 M). Once allowed to cool to room temperature any remaining 

aggregated particles were removed from the reaction solution using a 0.45 µm syringe filter.  
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Figure 2.15: Exploded View Diagram of the acid digestion bomb used for TiO2 paste preparation 

 

After cooling, the resulting precipitated TiO2 colloidal particles were then re-dispersed using 

an ultrasonic probe.  This was carried out with a Branson Probe 450 sonic horn on full power 

for approximately 0.5 min to ensure a good dispersion and no agglomerates were left in the 

solution. The dispersion was then rotary evaporated at a temperature set to 35 – 40 °C in a 

250 mL round bottom flask. When it was observed that the solution had thickened and was 

beginning to coat the inside of the round bottomed flask, a sample of the paste was removed 

to determine the weight percent. The initial sample weight was recorded before being placed 

in a furnace at 150 °C to evaporate. The dry weight was then recorded, and weight percent 

was determined. If the weight percent was not in the region of 10 – 12 wt%, further rotary 

evaporation was carried out. This step brings the colloidal particles in close proximity to each 
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other, allowing a 3D network of particles to be formed and, thus, a white paste to be 

generated.  

 

When the desired weight percentage of paste had been achieved, the paste was scraped out 

of the round bottom flask into a pre-weighed 30 mL glass jar. The weight of the paste was 

then determined and multiplied by the calculated weight percent giving the total weight of 

solids in the paste. Polyethylene glycol (50 wt% of the total solids) was then added to the 

paste as a binder to prevent the formation of small surface cracks when the paste is 

eventually cast and allowed to dry. The paste was then stirred gently overnight before 

refrigeration. The final product is a viscous white paste, the 'sol-gel paste'. When not in use, 

the sol-gel TiO2 paste dispersion was stored in the fridge at 2-4oC. Prior to casting, the paste 

was stirred vigorously at room temperature for a minimum of one hour.  

 

The TiO2 sol–gel nanoparticle film, made using the prepared TiO2 paste, was coated onto the 

glass substrate by a doctor blade technique discussed previously.  Two layers of Sellotape 

were used to provide runners on the left and right hands side of the glass samples, with a 

120 m gap between the doctor blade (a glass rod) and the underlying glass substrate. 2 mL 

of the paste were deposited as a line of material at the top of the plate and drawn down 

using the glass rod to produce a 120 m-thick wet film of the paste over the surface of the 

glass substrate (10 cm x 4.7 cm).  This TiO2 coating was then annealed at 450 oC for 60 min, 

using an initial heating ramp rate of 10 oC min-1 and then left to cool to room temperature to 

yield a robust, transparent anatase film approximately 2 m thick, as measured by SEM.   

 

 

Figure 2.16: A digital photograph of a cast sol-gel TiO2 film on a glass microscope slide when it is (a) wet (white 

paste) and (b) after it has been annealed at 450oC for 30 minutes (semi-transparent film). 
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Figure 2.17 (a) demonstrates a typical SEM image allowing for the calculation of particle size 

and distribution at 100,000 times magnification of the TiO2 sol-gel film. Figure 2.17 (b-d) 

demonstrate typical EDS images at 100,000 times magnification of the sample surface 

providing information of elemental composition, namely in (b) the teal dots are 

representative of titanium, (c) the red dots are representative of oxygen and in (d) the yellow 

is representative of silica, present from the glass substrate that the film was coated onto. 

  

 

Figure 2.17: (a) SEM image of the surface of a sol-gel photocatalytic film, ca. 2 m thick coated on a glass 
microscope slide at 100,000 times magnification. (TiO2 particle size = 13 nm ± 1 μm). (b-d) EDS images of the 
surface of the sol-gel film at 100,000 times magnification. The yellow is representative of silica that is visible from 
the glass substrate upon which the TiO2 film is applied. The teal colour is representative of the elemental Titanium 
metal and the red colour is representative of oxygen. 

 

2.3.4 Preparation of Photocatalyst Powder Samples  

Degussa P25 (Evonik) which is often used throughout literature as a representative TiO2 

photocatalyst is comprised of particles which are a mixture of mainly anatase and rutile 

phases (typically 70–80% anatase), and has a BET surface of 50 m2 g-1 [24].  

 

Samples were prepared in accordance with published work by the Mills group for adhering 

powders to glass for the purpose of NOx removal testing. [13].  Typical thin films of P25 were 

deposited on the glass substrates by evaporation, at 300 oC for 2 h in a muffle furnace, of  

10 mL of a 2.5 g L-1 (or 0.02 g L-1) aqueous suspension of P25 spread over the surface of the 

substrate (10 cm x 4.7 cm) using a plastic syringe. The samples, once cooled to room 

temperature, were stored in the dark prior to use. All samples were tested within 2 days of 
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preparation. A digital image of a typical thin P25 powder film, ca. 4 μm thick and translucent 

white in appearance, on the surface of a glass float (10 cm x 4.7 cm) is shown below in Figure 

2.18. 

Figure 2.18: A digital photograph of a typical P25 (Evonik) powder film on the surface of a glass float (10 x 5 cm) 
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3 Photocatalytic air purification: effect of HNO3 

accumulation on NOx and VOC removal 

3.1 Introduction 

Current commercial photocatalytic products include, self-cleaning glass [1], concrete [2], 

plastic tent/awning/curtain materials [3,4], tiles [5] and paint [6,7]; all are based on the 

semiconductor photocatalyst, TiO2, because it is, (a) physically, chemically and 

photochemically stable, (b) photocatalytically efficient and (c) inexpensive.  For many of 

these products, a major area of application is the purification of air.  In the case of outside 

air, the nitrogen oxides, NO and NO2, are the major air pollutants, produced by the 

combustion of fuels, such as from cars and power stations.  Not surprisingly, these NOx gases 

are also significant pollutants of indoor air, so much so that they, along with volatile organic 

carbons, VOCs, such as acetaldehyde and formaldehyde, contribute to sick building 

syndrome [8].   

The ability to remove NOx is therefore an important feature of all commercial, photocatalyst-

based, air purification architectural products, for exterior and interior use.  It is worthwhile, 

therefore, to consider the key photocatalytic reactions associated with the reduction of 

ambient NOx levels using a TiO2-based photocatalyst, [9–12], i.e.  

      TiO2 

  4NO + O2 + 2H2O  ⎯⎯⎯⎯→  4HNO2  (3.1) 

 h  Ebg 

       TiO2 

  4HNO2 + O2   ⎯⎯⎯⎯→  4NO2 + 2H2O  (3.2) 

 h  Ebg 

      TiO2 

  2H2O +   4NO2 + O2   ⎯⎯⎯⎯→  4HNO3  (3.3) 

  h  Ebg 
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Thus, in the photocatalytic reactions (3.1) and (3.2), the NO component of NOx is oxidised to 

NO2, via the intermediate formation of nitrous acid, HNO2, and then the existing and 

photocatalyst-generated NO2 is oxidised to nitric acid, via reaction (3.3). An excellent study 

of the effect of various experimental parameters, such as [NO], [NO2], irradiance and relative 

humidity, on the efficiency of NOx removal by TiO2 photocatalysis has been reported by 

Ballari et al. [13]. In support of the reaction mechanism represented by reactions (3.1) to 

(3.3), most studies of the oxidation of NO by oxygen photocatalysed by TiO2, show that the 

amount of NOx removed is matched by the amount of HNO3 generated [9–12]. Unfortunately, 

there is, however, a well-known problem [8,14–18] with this system, in that as the final 

product, HNO3, accumulates on the surface of the TiO2 photocatalyst, the following 

photocatalysed reaction becomes increasingly important, 

 

                                                                     TiO2 

                                   2HNO3  +  NO   ⎯⎯⎯⎯→  3NO2  +  H2O                                                     (3.4) 

                                                                  h  Ebg 

 

As a consequence, all TiO2-based photocatalysts for NOx removal eventually accumulate 

sufficient surface HNO3 so that they only function to promote the oxidation of NO to NO2 

[15,18], i.e. 

 

                                                                        TiO2 

                                            2NO  +  O2   ⎯⎯⎯⎯→  2NO2                                                               (3.5) 

                                                                     h  Ebg 

 

The problem of HNO3 accumulation is usually addressed in commercial photocatalytic paints 

and concrete by including in the formula an acid scavenger, such as CaCO3 [19] or NaOH [18], 

since, in contrast to HNO3, the accumulation of a nitrate salt does not appear to promote 

reaction (3.5). Photocatalyst coatings, such as glass, tiles or plastics, that do not have an 

effective, acid-removing additive, must therefore, rely on the regular removal of the surface 

accumulated HNO3 by surface water, such as rain, which is clearly an issue for indoor 

products and external-use products where regular rainfall is unlikely [18].  As a consequence, 
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the latter materials are usually promoted for their ability to destroy volatile or non-volatile 

organic pollutants, rather than their NOx removal capacity. 

Given the presence of NOx in outdoor and indoor air, clearly the accumulation of nitric acid 

has the potential to pose a problem to all commercial photocatalytic products for exterior or 

interior use, not only in terms of lowering significantly any NOx reduction capability, but also 

simultaneously affecting their ability to destroy VOCs, such as formaldehyde and 

acetaldehyde.  This chapter investigates the issue of HNO3 photocatalytic generation and 

accumulation, as revealed by coatings of P25 TiO2, and examples of a commercial, 

photocatalytic exterior paint and interior cloth.   

3.2 Experimental 

3.2.1 Materials 

Unless stated otherwise, all materials were purchased from Aldrich Chemicals and used as 

received.  In house TiO2 films of Evonik P25, StoColor Photosan photocatalytic paint (STO SE 

& Co., Germany) and curtain fabric (GUNRID, IKEA, Sweden) were prepared or used, as 

outlined below, on 5 × 10 × 0.4 cm3 borosilicate glass plates. Degussa P25 TiO2 powder is 

comprised of particles which are a mixture of mainly anatase and rutile phases (typically 70-

80% anatase), and has a BET surface of ca. 50 m2 g−1 [20].  Thin films of P25 were deposited 

on the glass substrates by evaporation of 10 mL of a 2.5 g dm−3 aqueous suspension of P25 

which was first spread over the surface of the substrate (10 × 5 cm2, 0.5 mg cm−1 loading) 

using a plastic syringe, and then dried at 300 °C for 2 h in a muffle furnace.  The dried (25 mg) 

P25 TiO2 films were ca. 4 μm thick and translucent white in appearance, see Figure 3.1. 

The StoColor Photosan paint [19,21] coated samples (10 x 4.7 cm2) were prepared using a 

draw-down method in which 2 cm3 of the paint were deposited as a line of liquid paint at the 

top of the glass plate and drawn down using a k-bar No.8, to deliver a film of the paint with 

a wet thickness of 100 m, on the glass substrate (10 x 4.7 cm2).  A k-bar is a wire-wound 

steel rod which is regularly used in the print industry to deliver ink films with well-defined 

wet film thicknesses [22].  The coated substrates were left to dry overnight in the dark before 

use and the dried STO paint films were found to be ca. 17 μm thick, white and opaque, see 

Figure 3.1. 
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The recently released GUNRID air purifying curtain [4] from IKEA, comprised a woven fabric 

of recycled polyester, coated with a TiO2-based photocatalyst, HeiQ Fresh Air, supplied by 

a Swiss company, HeiQ Materials AG [23].  The manufacturers report that the fabric is 

machine washable up to 40 oC, which suggests an excellent adherence between the polyester 

fibres and the TiO2 coating [4,24].  The prime application of this fabric is the purification of 

indoor air, including the sick building VOCs, acetaldehyde and formaldehyde [4,24].  The IKEA 

cloth was found to be comprised of ca. 265 μm thick fibre bundles spaced 436 and 181 μm 

apart, slightly grey, and partially transparent, like a net curtain, see Figure 3.1(a) and (b). 

Based on these dimensions, it can be shown that ca. 75% of the geometric surface area is 

covered by the fibre bundles i.e. 0.75 cm2 per 1 cm2 of cloth. The bundles themselves 

comprised very thin fibres, ca. 10 m thick.  

Figure 3.1: (a) Photographs (from left to right) of 10 x 5 cm samples of the different photocatalysts tested in this 

work, namely (from left to right), a P25 TiO2 film, STO (StoColor Photosan paint) film and IKEA (GUNRID air 

purifying curtain) cloth; (b) optical microscope view of the IKEA fabric, from which a macro thread diameter and 

micro fibre diameter of ca. 265 and 10 m was estimated.   
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3.2.2 Methods 

The NOx removal capacities of the different samples were measured using the NO air-

purification ISO method ISO 22197-1:2016 [25] which is an established standard test for 

determining the NO and NO2 removal activities of photocatalytic materials, and is referred 

throughout this thesis as the NO ISO. Unless stated otherwise, all samples of the P25 coated 

glass and IKEA fabric were UV preconditioned overnight (15 h) as required by the NO ISO, 

using as a UV source, two 15 W blacklight blue light (BLB) fluorescent tubes, which had a peak 

emission at 352 nm and an irradiance of 1 mW cm-2.  In contrast, unless stated otherwise and 

for reasons that will become clear subsequently, all STO paint fims were more aggressively 

conditioned by accelerated weathering, as stipulated in ISO 4892-3: 2016 [26], using a Model 

QUV/se, Q-Lab weatherer, for 7 days, under a continuous cycle of 8 h UV irradiation (0.76 

mW cm-2, 340 nm; 50oC) and 4 h condensation (60oC).   

Full details of the NO air-purification ISO method ISO 22197-1:2016 are given elsewhere 

[25,27], however, briefly, the NO ISO employs an inert, flat-bed photoreactor system, 

illustrated in Figure 2.8, which is designed to hold up to three, but, in this work, typically 

holds only one, 5 × 10 cm2 test sample, and allows their subsequent illumination with UVA 

light.  As before, the UV source employed in this work is comprised of two, 15 W blacklight 

blue light (BLB) fluorescent tubes, which had a peak emission at 352 nm and an irradiance of 

1 mW cm-2.  Humidified (RH = 50% at 25 °C) air and dry NO, are mixed to give a NO 

concentration of 1000 ppbv, which is then passed through the photoreactor at a mass flow 

controller set rate of 3.0 dm3 min−1.  In the photoreactor, the gas mixture passes through a 

narrow gap of 5 mm between the top glass window and the test sample below, and the outlet 

gas stream from the reactor is sampled through a valve attached to a NOx detection system, 

which in this case was a T200, Enviro Technology Services, UK.  The concentrations of NO and 

NO2 in the outlet stream are monitored for ca. 30 min before the light is switched on, during 

the 5 h irradiation period of the test, and for 30 min after the light has been switched off.   

The start and end of the irradiation period, where the irradiation times, t, are 0 and 300 min, 

respectively are referred to here as ‘to’ and ‘tend’. Given that in this work there is always a 30 

min delay before illumination, it follows that ‘to’ and ‘tend’ occur at reaction run times of 30 

and 330 min, respectively. In every NO ISO test run, the recorded [NO] and [NO2] vs reaction 

time profiles, such as that illustrated in Figure 2.9, and later on in this chapter, were used to 
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calculate the amounts of NO removed, NO2 generated and NOx removed as a proportion of 

the total amount of NO that flowed through the system over the 5 h of irradiation period; in 

this work the key calculations were based on the following equations, 

 

                               %NO(rem) = ∫
[NO]in−[NO]exit

[NO]in
 𝑑𝑡 × 100%

𝑡𝑒𝑛𝑑

𝑡0

    (3.6) 

 

 

                              %NO2(gen) = ∫
[NO2]exit

[NO]in
 𝑑𝑡 × 100%

𝑡𝑒𝑛𝑑

𝑡0

    (3.7) 

 

 

                             %NOx(rem) =∫
[NO]in − [NO]exit+ [NO2]exit

[NO]in
 𝑑𝑡 × 100%

𝑡𝑒𝑛𝑑

𝑡0

  (3.8) 

 

where, %NO(rem), %NO2(gen) and %NOx(rem), are the percentages of NO removed, NO2 

generated and NOx removed, respectively.  It follows from eqns (3.6) to (3.8) that  

%NOx(rem) = %NO(rem) - %NO2(gen).  The parameters, [NO]in and [NO]exit are the measured 

concentrations, in ppbv, of NO, in the gas stream on entry and exit of the photoreactor, 

respectively, at any time, t, during the irradiation period.  The parameter [NO2]exit is the exit 

concentration of NO2, measured at the same time, t, as [NO]exit.  The integrations described 

by eqns (3.6) – (3.8), cover the irradiation period of interest, which is usually between to (i.e. 

the start of the irradiation period) to tend (i.e. the end of the irradiation period which is 

usually, 300 min, in duration).  The values of %NO(rem), %NO2(gen) and %NOx(rem) 

calculated for this period are average values and referred to as such. 

 

Finally, it should be noted that the IKEA fabric was found not to be particularly active as a 

photocatalytic material and, as a consequence, it was always tested under ISO ‘sensitive’ 

reaction conditions [25], namely with a gas flow of 1.5 (instead of 3) dm3 min-1 and with two 

(not one) 10 x 5 cm samples of the cloth in the reaction chamber, an alteration described in 

the NO air-purification ISO method ISO 22197-1:2016.  The lower flow rate doubles the 

contact time, and the use of two pieces of cloth, doubles the photocatalytic area, and so, 

when making comparisons between other samples (i.e. those run under standard, and not 
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sensitive, conditions), the values of %NO(removed), %NO2(generated) and %NOx(removed) 

should be divided by 4 [28].  However, in order to avoid confusion, in this chapter all the data 

reported for the IKEA fabric refers to the actual, measured (i.e. not divided by 4) values for 

these calculated parameters and as a reminder of this fact, the subsequent text will refer to 

IKEA* fabric and its values, where the asterix denotes that the reported values are the actual 

values determined under ‘sensitive’ conditions and have not been adjusted.   

 

3.3 Results and discussion 

3.3.1 Preconditioning 

According to the NO ISO [25], the test piece must be pre-irradiated with a UV light with an 

irradiance of  1 mW cm−2 for at least 16 h in air to decompose any residual organic matter 

present, before the NOx test proper is run after washing the sample with water.  This 

preconditioning step is required so that the surface exposed to the NO stream during the NOx 

test proper can be considered pristine.  Usually the effect of this pre-conditioning step is 

modest, both with regard to the measured values of %NOx(rem) (before and after UV 

conditioning) and the component values of %NO(rem) and %NO2(gen).  However, in some 

cases the effect of pre-conditioning can be striking and nowhere is this better illustrated than 

the IKEA* cloth, the recorded [NO], [NO2] and [NOx] vs irradiation time profiles for which, 

with and without UV pre-conditioning are illustrated in Figure 3.2(a) and (b), respectively.  

Note, in these profiles, as in all subsequent profiles, the numbers in parenthesis are (from left 

to right) the average values of %NO(rem), %NO2(gen) and %NOx(rem), calculated using eqns 

(3.6) to (3.8), for to = 0 min and tend = 300 min, from the associated [NO], [NO2] and [NOx] vs 

irradiation time profiles. 

 

The [NO], [NO2] and [NOx] vs irradiation time profiles illustrated in Figure 3.2(a) and (b), 

reveal that initially, the IKEA* cloth is not photoactive, nor is it rendered active during the  

5 h irradiation of a typical NO ISO run.  However, after 15 h pre-conditioning with UV, it is 

active, although, given all runs made using this cloth were carried out under ‘sensitive’ ISO 

reaction conditions, its activity is still relatively modest.  Presumably the UV pre-conditioning 

procedure destroys some or all of the organic surface species that form part of the 

proprietary HeiQ Fresh Air coating formulation [23] and once destroyed, the now exposed 

TiO2 photocatalytic particles are then able to photocatalyse the oxidation of NO to HNO3 via 
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reactions (3.1) – (3.3).  The need for significant UV preconditioning before working, does 

mean that the IKEA* GUNRID air purifying curtain material, as sold, will not work initially, but 

rather will take some time, the duration of which will vary enormously depending on such 

factors as its location in the house - e.g. one at a south facing window will be more quickly 

activated- and the amount of sunlight the house receives in general, which will depend upon 

the geographic location of the house, as well as the time of year. 

 

 

Figure 3.2: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded under NO 

ISO conditions for IKEA* fabric (a) and (b) and STO paint film (c) and (d), which had not (a) and (c) respectively or 

had (b) and (d) respectively been UV pre-conditioned (IKEA*), or weathered for 1 week (STO), prior to testing. The 

numbers in parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and %NOx(rem), 

respectively. 

 

Commercial exterior STO paint film exhibits quite different behaviour, compared to that of 

the IKEA* fabric.  Thus, in the absence, of UV-conditioning in air the associated [NO], [NO2] 

and [NOx] vs irradiation time profiles are as illustrated in Figure 3.2(c), which shows the film 

is able to remove some NO, generate little NO2, and overall exhibit a modest degree of NOx 

removal, which is still better than that exhibited by the IKEA* cloth, even after UV pre-

activation.  However, when aggressively pre-conditioned, through accelerated weathering 

under UV illumination and condensation at quite high temperatures (50-60 oC) for a long 
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period of time (7 days), the [NO], [NO2] and [NOx] vs irradiation time profiles for the STO paint 

are transformed, as illustrated in Figure 3.2(d), to those of a material with significant 

photocatalytic activity for NO removal (given %NO(rem) changed from 2.5 to 10.7%) , and 

also, unfortunately, for NO2 generation (%NO2(gen) changed from 0.7 to 8.2%), so that the 

average %NOx(rem) value is only a little better than that exhibited by the non—weathered 

paint film (i.e. %NOx(rem) changed from 1.8% to 2.5%).  Thus, rather like the IKEA* cloth, the 

exterior STO paint requires preconditioning before it exhibits appreciable photocatalytic 

activity, although in the latter case the conditioning needs to involve very aggressive 

weathering and not simply the usual pre-UV conditioning for 16 h [25].  In addition, even 

after activation and exhibition of significant photocatalytic activity, a measure of which is the 

value of %NO(rem), both films have very modest (< 5%) [25] values for %NOx(rem), since they 

also generate at the same time large amounts of NO2 so that %NOx(rem) is not much bigger, 

if at all, than %NO2(gen). 

 

The feature of delayed photocatalytic activity in photocatalytic paints, illustrated here for the 

STO paint by the [NO], [NO2] and [NOx] vs irradiation time profiles in Figure 3.2(c) and (d), has 

been noted previously [29] for other photocatalytic paints and is attributed to the need for 

the TiO2 photocatalyst particles at the paint surface to first photocatalyse the oxidative 

mineralisation of the polymer resin (i.e. the binder) used in the paint formulation, which 

covers the surface of the TiO2 particles, before being able to remove effectively air-borne 

pollutants.  Accelerated weathering of the STO paint promotes this necessary conditioning 

process, allowing the paint to function more effectively as a photocatalytic film. 

 

3.3.2 Nitric acid accumulation and CaCO3 

As noted earlier, most studies of the oxidation of NO by oxygen photocatalysed by TiO2, show 

that the amount of NOx removed is matched by the amount of HNO3 generated [9–12] and 

this feature is assumed here for all the films tested. Additional evidence that HNO3 is 

generated via the photocatalytic reactions (4.1) – (4.3) was obtained by recording the FT-IR 

absorbance spectrum of a P25-coated CaF2 disc placed in the NO ISO reactor before and after 

illumination. The results of this work, illustrated below in Figure 3.3, show clearly peaks at 

1633, 1406 and 1322 cm-1 which are characteristic of HNO3 on a metal oxide surface [30,31].  

Thus, the peak at 1322 cm-1 is due to 3 N-O stretching mode, that at 1406 cm-1 is due to the 
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overtone 24 (where 4 is a N-O bending mode) and 1663 cm-1 is due to the overtone 22 

(where 2 is an out-of-plane N-O bending mode) [31].  

 

 

Figure 3.3: FT-IR spectrum recorded for a P25 TiO2 film on a CaF2 disc before and after 1h illumination in the NO 

ISO reactor illustrated in Figure 2.8, under otherwise standard NO ISO conditions.   

 

All photocatalytic films used here, i.e. P25 TiO2, STO paint and IKEA* cloth, and elsewhere 

[18], when tested using the NO ISO, exhibit, to varying extents, loss of NO and NOx removal 

activity with increasing time.  As noted previously, this is usually interpreted as being due to 

the increasing dominance of reaction (3.4) over reaction (3.3) with increasing irradiation 

time, as the surface becomes covered with HNO3, so that the overall process eventually 

reduces to reaction (3.5), the photocatalysed oxidation of NO to NO2 by O2.  However, the 

accompanying decrease in the value of %NO(rem) with irradiation time also suggests that the 

accumulation of HNO3 decreases the overall rate of photocatalysis exhibited by the film; 

indeed, others have even suggested the HNO3  acts as ‘physical barrier’ to the photocatalytic 

process [32].  Clearly, this loss of activity due to HNO3 surface accumulation would be 

particularly significant if it also similarly affected the rate of photocatalysed destruction of 

VOCs exhibited by such films and this aspect is explored in a later section. 

 

The inhibitory action of photocatalytically-generated HNO3 on NOx removal is most clearly 

illustrated in this work by the [NO], [NO2] and [NOx] vs irradiation time profiles recorded for 
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films of weathered STO paint, and UV-conditioned P25 TiO2, illustrated in Figure 3.2(d) and 

Figure 3.4(a), respectively.  In both these profiles, the [NO] increases and the [NO2] decreases 

with increasing irradiation time, as would be expected if the surface accumulation of HNO3 

actually decreases the overall photocatalytic activity exhibited by the photocatalyst.  As a 

result of this inhibitory action, both the weathered STO paint and the UV conditioned P25 

TiO2 film exhibit little NOx removal activity towards the end of the 5 h UV irradiation period 

of the NO ISO, as shown in the plots of the [NOx] vs time profiles (red line) in Figure 3.2(d) 

and Figure 3.4(a), respectively, in which the value of [NOx] approaches that of [NO]in (broken 

grey line and equal to 1000 ppbv) as the irradiation time approaches 5 h.   

 

 

Figure 3.4: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded under NO 

ISO conditions for a UV-conditioned P25 TiO2 film (a) without, and (b) with 10 wt% CaCO3 in the metal oxide  

25 mg film formulation; (c) plot of the calculated %NOx(rem) values for the different conditioned films, in first 30 

min (black), and last 30 min (red) and averaged over the 5 h irradiation period (green) of the NO ISO test. In (a) 

and (b) the film under test was UV irradiated between reaction times 30 and 330 min and the numbers in 

parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and %NOx(rem), 

respectively. 
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This feature of low (< 5%), or negligible (i.e. < 1%), %NOx(rem) values, as t approaches 5 h, is 

in spite of the fact that both films exhibit significant photocatalytic activity even as the 

irradiation time approaches 5 h, as evidenced by the low values of (i.e. [NO] <<< [NO]in) and 

high values of [NO2] illustrated in Figure 3.2(d) and Figure 3.4(a) for the weathered STO paint 

film and the UV-conditioned P25 TiO2 film, respectively. Of the samples tested here, the 

apparent exception to the inhibitory effect of photocatalytically generated HNO3 is the UV-

preactivated IKEA* cloth, as illustrated by its [NOx] vs irradiation time profile (red line) 

illustrated in Figure 3.2(b), from which it is apparent that even towards the end of the 5 h 

irradiation period, the film is still functioning as a photocatalytic NOx removing film. However, 

even the IKEA* cloth exhibits the general trend of decreasing capacity to remove NOx with 

increasing irradiation time that is so often observed in NOx removing photocatalytic films. For 

the IKEA* cloth film this trend is best illustrated by calculating the values of %NOx(rem) in the 

first 30 min, and last 30 min, as well as the average value (over the 5 h irradiation period).  

The results of these calculations for the IKEA* cloth, as well as for the P25 TiO2 and STO paint 

films, are illustrated in Figure 3.4(c) and highlight the general trend, exhibited by all the 

photocatalytic films, of decreasing %NOx(rem) value with increasing irradiation time during 

the 5 h irradiation period employed in the NO ISO. The results in Figure 3.4(c) show that the 

transition from a NOx removing photocatalytic film to a NO to NO2 convertor, due to HNO3 

accumulation, is much slower in the IKEA* cloth than the other two films and is typical of a 

high surface area, fibrous material.  For example, this very slow transition has been observed 

before for a paper-like photocatalytic material, made of TiO2-covered PTFE fibres and sold by 

the Mitsubishi corporation [18].  Clearly, the larger the surface area, the longer the UV 

exposure required to generate a sufficient level of surface HNO3 to eliminate its NOx-

removing capacity and render it a simple NO to NO2 photocatalytic convertor.  In the case of 

the Mitsubishi paper this transition took ca. 74 h continuous irradiation under the same NO 

ISO reaction conditions, whereas for P25 TiO2 and weathered STO paint films it took less than 

3 h.   

As noted earlier, an obvious and popular method to reduce the inhibitory effects of HNO3 

accumulation is to add an acid scavenger, such as CaCO3, to the film and, not surprisingly, 

this is the approach taken by STO [19,21] in their formulation of their StoColor Photosan 

paint.  However, it is clear from the NOx values for the STO paint given in Figure 3.4(c), that 
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the addition of CaCO3 has little effect on supressing the inhibitory action associated with 

photocatalytic HNO3 accumulation.  In order to probe the efficacy of CaCO3 in removing 

HNO3, thereby preventing reaction (3.4) and so improving the film’s NOx removal capability, 

10 wt% of a high surface area (ca. 50 m2 g-1) CaCO3 powder were added to a typical P25 TiO2 

dispersion and the resulting film tested under NO ISO conditions.   

 

The [NO], [NO2] and [NOx] vs reaction time profiles for this P25/CaCO3 film are illustrated in 

Figure 3.4(b) and the calculated NOx removal values in the first and last 30 min of the 5 h 

irradiation period are given in Figure 3.4(c).  These results show that, as is usually assumed, 

the presence of CaCO3 (in this case 10 wt%) does improve the ability of a TiO2 film to remove 

NOx; indeed, for the P25/CaCO3 film the %NOx(rem) value in the last 30 min of the UV 

irradiation is ca. 10 times (i.e. 4.8% cf. 0.5%) that of a plain P25 TiO2 film.  Given the above, it 

might at first appear surprising that the presence of CaCO3 in the formulation of STO paint 

doesn’t produce any obvious resistance to the negative effects of HNO3 accumulation, see 

Figure 3.4(c).  However, in this, or any, photocatalytic paint it appears likely that the CaCO3 

particles will be coated with paint binder, and so largely rendered passive with regard to the 

photocatalytically generated HNO3 that accumulates on the surface of the TiO2 photocatalyst 

particles.   

 

3.3.3 Dark persistence of accumulated HNO3 

The above results suggest that commercial photocatalytic paints in particular, and 

photocatalytic products in general (e.g. tiles, concrete, paving stones), that are promoted for 

their ability to remove NOx, may quickly fail to function as such, due to the accumulation of 

photogenerated HNO3 on the surface of the photocatalytic film.  However, this possible 

major concern may be irrelevant if the ambient level of NOx is << 1000 ppbv and the 

accumulated HNO3 does not last long on the surface of the TiO2.  Fortunately, the former 

condition is almost always met, since even the average level of NO in a busy London street is 

typically 200 ppbv, although it can peak at 600-700 ppbv, and so in most towns the NOx levels 

are likely to be much lower, i.e. < 100 ppbv and usually lower again (by at least 25%) when 

indoors [33,34].  In addition, it would seem unlikely that HNO3 would reside long on any 

surface, given its boiling point is 83 oC [35], and so is relatively volatile. However, the 

assumption of a low residence time based on boiling point is a little simplistic, since the acid 

will almost certainly protonate the surface OH groups, allowing the nitrate to form a stable 
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ion-pair complex, i.e. [Ti – OH2
+NO3

-], the residence time, i.e. persistence, is likely to be 

greater than that of non-complexed HNO3.   

In order to investigate the persistence of a layer of a photocatalytically generated layer of 

HNO3 on the TiO2 under test, such a layer was first deposited on each of the films by running 

each sample first under the NO ISO conditions usually employed in this work.  Each film so 

treated was then tested again, using the NO ISO, either, (a) directly after deposition (t(dark) 

= 0 h), (b) 15 h later (t(dark) = 15 h) or (c) 7 days later (t(dark) = 168 h).  In addition, in (d) 

each film used in (c) was subsequently rinsed with water (to remove any surface accumulated 

HNO3) and tested again.  A typical set of [NO], [NO2] and [NOx] vs reaction time profiles arising 

from this work for a P25 TiO2 film, a STO paint film and the IKEA* cloth are illustrated in Figure 

3.5, Figure 3.6, Figure 3.7 respectively. 

Figure 3.5: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded for a UV-

pre-conditioned P25 TiO2 film that had previously been subjected to a NO ISO test, in order to deposit a layer of 

HNO3, and then tested again after a set (dark) time after the deposition of HNO3. The (dark) times employed were: 

(a) 0 h, (b) 15 h and (c) 168 h. Sample (d) was recorded for sample (c), after rinsing it with water before testing 

again. In all cases the film was UV irradiated between reaction times 30 and 330 min and the numbers in 

parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and %NOx(rem), 

respectively. 
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The [NO], [NO2] and [NOx] vs reaction time profiles for a P25 TiO2 film illustrated in Figure 3.5 

reveal that if used directly after the deposition of the HNO3, i.e. t(dark) = 0 h, the film 

functions simply as a NO to NO2 convertor, although still photocatalytically very active, since 

%NO(rem) = 22.1%.  For this film, the average %NOx(rem) value is negligible (0.8%) and the 

situation doesn’t improve if the value of t(dark) is increased to 15 h.  After 168 h there is 

evidence of some recovery in initial NOx removal activity, but it is only once  the film is rinsed 

with water, after 7 days in the dark, to remove the residual photocatalytically generated, 

surface accumulated HNO3, is the film restored to ca. 77% of its original photocatalytic 

activity, (i.e. %NOx(rem) = 3.6 cf. 4.7%) and even then the [NO]x vs irradiation time profile 

shows the same problem of a decreasing %NOx(rem) value with increasing irradiation time, 

due to HNO3 accumulation. 

Figure 3.6: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded for a 

weathered (7 days) STO paint film that had previously been subjected to a NO ISO test, in order to deposit a layer 

of HNO3, and then tested again at different (dark) times after this deposition procedure.  The (dark) times 

employed were: (a) 0 h, (b) 15 h and (c) 168 h.  Sample (d) was sample (c), which was subsequently rinsed with 

water before testing. In (a) to (d) the film under test was UV irradiated between reaction times 30 and 330 min 

and the numbers in parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and 

%NOx(rem), respectively. 
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Figure 3.7: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded for a UV-

pre-conditioned IKEA* cloth that had previously been subjected to a NO ISO test, in order to deposit a layer of 

HNO3, and then tested again at different (dark) times after this deposition procedure.  The (dark) times employed 

were: (a) 0 h, (b) 15 h and (c) 168 h.  All tests were conducted under ‘sensitive’ conditions, i.e. flow rate 1.5 (instead 

of 3) dm3 min-1 and with 2 (instead of 1) 10 x 5 cm samples. In (a) to (c) the film under test was UV irradiated 

between reaction times 30 and 330 min and the numbers in parenthesis refer to (from left to right) the calculated 

values of %NO(rem), %NO2(gen) and %NOx(rem), respectively. 

This trend in NOx removal capability is captured in the plot of the average values of 

%NOx(rem) vs t(dark) for P25 TiO2, calculated using the [NOx] vs irradiation time profile data 

in Figure 3.5 and eqn (3.8), illustrated below in Figure 3.8.  These results show that the 

persistence of photocatalytically generated HNO3 on the surface of TiO2 is a real problem for 

naked (i.e. no acid scavenger) photocatalytic films even after 7 days in the dark.  

From the data illustrated in Figure 3.8, it appears that both the STO paint film and the IKEA* 

cloth show the same initial features as the P25 TiO2 film, i.e. the photocatalytically deposited 

HNO3 persists in the dark when left overnight (15 h), but, in contrast to P25 TiO2, appears 

largely absent after 168 h in the dark, so that the original activity exhibited by the film is 

largely restored by that time.  In the case of the STO paint film, presumably the CaCO3 in the 

formulation, although unable to remove the surface accumulated HNO3 after 15 h in the dark, 

is able to do so after 168 h.  In the case of the IKEA* cloth, the almost complete recovery in 
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NOx removal activity after 168 h in the dark also suggests a similar complete loss of HNO3, 

possibly due to its slow diffusion into the bulk of the fibre bundles.   

Figure 3.8: Plot of values of %NOx(rem) values calculated using the data in Figure 3.5, Figure 3.6 and Figure 3.7, 

for the different TiO2-based photocatalytic films, namely: UV-conditioned, P25 TiO2 (black), weathered STO paint 

(red) and UV-conditioned IKEA* cloth (green), respectively.  The data from the samples displayed include that for 

an initial (pristine, no pre-deposited HNO3) film, and films with t(dark) values of 0, 15 and 168 h (7 days) and finally 

the 168 h film after rinsing with water.   

Overall, the above results suggest that many commercial NOx-removing photocatalytic 

materials will exhibit a delay in exhibiting any significant activity as the film needs to be UV-

conditioned and/or weathered.  Even after conditioning/weathering, the films will exhibit a 

decreasing efficiency for NOx removal with increasing irradiation time due to the 

accumulation of photocatalytically generated HNO3.  However, in practice, the latter 

inhibitory action is unlikely to lead to the complete loss in NOx removal activity, given the 

level of NO in the ambient air is most likely << 1000 ppbv and the material will have either 

an acid scavenger, such as CaCO3, in its formulation, and/or a high surface area, as found in 

photocatalytic paper or cloth.  It follows from this work that there is a strong argument for 

the modification of the current NO ISO, so that the level of NO is set at a more realistic level 

of, say, 100 ppbv, and not the current value of 1000 ppbv, since the latter generates results 

which, as we have seen, highlights problems, such as those due to HNO3 accumulation, that 
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are unlikely occur in practice.  Of greater concern is the general observation that all the 

photocatalytic films tested here and elsewhere [9–12,14–18] for converting NO to HNO3, via 

reactions (3.1) to (3.3), generate significant amounts of NO2 which are lost to the ambient air 

coupled with the fact that the latter is more toxic than NO [36].  Thus, any solar UV absorbing, 

inexpensive, non-toxic, stable alternative to TiO2 photocatalyst which is able to reduce 

significantly, or eliminate, the intermediate production of unbound NO2 in the oxidation of 

NO to HNO3 by ambient O2 would represent a great advance in the use of photocatalysis for 

purifying ambient air. 

3.3.4 HNO3 accumulation and VOC removal 

This work has demonstrated that the accumulation of HNO3, photocatalytic generated via 

reactions (3.1) to (3.3) lowers significantly the photocatalytic activity exhibited by the TiO2-

based film under test.  As noted earlier, a rough measure of photocatalytic activity is the 

calculated average value of %NO(rem) and a P25 TiO2 film without and with a 

photocatalytically deposited HNO3 film has %NO(rem) values of 30.8%, Figure 3.4(a) and 

22.1%, Figure 3.5(a) respectively.  Thus, the P25 TiO2 film exhibits a ca. 28% drop-in 

photocatalytic activity with activity with HNO3 surface film formation.  A similar analysis of 

the data for the STO paint film and the IKEA* cloth reveals similar drops in activity with HNO3 

deposition, i.e. 49% and 28%, respectively.   

As noted earlier, it has been suggested by others that the drop in photocatalytic activity 

observed for TiO2 film in the photocatalytic removal of NOx is due, in part at least, to the 

HNO3 acting as a ‘physical barrier’ [32] and if this is the case it might be expected that the 

accumulation of HNO3 will also decrease the efficacy of a photocatalytic film to mediate the 

oxidation of VOCs, such as acetaldehyde.  In order to investigate this possibility, as before a 

layer of photocatalytically generated HNO3 was deposited on each of the photocatalytic films 

by first running them under the usual NO ISO conditions, and then testing each sample for 

photocatalytic VOC removal activity using the acetaldehyde ISO [37].   

In the acetaldehyde removal ISO for testing photocatalytic films, the same reactor is used as 

in the NO ISO, see Figure 2.8, with the [acetaldehyde]in = 5 ppmv, flow rate = 1 dm3 min-1, 

irradiation time 3 h and UV irradiance = 1 mW cm-2.  As before the IKEA* cloth was tested 
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under ‘sensitive’ conditions, i.e. flow rate = 0.5 dm3 min-1, and two (instead of one) samples.  

The concentration of acetaldehyde in the gas stream, [acetaldehyde], before, during and 

after irradiation was monitored using Gas Chromatography with a Flame Ionization Detector.  

The initial photocatalytic reaction in the oxidation of acetaldehyde by ambient oxygen can 

be summarised as follows:  

      TiO2 

  2CH3CHO  +  O2  ⎯⎯⎯⎯⎯⎯⎯→  2CH3COOH     (3.9) 

h≥ ν Ebg 

A typical [acetaldehyde] vs time profile recorded for a UV-conditioned P25 TiO2 film 

(without deposited HNO3) before, during and after UV irradiation is illustrated in Figure 3.9.

Figure 3.9:  Plot of the concentration of acetaldehyde vs reaction time, recorded for a UV-preirradiated, P25 TiO2 

film without deposited HNO3, 5 min before, during (3 h) and 10 min after UV irradiation, 1 mW cm-2 , flow rate = 

1 dm3 min-1 , one 10 x 5 cm2 sample. The broken horizontal line highlights the average [acetaldehyde] value in the 

inlet feed gas stream. 

From this profile, using an equation similar to that of eqn (3.5), but with [acetaldehyde] 

instead of [NO] values, and t0 = 120 min of the irradiation period and tend = 180 min, a value 
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of 56.5% for %acetaldehyde(rem) was calculated for the film for the last hour of the 

irradiation (a stipulation of the acetaldehyde ISO [38]). The same procedure was then used 

to determine the %acetaldehyde(rem) value for a P25 TiO2 film which had a pre-deposited 

film of photocatalytically generated HNO3.  The weathered STO film and the IKEA* cloth were 

processed similarly and the results of this work are given in Table 3.1, a brief inspection of 

which reveals a slight increase in photocatalytic removal rate for the photocatalytic film with 

a pre-deposited film of HNO3 compared to that without, for all three TiO2 films. It is possible 

that this small increase is due to the additional photocatalytic wear undergone by the film by 

depositing the HNO3 film in the first place. For all three films, the effect of HNO3 deposition 

on acetaldehyde removal rate is negligible compared to that on NOx removal rate. These 

results suggest that photocatalytically generated surface HNO3 is unlikely to form a physical 

barrier to the photocatalytic process and, as a consequence, is unlikely to present a problem 

in these or most photocatalytic films which are used for VOC removal. This in turn suggests 

that the very marked effect of HNO3 accumulation on NOx removal is simply due to the 

photocatalytic reaction (3.4) and, consequently, the photocatalytic destruction of VOCs, such 

as in reaction (3.9), is unlikely to be affected by the presence any HNO3 accumulated onto 

the surface of a TiO2 photocatalyst due to the photocatalysed oxidation of ambient NO, or 

NO2. 

Table 3.1: Calculated %acetaldehyde(rem) values for TiO2 films with and without surface HNO3 

Sample Deposited HNO3 (Yes / No) %Acetaldehyde(rem) 

P25 TiO2 No 56.5 

P25 TiO2 Yes 57.1 

STO paint No 29.4 

STO paint Yes 34.3 

IKEA* cloth No 28.1 

IKEA* cloth Yes 29.0 
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3.4 Conclusions 

In the purification of outdoor or indoor air, most commercial photocatalytic films are likely 

to require some UV preconditioning before becoming effective.  Once effective, in the 

photocatalytic removal of NOx, these films will accumulate a surface layer of HNO3 which will 

cause a decrease in their activity for NOx removal with increasing irradiation time.  However, 

photocatalytic materials developed for NOx removal in particular are unlikely to lose entirely 

their ability to remove NOx as the ambient NOx level is likely to be << 1000 ppbv and the film 

is likely to have an acid scavenger present, such as CaCO3, and/or be fibrous in nature, 

although both features will probably take many hours (typically > 15h) to reduce the surface 

concentration of HNO3 appreciably.  The accumulation of photocatalytically generated HNO3 

on the surface of a photocatalytic film does not reduce its activity for the removal of VOCs 

such as acetaldehyde.  The above findings are encouraging for all those associated with the 

development and commercialisation of photocatalytic films for air purification.  However, it 

is clear there is a real need for a photocatalyst that has all the attractive features of TiO2, 

such as low cost, non-toxic, photostable, high activity, but which does not release NO2 during 

the photocatalysed oxidation of NO to HNO3 by ambient O2.  
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4 Photocatalytic Paints for NOx Removal: Influence of 

Various Weathering Conditions 

4.1  Introduction 

The last 25 years has seen a significant growth in the number and range of commercial 

photocatalytic products; products which include, self-cleaning glass [1], concrete [2], plastic 

tent/awning/curtain materials [3,4], tiles [5] and paint [6–8].  Currently all such 

photocatalytic products are based on the semiconductor photocatalyst, anatase TiO2, 

because it is, (a) physically, chemically and photochemically stable, (b) photocatalytically 

active and (c) inexpensive [9].  In most cases the TiO2 is in the form of a permanent coating, 

deposited using techniques such as, Chemical Vapour Deposition, Magnetron Sputtering or 

sol-gel annealing, or made from powders embedded in an unreactive support medium, such 

as concrete or Polytetrafluoroethylene (PTFE).  In such cases, the TiO2 is not readily lost when 

exposed to light due to the photocatalysed destruction of the support material or its hold to 

the latter.  In contrast, with photocatalytic paints, which represent the main class of 

commercial, applied photocatalytic coatings, TiO2 photocatalyst loss due to this type of 

photocatalytic wear, i.e. photochalking, is an expected and necessary effect, which is usually 

exacerbated by weathering.  Interestingly, few studies exist which have probed this very 

important feature of photocatalytic paints [10,11].   

 

A photocatalytic paint film comprises photocatalytically active TiO2 particles embedded in a 

supporting medium which usually contains a component, a sacrificial resin, such as acrylate, 

which is necessarily degraded photocatalytically.  This sacrificial resin is required so that, such 

resin when at the surface, is destroyed by the photocatalytic oxidative mineralisation process 

so as to reveal more TiO2 particles.  As a consequence, most photocatalytic paints become 

more active with increasing irradiation time [11].  Thus, the most active, and short-lived 

reported photocatalytic paints [12] are those that comprise just a photocatalytic form of TiO2 

as the pigment and an easily oxidised polymeric resin.  Such paints are obviously not viable 

commercially due to the rapid loss of pigment due to exposure to ultra-bandgap irradiation, 

i.e. photochalking.   
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Designing an effective, long-lived photocatalytic paint is clearly very challenging with its 

problems of excessive photochalking and low paint durability.  The two approaches usually 

adopted by the photocatalyst paint industry to overcome these problems are to include in 

the paint formulation, (a) pigmentary, i.e. not photocatalytically active, usually rutile or 

amorphous TiO2 and/or (b) an inorganic, or mainly inorganic, (i.e. silicate or siloxane, 

respective) binder, along with a much lower level of sacrificial organic binder, such as acrylate 

[11,13,14].   

Note, the latter is usually required not only to help expose the embedded photocatalytic TiO2 

particles, as described above, but also to provide good adhesion to the surface to which the 

paint has been applied.  Thus, inorganic photocatalytic coatings/paints that have no organic 

binder generally have poor adhesion properties.  In practice, it is not uncommon to see both 

(a) and (b) employed in the formulation of a commercial photocatalytic paint [13-15] since

the pigmentary TiO2 is expected to aggregate with the photocatalytic active titania and bind 

simultaneously with the organic resin, thereby providing a buffer and a link between the two 

[11].  However, the pigmentary TiO2 will act as a UV screen to the photocatalytic TiO2 and so 

a judgement has to be made between what constitutes too little (thereby producing a very 

active but low durability paint) or too much (thereby producing a low activity, but highly 

durable paint).   

Although many studies have been carried out on the ability of photocatalytic paints to 

remove NOx, VOCs and other pollutants [10-12,16–30], most have simply added a 

photocatalytic pigment, such as P25 TiO2, or VLP 7000, to a commercial paint [10,12,17,19–

21,25–29] and some have made their own, In-house, photocatalytic paint from scratch 

[11,29,30].  Very few studies have been conducted using a commercial photocatalytic paint 

[18,22,23].   

Many commercial exterior paints are promoted for their ability to purify air [6-8] and in 

particular their ability to remove, the oxides of nitrogen, NO and NO2, i.e. NOx, which are 

produced by the combustion of fuels, such as from cars and power stations.  The key 

photocatalytic reactions associated with the TiO2 photocatalysed removal of NOx are as 

follows, [31-34], i.e.  
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      TiO2 

  4NO + O2 + 2H2O  ⎯⎯⎯⎯→  4HNO2    (4.1) 

 h  Ebg 

       TiO2 

  4HNO2 + O2   ⎯⎯⎯⎯→  4NO2 + 2H2O  (4.2) 

 h  Ebg 

      TiO2 

  2H2O +   4NO2 + O2   ⎯⎯⎯⎯→  4HNO3   (4.3) 

  h  Ebg 

Thus, in the photocatalytic reactions (4.1) and (4.2), the NO component of NOx is oxidised to 

NO2, via the intermediate formation of nitrous acid, HNO2, and then the existing and 

photocatalyst-generated NO2 is oxidised to nitric acid, via reaction (4.3).  It is not surprising, 

therefore, that one of the earliest standards developed for assessing the activity of 

photocatalytic materials, published by the International Standards Organisation, i.e. the ISO, 

focussed on the photocatalysed removal of nitric oxide, NO, in air under well-defined 

conditions of [NO] (1000 ppb), humidity (50%), gas flow rate (3L min-1), UVA irradiance (1 

mW cm-2) and sample area (5x10 cm2) [35].  In this paper this NO ISO is used to assess the 

activities of a number of different photocatalytic paints with and without weathering.  Based 

on the initial weathering results, two very different types of paint are revealed and examples 

of these are probed in more detail.   

4.2  Experimental 

4.2.1 Materials 

Samples of the commercial exterior photocatalytic paints, i.e. StoColor Climasan [6], Boysen 

KNOxOUT Air Cleaning Silicone B-8702 [7] and Graphenstone AmbientPro + Premium [8], 

referred to henceforth as the STO, Boysen and Graphenstone paints, were purchased and 

used as received.  Unless stated otherwise, all other materials were purchased from Aldrich 

Chemicals and used as received.  An In-house exterior acrylic photocatalytic paint was also 
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prepared and used and comprised 8 g of photocatalytic, anatase TiO2 (CG100 from Precheza, 

Přerov, Czech Republic, specific surface area ca. 85 m2 g-1), 11 g of rutile TiO2 pigment (surface 

area = ca. 10 m2 g-1), 9.2 g of filler (calcium carbonate), 48.6 g of an acrylic polymer 

(Acronal), 0.3 g of dispersing agent, 3.8 g coalescent agent, 0.5 g defoamer, 0.9 g 

rheological agent, and 17.7 g of water.  The In-house paint was incorporated in this work to 

ensure that with at least one paint, the complete composition was known.   

4.2.2 Methods 

4.2.2.1 Preparation of the paint coatings 

All paints were prepared as films on 5×10×0.4 cm3 borosilicate glass plates for analysis using 

the NO ISO reactor, details of which are given below.  Each glass plate was initially cleaned 

with water and methanol and allowed to air dry.  The paint sample under test was thoroughly 

mixed before being applied using the following doctor-blade technique.  Thus, the glass 

sample to be coated was lined on both its 10 cm sides with a strip of Scotch Magic Tape, 

which is ca. 60 m thick.  A line of paint was then deposited near the top edge of the glass 

plate between these two raised spacers, using a pipette, and a doctor blade, in the form of a 

glass rod, drawn down the length of the glass plate.  The resulting paint film was then allowed 

to dry (at 30oC for 2 days) to leave a paint film, that was ca. 25 m thick.  In all cases the paint 

film appeared to be smooth and white. 

4.2.2.2 Testing using the NO ISO 

The NOx removal capacities of the different samples were measured using the NO ISO, full 

details of which are given elsewhere [35,36].  Briefly, the NO ISO employs an inert, flat-bed 

photoreactor system, illustrated in Figure 2.8 which holds the paint coating on the 5×10x0.4 

cm3 glass test sample, parallel to the gas stream and square on to the UV irradiation source, 

comprising two, 15 W blacklight blue light (BLB) fluorescent tubes, with a peak emission at 

352 nm and providing an incident irradiance of 1 mW cm-2.  The reaction gas stream 

comprises humidified (RH = 50% at 25 °C) air with 1000 ppbv of NO and flows through the 

photoreactor at 3.0 dm3 min−1.  In the photoreactor, the gas mixture passes through a narrow 

gap of 5 mm between the top glass window and the test sample below, and the outlet gas 

stream from the reactor is then regularly (every minute) sampled by a NOx detection system, 

a T200 NOx analyser, Enviro Technology Services, UK.  The concentrations of NO and NO2 in 
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the outlet stream are monitored for ca. 30 min before the light is switched on, during the 5 

h irradiation period of the test, and for 30 min after the light has been switched off.  The start 

and end of the irradiation period, where the irradiation times, t, are 0 and 300 min, 

respectively are referred to here as ‘to’ and ‘tend’.  Given that in this work there is always a 30 

min delay before illumination, it follows that ‘to’ and ‘tend’ occur at reaction run times of 30 

and 330 min, respectively.   

 

In every NO ISO test run, the recorded [NO] and [NO2] vs time profiles were used to calculate 

the amounts of NO removed, NO2 generated and NOx removed as a proportion of the total 

amount of NO that flowed through the system over the 5 h of irradiation period using the 

following equations, 

 

%NO(rem) = ∫
[NO]in−[NO]exit

[NO]in
 𝑑𝑡 × 100%

𝑡𝑒𝑛𝑑

𝑡0

                  (4.4) 

 

 

%NO2(gen) = ∫
[NO2]exit

[NO]in
 𝑑𝑡 × 100%

𝑡𝑒𝑛𝑑

𝑡0

                (4.5) 

 

 

%NOx(rem) =∫
[NO]in − [NO]exit+ [NO2]exit

[NO]in
 𝑑𝑡 × 100%

𝑡𝑒𝑛𝑑

𝑡0

               (4.6) 

 

 

where, %NO(rem), %NO2(gen) and %NOx(rem), are the percentages of NO removed, NO2 

generated and NOx removed, respectively.  It follows from eqns (4.4) to (4.6) that %NOx(rem) 

= %NO(rem) - %NO2(gen).  The parameters, [NO]in and [NO]exit are the measured 

concentrations, in ppbv, of NO, in the gas stream on entry and exit of the photoreactor, 

respectively, at any time, t, during the irradiation period.  The parameter [NO2]exit is the exit 

concentration of NO2, measured at the same time, t, as [NO]exit.  The integrations described 

by eqns (4.4) – (4.6), cover the irradiation period between to = 0 min to tend = 300 min, which 

mark the points at which the UV light is switched on and then off, respectively, during a 

typical run.   
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4.2.2.3  Weathering  

All accelerated weathering was carried out using a Model QUV/se, Q-Lab weatherer.  

Typically, the accelerated weathering conditions employed a combination of UV irradiation 

and condensation phases operated in a continuous cycle, as stipulated by ISO 4892-3: 2016 

[37], i.e. a cycle of 8 h UV irradiation (0.76 mW cm-2, 340 nm; 50oC) followed by 4 h (dark) 

condensation at 60oC); this type of weathering, which unless stated otherwise is for 1 week, 

is referred to throughout this work as ‘standard weathering’.  However, in another set of 

experiments, the samples under test were exposed continuously to (dark) condensation at 

60oC), i.e. no UV exposure; this type of weathering, which unless stated otherwise is for 56 

h, is referred to throughout this work as ‘condensation-only’ weathering.  Note that the 

period of 56 h was chosen as this is equivalent to the condensation exposure time each paint 

film receives if weathered for 1 week under standard conditions.  In both cases, each 

weathered sample was dried at 30 oC for at least 2 days before being tested. 

 

4.2.3 Other methods  

4.2.3.1 FT-IR  

 Unless otherwise stated, all FTIR spectra were obtained using the diffuse reflectance 

accessory (L1200351, Perkin Elmer) for the Perkin Elmer SpectrumTM One FTIR spectrometer. 

Thus, typically, a sample of the paint film under test was taken by gently scratching down the 

centre of the 5 cm x 10 cm plate using EasyDiff diamond abrasive disks (L1272375, Perkin 

Elmer). The disk was then placed on the sample holder alongside a blank reference disk and 

the diffuse reflectance FTIR was obtained over 16 averages over the wavenumber range 400 

– 4000 cm-1.  Films of the acrylate binder, water glass, and siloxane were cast onto 

microscope slides using the doctor blade technique and left to dry before sampling in the 

same way as the paint samples.  FT-IR spectra of powders such as CaCO3 and BaSO4 were 

recorded by pressing an appropriately loaded KBr disc. 

 

4.2.3.2 Scanning electron micrographs, SEMs and paint film thickness 

Scanning electron micrographs were recorded using SEM S4800, (Hitachi, Japan) equipped 

with EDX detector (Noran System Six, Thermo Scientific, US).  The thicknesses of the paint 

samples were determined using DektakXT profilometer (Bruker Nano Inc., USA). 
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4.2.3.3 Roughness factor, Rf  

A measure of the surface area due to exposed TiO2 in all the paint films, as compared to their 

geometric surface area, was determined by adsorption of the azo-dye Orange II, which has 

been shown to form a monolayer on nanocrystalline TiO2 at a concentration of 1.5 mM in 

water of pH 3.5, and to occupy an area of 0.40 nm2 per adsorbed dye molecule [38,39].  Thus, 

in a typical experiment, a paint film of ca. 9 cm2 geometric surface area was exposed for  

15 min to a 100 cm3 solution of the dye, and then the adsorbed dye desorbed with 20 cm3 of 

a 1 M NaOH solution.  The concentration of the dye in the desorbed dye solution was then 

determined from the measured absorbance of the solution at 450 nm measured in a 1 cm 

cuvette, which in turn allowed the real (exposed TiO2) surface area to be calculated and 

ratioed against the geometric surface area to yield a value for the film roughness factor, Rf.  

 

4.3  Results and Discussion 

4.3.1 Paint film characterisation using FT-IR 

One of the problems with studying commercial photocatalytic paints, as opposed to In-house 

synthesised paints, is that their exact composition is proprietary and so effectively unknown, 

although a great deal can be gleaned from reading the patents.  Fortunately, there are only 

three main components of such paints, namely, the binder (such as acrylate, potassium water 

glass (a silicate) or siloxane), pigment (non-photocatalytic TiO2 and photocatalytic TiO2) and 

filler/extender (such as CaCO3 or BaSO4) and usually the binder and filler can be identified 

using FT-IR spectroscopy.  Thus, in this work, the FT-IR spectra of five typical examples of the 

binders and extenders used in such paints, i.e. siloxane (polydimethylsiloxane), calcium 

carbonate, barium sulphate, acrylate (Acronal®), and silicate (sodium silicate), were recorded 

and these are illustrated in Figure 4.1(a).  In each of these spectra key peaks are highlighted 

to help identify their presence in the photocatalytic paint samples.  A list of the peak positions 

and assignments associated with each of these components are given in Table 4.1. 
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Figure 4.1: FTIR spectra of (a) 5 typical components used in photocatalytic paints i.e. siloxane 

(polydimethylsiloxane), calcium carbonate, barium sulphate, acrylate (Acronal®), and silicate (sodium silicate) and 

(b) the 4 photocatalytic paints reported in this work.  The symbols above the peaks represent characteristic peaks, 

the details of which are given in Table 4.1.   

 

The Graphenstone paint appears to have silicate as the inorganic binder, whereas, as we 

know, and is clear from the FT-IR spectrum, the In-house paint has just acrylate.  All the 

paints, except the STO paint, has CaCO3 as a filler.  Instead, the STO paint uses BaSO4 as the 

filler, which is consistent with most of the photocatalytic formulations given in a STO patent 

for an exterior photocatalytic paint [13].  A summary of this work in terms of the presence 

and absence of the 5 likely major components in a photocatalytic paint, as identified by FT-

IR spectroscopy, is given in Table 4.2. 
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Table 4.1: List of FTIR peak assignments of the 5 common components in paint from Figure 4.1(a). 

Wavenumber/ cm-1 Peak Assignment 

Siloxane [40,41] 

801 Si(CH3)2 skeletal vibrations 

1022 Si–O-Si stretching 

1092 Si–O-Si stretching 

1261 (Si–)CH3 symmetric bending 

CaCO3 [42,43] 

712 in-plane bending modes (ν4 mode) 

873 carbonate out-of-plane bending  

(ν2 mode) 

1392 ν3 mode 

1796 ν1 + ν4 mode 

2511 ν1 + ν3 mode 

BaSO4 [44] 

621 out-of-plane bending vibration of SO4
2− 

Acrylate [45] 

1145 C–O–C stretching vibration 

1734 Acrylate carboxyl group 

Silicate [46] 

457 O-Si-O bending vibrations 

1000 Si-O stretching vibration of [SiO(OH)3]- 

 

 

 

Table 4.2: List of components identified by FT-IR in each photocatalytic paint 

 Component 

Paint Silicate Siloxane Acrylate CaCO3 BaSO4 

STO     

Boysen (B8702, KNOxOUT)     

In-house     

Graphenstone AmbientPro+     
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4.3.2 The need for weathering and the problem of HNO3 accumulation 

Photocatalytic paints in general, and exterior photocatalytic paints in particular, show little 

or no activity without first being exposed to UV light.  Indeed, most exterior photocatalytic 

paints are not activated by the usual pre-conditioning used in the NO ISO (16 h UVA irradiance 

at 1 mW cm2) but rather require some degree of accelerated weathering, i.e. a significant 

amount of high temperature (50-60oC) as well as exposure to UV and surface water, where 

the latter is in the form of rain or condensation.  As noted earlier, in this work the paint 

samples are usually subjected to a continuous cycle of 8 h UV irradiation (0.76 mW cm-2,  

340 nm; 50oC) followed by 4 h (dark) condensation at 60 oC, for 7 days, referred to here as 

standard weathering conditions.   

 

In order to demonstrate the need for some degree of weathering all four paints (i.e. STO, In-

house, Boysen and Graphenstone) were first tested for photocatalytic activity without 

weathering using the NO ISO.  Only the STO paint showed any activity, both in terms of NO 

removal and NOx removal.  The recorded [NO], [NO2] and [NOx] vs reaction time profiles for 

the STO and In-house paint films, without weathering are illustrated in Figure 4.2.  The latter 

has been included to provide an example of the lack of activity exhibited by a typical, non-

weathered, i.e. non-activated, exterior paint.   

 

Note, in the two profiles illustrated in Figure 4.2, as in all subsequent profiles, the numbers 

in parenthesis (from left to right) refer to the calculated average values of %NO(rem), 

%NO2(gen) and %NOx(rem), with the latter value always in red; these values were calculated 

using eqns (4.4) to (4.6), for to = 0 min and tend = 300 min, and the [NO], [NO2] and [NOx] vs 

reaction time profiles recorded for the films under test.   
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Figure 4.2: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded under NO 

ISO conditions for (a) a STO paint film and (b) an In-house paint film which had not been weathered. The numbers 

in parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and %NOx(rem), 

respectively.  In all cases the film was UV irradiated between reaction times 30 and 330 min.  

 

The STO profile illustrated in Figure 4.2(a) is interesting in that there is negligible NO2 

generated throughout the irradiation period, which is unusual for any photocatalytic film, 

given reaction eqns (4.1) – (4.3), and suggests that for this non-weathered film, little or none 

of the NO2 generated in the photocatalytic reaction (4.2) is lost to the atmosphere, for 

reasons that remain unclear.  Unfortunately, as we shall see, this highly desirable feature 

(only NO removal and little of no NO2 generation) is absent in all weathered commercial 

photocatalytic paints when tested under the NO ISO conditions.  

 

The four paint films were then weathered under standard conditions and each tested using 

the NO ISO.  The [NO], [NO2] and [NOx] vs reaction time profiles arising from this work are 

illustrated in Figure 4.3 and, unlike their non-weathered counterparts, all show significant 

photocatalytic activity, a measure of which is the value of %NO(rem).  A brief inspection of 

the results illustrated in Figure 4.3 reveals the order of photocatalytic activity (i.e. %NO(rem) 

value) Boysen > STO >> In-house > Graphenstone.  However, exhibiting a high photocatalytic 

activity is not the same as exhibiting a high value for removing NOx, and if the values of 

%NOx(rem) are considered, instead of the %NO(rem) value, only the Boysen and STO paint 

appear to exhibit a significant level of activity (> 2%).   
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Figure 4.3: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded under NO 

ISO conditions for the following paint films weathered for 1 week, (a) STO, (b) In-house, (c) Boysen and (d) 

Graphenstone.  The numbers in parenthesis refer to (from left to right) the calculated values of %NO(rem), 

%NO2(gen) and %NOx(rem), respectively.  In all cases the film was UV irradiated between reaction times 30 and 

330 min.  

 

It appears to be a general truth, which is illustrated by the results in Figure 4.3, that when 

using the NO ISO test to assess NOx removal activity, most of the commercial photocatalytic 

paints, even after weathering, exhibit a quite unimpressive overall activity for NOx removal, 

despite all of them being demonstrably photocatalytically active!  The reason for the 

generally poor performance of most photocatalytic paints as a NOx removing coating can be 

gained through a brief examination of all the [NOx] vs reaction time profiles illustrated in 

Figure 4.3 which reveals that towards the end of the 5 h irradiation period all the 

photocatalytic paints have turned into films that photocatalyse the oxidation of NO to NO2, 

i.e.  

                                                                        TiO2 

                                            2NO  +  O2   ⎯⎯⎯⎯→  2NO2                                                               (4.7) 

                                                                     h  Ebg 
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This common, worrying feature of photocatalytic paints, and most TiO2 films, is well-known 

[47-50] and arises because the final product, HNO3, accumulates on the surface of the TiO2 

photocatalyst, thereby enabling it to participate in the following highly undesirable 

photocatalysed back reaction, 

 

                                                                     TiO2 

                                   2HNO3  +  NO   ⎯⎯⎯⎯→  3NO2  +  H2O                                                     (4.8) 

                                                                  h  Ebg 

 

with the result that reaction (4.7) eventually dominates the overall photocatalytic process.   

 

The problem of surface HNO3 accumulation is usually addressed in commercial photocatalytic 

paints and concrete by including in the formula an acid scavenger, such as CaCO3 [15,51], 

since, in contrast to HNO3, the accumulation of a surface nitrate salt does not appear to 

promote reaction (4.8).  However, Aguia et al [51], in a study of the influence of paint 

components found that replacing the CaCO3 filler with a silicate filler had little effect on the 

performance of their NOx-removing photocatalytic paint, which suggests that CaCO3 is largely 

ineffective in this surface HNO3-scavenging role.  The results illustrated in Figure 4.3, in which 

3 of the 4 paints have CaCO3 present as a filler, appear to support the suggestion that CaCO3, 

when used as a filler in a paint film, is ineffective in preventing the accumulation of surface 

HNO3, and the consequent rapid deterioration in the ability of the photocatalytic paint to 

remove NOx due to reaction (4.8) and the eventual dominance of reaction (4.7).  Recent work 

carried out by this group highlights the added concern that the photocatalytically generated 

surface HNO3 on commercial paint films persists for days and can only be readily removed by 

rinsing with water [52]. 

 

4.3.3 Standard versus condensation-only accelerated weathering 

As noted earlier, the standard (accelerated) weathering process employed here comprised a 

continuous cycle of 8 h UV irradiation (0.76 mW cm-2, 340 nm; 50oC) followed by 4 h (dark) 

condensation at 60oC, which was run for 7 days.  Based on our current understanding of 

photocatalytic paints, it was expected that the activation produced by standard weathering, 
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as illustrated by the %NO(rem) vs reaction time profiles in Figure 4.3, would simply be due to 

the photocatalytic destruction of any organics, such as the acrylate binder present in all the 

paints tested, that cover the TiO2 photocatalytic particles near to, or at, the surface of the 

paint film.  The photocatalysed destruction of any surface organic species by the TiO2 

particles in the paint can be summarised by the following general reaction, 

 

Organic +  O2  

𝑇𝑖𝑂2

⟶
ℎ𝜈 ≥ 𝐸𝑏𝑔

CO2  + H2O +  mineral acids           (4.9) 

 

in which mineral acids, such as HCl and HNO3, are produced if the organic species has a 

heteroatom, such as Cl or N, in its molecular formula.  Reaction (4.9)  provides a route for the 

photocatalytic paint particles to remove any surface organic that competes with NO for 

oxidation by the photogenerated holes.  As a result, standard weathering is expected to 

produce a paint film surface that has more exposed TiO2 particles than a non-weathered film.   

 

It follows from above that the role of the condensation step in the standard weathering 

process should simply be to wash away any photocatalytic products associated with the 

photocatalysed oxidation of surface organic species.  Thus, it would appear highly unlikely 

that condensation-only weathering, i.e. 56 h in the dark subject to condensed water at 60oC, 

would activate any of the photocatalytic paint films.  However, surprisingly, when the 4 paint 

films were weathered in this way, only two, namely, the In-house acrylic paint and the 

Graphenstone silicate paint, showed no evidence of activation, whereas both the STO and, 

to a lesser extent, the Boysen siloxane-based paints exhibited a notable degree of activation, 

as illustrated by the recorded [NO], [NO2] and [NOx] vs reaction time profiles for the STO and 

Boysen films in Figure 4.4.  These somewhat surprising results strongly suggest that the STO 

and Boysen paints contain an activity-lowering component which covers some if not all the 

photocatalytic TiO2 particles at or near the surface of the paint and which is removed simply 

by rinsing with the hot (60oC) water associated with condensation-only weathering process.  

Infrared analysis of both these films before and after condensation-only weathering revealed 

little or no difference, as illustrated in Figure 4.5, making it unclear what exactly is removed 

by this type of weathering.  This identification is made more difficult given the proprietary 

nature of the formulations of the two (commercial) paints in question.  To our knowledge 

this is the first report of this condensation-only weathering effect. 
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Figure 4.4: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded under NO 

ISO conditions for the following paint films weathered under condensation-only conditions (for 56 h), (a) STO and 

(b) Boysen.  The numbers in parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) 

and %NOx(rem), respectively.  In all cases the film was UV irradiated between reaction times 30 and 330 min. 

 

 

Figure 4.5: FTIR spectra of the (a) STO and (b) Boysen paint films before (black line) and after (red line) weathering 

(56 h) under condensation-only conditions.   

 

As noted earlier, a good measure of the photocatalytic activity exhibited by any 

photocatalytic film is the value of the %NO(rem), as measured using the NO ISO and so a 

histogram plot of the measured %NO(rem) values for each of the paint films, (i) before 

weathering, (ii) after condensation-only weathering and (iii) after standard weathering is 

illustrated in Figure 4.6. 
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Figure 4.6: Histogram plot of measured values of %NO(rem) for the 4 paints under (i) non-weathered (black), (ii) 

condensation-only (56 h, 60oC; red) and (iii) standard weathering (7 days, 8h UV 0.76 mW cm-2; 4 h condensation 

60oC; green). 

 

From the results in Figure 4.6 it is clear that, without weathering, only the STO paint exhibits 

any photocatalytic activity of note, i.e. with %NO(rem) = 2.1% compared to < 1% for the 

others, and after standard weathering, all the paint films are rendered active, with the 

Boysen and STO paints particularly so, with %NO(rem) >11 %.  Condensation-only weathering 

activates only the STO and, to a lesser extent, the Boysen paints.  Interestingly, the activity 

of the STO paint is not improved (actually it is reduced slightly) when weathered under 

standard, compared to condensation only, conditions, which implies that the hot-water 

leaching of some component, or components, of the STO paint that covers the TiO2 particles 

is almost exclusively responsible for activating the paint and not reaction (4.9) and this 

feature will become more clear in the next section.  In contrast to the STO paint, with the 

Boysen paint, although condensation-only weathering plays a part in its activation, the 

expected activation via photocatalytic weathering, i.e. reaction (4.9), appears over three 

times more effective, given the %NO(rem) value for the Boysen paint increases from 5.5 to 

17.5%, when standard, rather than condensation-only, weathering is employed.  Finally, as 

indicated by the %NO(rem) values illustrated in Figure 4.6, given the In-house and 

Graphenstone paints are not activated significantly by condensation-only weathering, but by 

standard weathering, this feature suggests that both paints are activated solely by the 

photocatalytic oxidative mineralisation process summarised by reaction (4.9). 
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4.3.4 Further studies using the STO and In-house paints 

The STO and In-house paint were selected for further study with regard to weathering as 

they were the most different in performance and composition.  For example, the STO paint 

is fully activated by condensation-only weathering, whereas the In-house paint is only 

activated by standard weathering.  The STO paint contains both an inorganic (siloxane and 

maybe silicate) binder, whereas the In-house paint contains only an acylate binder.  Finally, 

with reference to the patent literature [13], the STO paint most likely uses a low wt% (ca. 

29% with respect to the total amount of TiO2 pigment used in the paint) of photocatalytic 

active TiO2, whereas the In-house paint uses a much higher level (58 wt%).  Finally, it also is 

an obvious advantage to know the exact composition of one of the paints, i.e. the In-house 

paint, which is selected for further study.  As a result, in the following sections the effect that 

accelerated weathering (standard or condensation-only) has on these two paints is probed 

in more detail, not only in terms of effect on activity but also with regard to related key 

physical characteristics, such as roughness and film durability. 

 

4.3.5 More detailed weathering studies 

4.3.5.1 Scanning electron microscopy 

In order to gain an insight into exactly what happens to the surfaces of the STO and In-house 

paint films, scanning electron micrographs, SEMs, were recorded before weathering, after 

condensation-only weathering and after standard weathering.  The results of this work for 

the STO and In-house paint films are illustrated in Figure 4.7(a) and (b), respectively. 

 

The SEMs of the STO paint illustrated in Figure 4.7 reveal that even without weathering its 

surface is rather rough, and has large areas of particles embedded in binder, as illustrated in 

the top right-hand side of the first image in Figure 4.7(a).  However, after condensation-only 

weathering this surface appears rougher and exhibits much less evidence of the presence of 

any binder.  Finally, after standard weathering of the STO paint film, the surface appears very 

rough and the binder largely absent.  It is assumed that the rougher the surface, the greater 

the number of exposed, surface photocatalyst TiO2 particles and so the greater the 

photocatalytic activity with respect to NO removal exhibited by the photocatalytic film.   
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Figure 4.7: SEMs of (a) the STO, 15k magnification, and (b) the In-house paint films, 10 k magnification, (from left 

to right): before, after condensation-only and after standard weathering, respectively. 

 

Consequently, the above SEM findings for the STO paint film are consistent with measured 

variation in activity exhibited by the STO paint, illustrated in Figure 4.6, as a function of these 

three different weathering treatments.  In addition, these results indicate that most of the 

activation of the STO paint is achieved by dark, condensation-only weathering, in which a 

component of the paint film, a silicate binder perhaps, is washed out by the hot, condensed 

water droplets that form on its surface during the condensation stage of the weathering 

process.  Although this leaching process appears to remove most of the surface binder, it 

appears unlikely that it dissolves either the siloxane or acrylate binder since this would be 

expected to cause the rapid loss of the film if weathered over a longer time, and this does 

not happen, vide infra.  Instead, it indicates that this initial leaching process destabilises the 

surface to such an extent that a significant amount of surface binder is also lost, thereby 

leaving behind a surface studded with many surface exposed photocatalytic TiO2 particles.  

SEM analysis of the STO film after much longer (4 weeks) weathering (condensation-only and 

standard) produces images very similar to that illustrated in Figure 4.7(a) for the standard 

weathered sample.  These results, coupled with those from other work, suggest that once 

initially activated by condensation-only weathering the STO paint photocatalytic film is then 

very resistant to further erosion and roughening by either condensation-only or standard 

weathering.  Presumably this resistance is largely due to the presence of the inorganic binder, 

i.e. siloxane, in the paint formulation which, unlike the acrylate binder, is not prone to 

photocatalytic oxidation.   
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A brief inspection of the SEMs for the In-house paint illustrated in Figure 4.7(b) reveal it to 

be almost the opposite of the STO paint both initially and after condensation-only 

weathering.  Thus, the fresh, non-weathered, In-house paint appears to have a rather smooth 

surface which remains largely unchanged after condensation-only weathering, thereby 

implying that the acrylate binder is highly resistant to condensation-only weathering.  In 

contrast, the SEM in Figure 4.7(b) for the In-house film after standard weathering, reveals a 

significantly roughened surface, although, not nearly as rough as the equivalent STO paint 

film.  Once again, these findings are consistent with measured variation in activity, i.e. value 

of %NO(rem),  exhibited by the In-house paint due to these three different treatments, see 

Figure 4.6.  Thus, the In-house paint film only exhibits significant activity after standard 

weathering, presumably due to the photocatalysed, oxidative mineralisation of the acrylate 

binder via reaction (4.9).  SEM analysis of the In-house film after much longer (4 weeks) 

standard weathering produces images very similar to that illustrated in Figure 4.7(b).   

 

4.3.5.2 Longer term standard weathering 

Samples of both the STO and In-house paints films were weathered for different times, 

spanning the range 1-28 days, under otherwise standard weathering conditions, i.e. 8 h UV 

irradiation (0.76 mW cm-2, 340 nm; 50oC) followed by 4 h (dark) condensation at 60oC.  Each 

sample was then tested with the NO ISO and the values of %NO(rem), %NO2(gen) and 

%NOx(rem) calculated using eqns (4.4)-(4.6), respectively; the results of this work are 

illustrated in Figure 4.8. 

 

As noted previously here and elsewhere [50], in the ISO NO, for any [NO] vs reaction time 

profile, such as illustrated in Figure 4.3, the calculated value of %NO(rem) is taken as a 

measure of the photocatalytic activity.  Given this, it can be seen from the results illustrated 

in Figure 4.8 that the STO paint is significantly activated (by >63%) within 1 day of weathering 

and reaches its maximum after 7 days of weathering.  In striking contrast, the In-house paint 

film is only ca. 25% activated after 1 day of weathering and takes 21 days to reach its 

maximum, although the latter is very near to that (ca. 90%) exhibited by the STO film after 7 

days weathering, i.e. %NO(rem) = 10.6% cf. 11.7%, respectively.   
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Figure 4.8:Plots of the %NO(rem) (black line), %NO2(gen) (broken line) and %NOx(rem) (red line) values, calculated 

from the NO ISO data generated for (a) STO and (b) In-house, paint films weathered for different times, under 

otherwise standard weathering conditions.  

 

The two very different variations in photocatalytic activity, i.e. %NO(rem) value, as a function 

of standard weathering time described above and illustrated in Figure 4.8, for the STO and 

In-house paint films, reflect the two very different activation processes, namely condensation 

weathering and photocatalytic weathering, respectively.  Unfortunately, as with all the paint 

films tested and as noted previously, despite the relatively high photocatalytic activities 

achieved by weathering, both paint films exhibit low activities for NOx removal, with the value 

of %NOx(rem) values never getting above 3.6% and 2.3% for the STO and In-house films, 

respectively and all [NOx] vs reaction time profiles exhibiting little of no NOx removal in the 

last 30 min of the 5 h irradiation period of the NO ISO, due to the surface accumulation of 

HNO3, as outlined earlier.   

 

4.3.5.3 Longer term condensation-only weathering 

In a similar set of experiments to that described above, samples of both the STO and In-house 

paints films were weathered for different times, ranging from 8 – 224 h, under otherwise 

condensation only weathering conditions, i.e. in the dark, with condensation at 60oC.  Note, 

the condensation times used in this condensation-only weathering study were selected to 

reflect the standard weathering times used in Figure 4.8, so as to aid comparison.  For 

example, a 1 and 28 standard weathered sample would have actually been exposed to 8 and 

224 h condensation weathering (as well as 16 and 448 h UV weathering), respectively.  Thus, 
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in the condensation study, exposure times used ranged from 8 to 224 h.  As before, after 

condensation-only weathering the sample was then tested with the NO ISO and the values 

of %NO(rem), %NO2(gen) and %NOx(rem) calculated using eqns (4.4)-(4.6), respectively.   

 

The results of this work, i.e. plots of %NO(rem), %NO2(gen) and %NOx(rem) vs condensation-

only weathering time, for the STO film are illustrated in Figure 4.9, although those for the In-

house film are not, since they show little change and a very low activity which is not surprising 

given that the In-house paint film is not activated by condensation-only weathering, as noted 

earlier.  

 

Figure 4.9: Plots of the %NO(rem) (black line), %NO2(gen) (broken line) and %NOx(rem) (red line) values, calculated 

from the NO ISO data generated for STO paint film weathered for different times, under otherwise condensation-

only weathering conditions, i.e. in the dark, with condensation at 60oC. 

 

If the STO paint film is only activated by condensation weathering (i.e. by paint film 

component leaching) and not by photocatalytic weathering, i.e. the photocatalysed 

mineralisation of the acrylate binder via reaction (4.9), then it would be expected that the 

measured variation of the film’s activity, i.e. %NO(rem), as an function of weathering time, 

illustrated in Figure 4.8, would have the same shape as that of the %NO(rem) versus 

condensation-only time, illustrated in Figure 4.9.  A plot of the relevant data for both the STO 

and the In-house paint films that allows the comparison of the two profiles are illustrated in 

Figure 4.10(a) and (b) respectively. 
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Figure 4.10: Plots of the calculated %NO(rem) values as a function of standard weathering time (solid black line) 

and condensation-only time (solid red line) for (a) STO and (b) In-house paint films, respectively.  Data taken from 

Figure 4.8 and Figure 4.9, respectively.   

 

As expected, assuming the STO paint is largely activated by condensation-only weathering, 

the two %NO(rem) vs standard weathering/condensation-only time profiles illustrated in 

Figure 4.10(a) are very similar in shape.  In contrast, and as expected for a paint film that is 

largely activated by photocatalytic weathering, the two %NO(rem) vs standard 

weathering/condensation-only time profiles illustrated in Figure 4.10(b) for an in-house paint 

film are strikingly dissimilar and indeed, even 228 h of condensation-only weathering 

produces no obvious activation of the In-house paint film, whereas the film is fully activated 

after 28 day of standard weathering , which comprises the same 224 h of condensation 

weathering but also 448 h of UV weathering, as noted above.  

 

4.3.5.4 Weathering and roughness factor, Rf 

It is assumed in this work that the photocatalytic activity exhibited by any one of the paint 

films, a measure of which is the value of %NO(rem), is proportional to the exposed area of 

the surface TiO2 particles.  Fortunately, a measure of the latter parameter is the roughness 

factor parameter, Rf, measured in this work for some of the films.  The measurement of this 

parameter is based on the adsorption of the anionic dye Orange II, which is known to form a 

monolayer on nanocrystalline TiO2 in powder or film form, by ion-pairing with the protonated 

surface under acidic conditions, i.e. pH 3.5 in this work [38,39].  The measured roughness 
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factor values for the non-weathered STO and In-house paint film were 17 and 6, respectively 

and these are consistent with the electron micrographs illustrated in Figure 4.7 for these two 

films which show the non-weathered STO paint film is indeed much rougher than its In-house 

paint film counterpart.  Interestingly, the ratio of the two Rf values (2.8) is similar to the ratio 

of the photocatalytic activities of these two non-weathered paint films, i.e. 2.1/0.6 = 3.5, 

which suggests some degree of correlation between Rf and photocatalytic activity, i.e. 

%NO(rem) value.  

 

Values of Rf were also measured for both the STO and In-house paints for a variety of 

different weathering times under otherwise standard, or condensation-only, conditions and 

the results of this work are illustrated in Figure 4.11(a) and (b), respectively.  For the STO 

paint film, the increase in Rf with standard weathering time, illustrated in Figure 4.11(a), is 

rapid and appears to reach a maximum value after ca. 10-14 days.  In contrast, for the In 

house paint film, the increase in Rf with standard weathering time, illustrated in Figure 

4.11(b), is decidedly more gradual and appears to achieve a maximum value after 21-28 days.  

These variations in Rf for the STO and In-house paints appear to correlate quite well with the 

measured variations in photocatalytic activity, i.e. %NO(rem) value, illustrated in Figure 

4.10(a) and (b), respectively.   

 

The correlation between Rf and photocatalytic activity for the STO and In-house paints also 

extends to the measured values of Rf after 56 h condensation-only weathering, which is 

equivalent to 1 weeks standard weathering.  Thus, after condensation-only weathering the 

STO paint film exhibits a roughness factor of 180 which is near identical to that measured for 

a 1 week weathered paint film, and in both case the paint films exhibits a similar high, 

maximal photocatalytic activity, i.e. similar %NO(rem) values, see Figure 4.10(a).  These 

results provide further support for the proposal that activation of the STO paint film is largely 

achieved by condensation-only type weathering and not photocatalytic weathering.  In 

contrast, the measured value of Rf for the In-house paint film remains unchanged and low 

after condensation-only weathering, and this correlates very well with the observation that 

the activity (i.e. %NO(rem) value) remains largely unchanged with condensation-only 

weathering, see Figure 4.10(b).   These results provide support that the In-house paint film is 

not activated at all by condensation-only weathering, but is by photocatalytic (i.e. standard) 

weathering, as indicated by the latter results illustrated in Figure 4.10(b).   
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Figure 4.11: Measured variation in film roughness factor, Rf, as a function of time under otherwise either standard 

weathering (black bullet points and solid line) or condensation-only weathering (red squares and broken line) for 

(a) STO and (b) In-house paint films. 

 

As discussed above, for each of the two paints, i.e. STO and In-house paints, the measured 

variations in Rf with weathering time and conditions illustrated in Figure 4.11 correlate well 

with the measured variations in %NO(rem), i.e. activity, illustrated in Figure 4.10.  However, 

interestingly the absolute measured values of Rf for the STO and In-house paint films are very 

different with the former starting off at 17 (for a non-weathered film) and ending at 237 after 

28 days standard weathering (or 56 h condensation-only weathering), while the equivalent 

values for the In-house film were determined as 6 and 14, respectively.  What is particularly 

intriguing about the very different Rf values for the STO and In-house paint films after 28 days 

standard weathering, i.e. 237 and 14, respectively, i.e. a 17 fold difference, is that the 

photocatalytic activities of these two identically-weathered films are, after 28 days, very 

similar, i.e. with %NO(rem) values of 9 and 10%, respectively.  The observation of a 17 fold 

difference in roughness factor, but with similar, near maximal, photocatalytic activities, 

suggests that the STO paint comprises a form of photocatalytic TiO2 that has a high specific 

surface area, and so yields a high roughness factor, that is not particularly active per m2.  In 

contrast, the above results suggest that the In-house paint uses photocatalytic TiO2 with a 

much lower specific surface area but which is more active per m2.  Certainly, there is a 

significant difference in the specific surface areas of the two photocatalytic pigments, since 

the STO paint uses VLP7000 from Kronos (ca. 250 m2 g-1) [53-56], whereas the In-house paint 
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uses CG100 from Precheze (85 m2 g-1).  However, work by this group and others shows that 

VLP7000 is actually similar in activity to P25 TiO2 which, in turn, is similar in activity to CG100 

[19,57].  Thus, the 17 fold difference in roughness factor and similar, near maximal, 

photocatalytic activities exhibited by the STO and In-house paint films weathered for 28 days 

suggests other factors may affect the overall photocatalytic rate exhibited by a photocatalytic 

paint film after receiving sufficient weathering so as to reveal the underlying photocatalytic 

TiO2 particles in the paint film.  These factors may include the natures of the paint resin(s) 

and/or extenders the degree of aggregation of the photocatalytic TiO2, and/or the extent of 

intermingling of the non-photocatalytic with the photocatalytic TiO2.  Thus, the roughness 

factor can help explain the variation in photocatalytic activity exhibited by a paint film with 

weathering but does not appear to provide a simple guide to the overall observed activities 

exhibited by different non-weathered or weathered paints.   

4.3.5.5 Weathering and durability 

An often-used measure of paint film durability, when coupled with accelerated weathering, 

is paint film mass per cm2 or thickness [12].  Thus, the thicknesses of the STO and In-house 

paints were measured as a function of standard weathering time over a period of 28 days.  In 

the case of the STO film, no change in thickness was observed, however, there was a 

significant change in the thickness of the In-house film, as illustrated by the results illustrated 

in Figure 4.12. 

Figure 4.12: Plot of In-house paint film thickness as a function of standard weathering time 
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These results show that the STO film is very durable, showing no change in thickness from its 

initial value of 24 m, even after 28 days standard (accelerated) weathering.  A similar result 

was obtained using the equivalent level of condensation-only weathering.  These results 

suggest that the siloxane (and possibly silicate) binders protect the acrylate binder from 

photocatalytic destruction, thereby creating a very durable paint.  In contrast, the results 

illustrated in Figure 4.12 suggest that the In-house film is not very durable, and this is most 

likely because the acrylate binder is not well screened from the photocatalytic TiO2, thereby 

allowing its ready destruction via the photocatalytic oxidative mineralisation reaction (4.9).  

This suggests that the in order to generate a durable photocatalytic paint, siloxane and/or 

silicate should be used as the binder and, as in the STO paint, the %photocatalytic TiO2 should 

be much lower, i.e. ca. 58%, as in the STO paint, rather than 29% as in the In-house paint. 

 

4.3.5.6 Component leaching from the STO paint 

This work has shown that the STO Photosan exterior paint is activated almost exclusively by 

condensation only weathering in which one or more surface components are leached out by 

the hot (60oC) water droplets created by the weatherer.  The fact that the thickness of the 

STO film remains largely unchanged from its initial value of 24 m, indicates that once 

activated (by condensation only weathering), the film is then very robust, as well as active, 

even after 28 days standard weathering or the equivalent condensation-only weathering 

(224 h).  In order to investigate what components are actually lost by the STO paint film in 

the condensation-only weathering, a 500 mL round-bottomed flask was coated with the STO 

paint and allowed to dry for two days at 30oC , after which 200 mL of water were added and 

the flask was then refluxed at 60 oC for 8 h.  The water, now pale yellow, above the paint film 

was then transferred to another round-bottomed flask, evaporated to dryness and the very 

fine residue scraped off and analysed using FT-IR, the spectrum of which and its components 

are illustrated in Figure 4.13.  When compared with the known components in the STO paint, 

it appears the residue comprises the aryl carboxylate dye [55,57] (which gave the water its 

yellow colour) associated with the VLP 7000 pigment, siloxane and silicate.  The latter 

appeared the most plentiful component in the residue, which suggests that its initial loss is 

responsible for the rapid activation of the STO paint film by condensation-only weathering.   
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Figure 4.13: FTIR spectra of 3 components of the STO paint, i.e. the VLP 7000 aryl carboxylate dye, siloxane 

(polydimethylsiloxane and silicate (sodium silicate) and that of the residue leached out of the STO paint when 

refluxed at 60oC for 8 h. 

 

4.4 Conclusions 

The above results reveal new and important features of photocatalytic paints.  For example, 

of the four photocatalytic paints tested using the NO ISO all exhibited little or no 

photocatalytic activity without weathering.  The Graphenstone and In-house paints could 

only be activated by standard weathering, which involves a continuous cycle of UV irradiation 

(0.76 mW cm-2, 8 h at 50 oC) plus condensation (4 h at 60 oC), usually for 7 days.  In contrast, 

the STO and Graphenstone paints were also activated by condensation-only weathering  

60 oC, usually for 56 h.  This is the first report of the latter type of weathering, which is clearly 

important for some commercial photocatalytic paints; for example, the STO photocatalytic 

paint is almost exclusively activated by condensation-only weathering.  In contrast, the In-

house paint is only activated by standard weathering.  In both types of weathering, the 

observed photocatalytic activity is related to surface roughness, which in turn is related to 

the area of exposed TiO2 per geometric area of paint film.  Condensation-only weathering of 

the STO paint is fast (60 % of maximum activity is achieved with 8 h!) and appears to be due 

to the removal of surface silicate by the hot condensation water, leaving a rough 

photocatalytic film which is very resistant to further condensation or standard weathering.  
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In contrast, the In-house paint is rendered active only by standard weathering, which is 

relatively slow (25% of maximum activity after 1 day) and due to the photocatalytic 

destruction of the acrylate binder.  Not surprisingly, therefore, the In-house paint is much 

less durable than the STO paint and so decreases in thickness with increasing weathering 

time, whereas the STO paint film thickness remains constant.  This work indicates that adding 

siloxane to an acrylate paint improves its durability markedly.   

 

Regardless of how any of the photocatalytic paint films are activated, all exhibited little, or 

no, NOx removal activity towards the end of the 5 h irradiation period of the NO ISO, due to 

the accumulation of surface HNO3.  This feature is disappointing, given the presence in three 

of four the paint films of CaCO3 as a filler, which might be expected to neutralise the HNO3.  

These results would seem to suggest that such paints should not be promoted for their ability 

to remove NOx.  However, it should be borne in mind that the current NO ISO uses an 

environmentally unrealistic level of NO (1000 ppb) and that if a more relevant level (say 100 

ppb) were to be used instead, the accumulation of a high surface level of HNO3 would be 

much slower and possibly usually prevented by rinsing by rain water, reaction with any CaCO3 

filler or diffusion away from the surface. 

 

The results of this work also suggest that most photocatalytic paints will not work 

immediately, but instead need to be activated by some form of weathering and that, 

depending on the paint, the weathering conditions required for activation may vary 

considerably.  Weathering is clearly a necessary part in the testing of photocatalytic paints.  

It would be useful to include under the heading of ‘weathering’ the option of subjecting the 

sample under test to long-term (i.e. days or weeks) irradiation-only conditions, since this 

could be used to ‘weather’ indoor photocatalytic paints, as it would seem likely they will 

require activation also.  Under this broader definition of weathering, it seems reasonable to 

require all commercial photocatalytic paints, i.e. exterior and interior, to state clearly on the 

can what ‘weathering’ conditions are typically required for activation, so that the end-user 

knows what is required to make the product work.   
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5 Supersensitive test of photocatalytic activity based 

on ISO 22197-1:2016 for the removal of NO 

5.1 Introduction 

Semiconductor photocatalysis is an established part of photochemical research, with areas 

of application as diverse as: the photo-oxidative mineralisation of volatile and non-volatile 

organics and inorganics (especially NOx), photoinduced superhydrophilicity and 

photosterilisation [1]. Current commercial photocatalytic products include: (i) self-cleaning 

glass [2], concrete [3], plastic tent/awning materials [4] and tiles [5], (ii) odour-removing 

paint for indoor applications [6], (iii) NOx removing paint [7], concrete and tiles for exterior 

applications, (iv) photo-induced sterile surfaces (ceramics and metals) [8], (v) water and air 

purification units [1] and (vi) defogging mirrors [1].  

 

The emergence of these photocatalyst-based products has been accompanied by the 

introduction of a number of international standards to help the photocatalyst industry 

ensure their products are widely accepted and competitive, and to reassure the customer 

that the products are of sufficient quality, reproducibility and reliability [9]. Most commercial 

photocatalytic products developed to date are based on the semiconductor TiO2, because it 

is: (i) physically, chemically and photochemically stable, (ii) photocatalytically efficient and 

(iii) inexpensive.  

 

Disappointingly, TiO2 is, however, a large band-gap (i.e. Ebg is ca. 3.2 eV, as anatase TiO2 is 

usually the preferred crystalline form used in photocatalysis), which means it is only activated 

by UV light [10]. Fortunately, ca. 5% of sunlight falls in the UV region and this has allowed the 

successful commercialisation of a wide number of photocatalytic products for external use 

[1,10]. Not surprisingly, therefore, all the early photocatalyst ISO standards were developed 

for testing photocatalytic products for outside use and so employed a UV light source to 

promote the photocatalytic process, such as a black light blue (BLB) fluorescent lamp which, 

depending on the phosphor employed, emits most strongly at either 365 or 352 nm [9].  

 

Table 5.1 lists the current UV-based, ISO photocatalytic standards, which are used to test 

photocatalytic materials, usually in film form, in terms of their ability to: (i) clean their 

surface, i.e. ‘self-cleaning’ materials, (ii) photo-oxidatively mineralise organic or inorganic 
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pollutants in air or water and/or (ii) destroy biological species, such as bacteria, algae, fungi 

and viruses. Note: a similar set of ISO standards has been developed more recently for 

photocatalytic products which can function under indoor lighting conditions. 

 

Table 5.1: UV-based published ISO photocatalyst standards 

Type Test Method 1st Published ISO number Ref 

Self-cleaning 
H2O contact angle 2009 ISO 27448-1 [11] 

Methylene Blue 2010 ISO 10678 [12] 

Air-purification 

Nitric oxide 2007 ISO 22197-1 [13] 

Acetaldehyde 2011 ISO 22197-2 [14] 

Toluene 2011 ISO 22197-3 [15] 

Formaldehyde 2013 ISO 22197-4 [16] 

Methyl mercaptan 2013 ISO 22197-5 [17] 

Water-purification Dimethyl sulfoxide 2010 ISO 10676 [18] 

Biological 

Anti-bacterial 2009 ISO 27447 [19] 

Anti-fungal 2013 ISO 13125 [20] 

Anti-viral 2014 ISO 18061 [21] 

Anti-algal 2016 ISO 19635 [22] 

Others 

Light source 2011 ISO 10677 [23] 

Dissolved oxygen 2017 ISO 19722 [24] 

Total organic carbon 2019 ISO 22601 [25] 

Rz ink film reduction 2018 ISO 21066 [26] 

 

Unfortunately, a number of the most successful of the current photocatalytic commercial 

products on the market, such as self-cleaning glass, plastics and tiles, are poorly served by 

the current ISO standards. For example, of all the ISO’s listed in Table 5.1, most examples of 

commercial self-cleaning glass, such as ActivTM from Pilkington Glass-NSG [2], only work with 

one ISO test, namely that for methylene blue (MB) degradation, ISO 10678. The situation is 

even worse for most commercial photocatalytic tiles (such as the Hydrotect technology 

promoted by Deutsche Steinzeug [27]) and plastics (such as Purify 30 Mesh from Taiyo Kogyo 

Europe [4]) which exhibit little or no response when tested with any of the current ISOs for 

photocatalytic materials, including the two developed especially for self-cleaning materials, 

see Table 5.1. 

 

Unfortunately, the latter two tests appear not to have been developed with the current 

commercial photocatalytic materials in mind. Indeed, the water contact angle ISO for self-
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cleaning materials (ISO 27448-1) only works for very active, usually research, photocatalytic 

films, as it requires the initial destruction of quite a thick layer of oleic acid (ca. 220 nm). The 

latter tests are not really fit for purpose, since most commercial ‘self-cleaning’ photocatalytic 

materials are low activity materials. The inherent low activity of many of the current ‘self-

cleaning’ photocatalytic glasses, plastics and tiles, is not too surprising given that they have 

been developed to maintain a clean surface during the day and so remain cleaner for longer 

than their ‘normal’ non-photocatalytic counterparts. As a consequence, in order to function 

well, such materials need only to remove a surface pollutant faster than its rate of deposition, 

which is usually very slow, i.e.  200 nm per day [28]. 

 

It follows from the above that some simple method of measuring the photocatalytic activity 

of such low activity photocatalytic materials, be they powders or films, needs to be 

developed. Ideally, such a test should probe the self-cleaning action of the material, but as 

this is usually a slow process, then it is likely that the test will take quite a time to complete. 

For example, the self-cleaning glass industries have developed a European standard (BS EN 

1096-5: 2016), based on measuring the haze of purposely soiled glass, before and after 

irradiation, but the irradiation period is long, ca. 16 h [29]. In addition, this standard can only 

be used on transparent photocatalytic materials, such as glass, and only allows the material 

under test to be classed as self-cleaning or not, i.e. it does not provide a reliable measure of 

self-cleaning activity, and so cannot be used to provide a ready comparison in the efficacy of 

different self-cleaning transparent materials [29].  

 

The above discussion suggests that it would be useful to create a simple measure of the 

photoactivity of low activity materials, i.e. a super sensitive test, SST, even if it does not 

provide a direct measure of self-cleaning activity. In this paper we demonstrate that one way 

to create such a SST, is through a simple modification of the existing photocatalytic ISO for 

the removal of NO (ISO 22197-1:2016) [13]. The result is a test system that provides a 

measure of the photocatalytic activity of low activity materials (albeit for NO removal) which 

allows comparison with other such samples. Interestingly, as we shall see, the combination 

of the SST with the original (i.e. unmodified) ISO NO removal test, provides what is in effect 

a universal test of photocatalytic activity, in that it allows a wide range (ca. 3 orders of 

magnitude) of activities of photocatalyst materials, with very different applications, to be 

measured and compared. To our knowledge no equivalent SST or universal scale of 

photocatalytic activity has been reported or proposed before. 
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5.2 Experimental 

5.2.1 Materials 

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Chemicals and 

used as received. The high opacity thin paper (Offenbach bible paper, 50 gsm) was supplied 

by Shepherds Bookbinders Ltd., London [30]. The samples of Activ self-cleaning glass [2] 

and the Purify Mesh 30 [4] were gifts from Pilkington Glass-NSG and Taiyo Europe GmbH, 

respectively. In house, TiO2 films of Evonik P25 [31], StoColor Climasan photocatalytic paint 

(interior paint), and StoColor Photosan paint (exterior paint), [32]), Greenhouse paint (white 

Solar Reflective Paint from Fascinating Finishes Ltd.) and sol–gel TiO2 paste were prepared, 

as described below, on 50 mm x 100 mm x 4 mm borosilicate glass plates. Thus, typical thin 

films of P25 were deposited on the glass substrates by evaporation, at 300 oC for 2 h, of  

10 mL of a 2.5 g L-1 (or 0.02 g L-1) aqueous suspension of P25 spread over the surface of the 

substrate (10 cm x 5 cm) using a plastic syringe [33]. The TiO2 sol–gel nanoparticle film, made 

using a TiO2 paste and prepared using a previously described sol–gel method [34], was coated 

onto the glass substrate using a doctor blade technique. Two layers of Scotch® Magic™ tape 

were employed to provide runners on the left- and right-hand sides of the glass samples, with 

a 120 m gap between the doctor blade (a glass rod) and the underlying glass substrate.  

2 mL of the paste was deposited as a line of material at the top of the plate and drawn down 

using the glass rod to produce a 120 m-thick wet film of the paste over the surface of the 

glass substrate (10 cm x 4.7 cm). The TiO2 coating was then annealed at 450 oC for 60 min, 

using an initial heating ramp rate of 10 oC min-1 and then left to cool to room temperature to 

yield a robust, transparent anatase film approximately 2 m thick, as measured by SEM. The 

paint coated samples (10 cm x 4.7 cm) were prepared using the same doctor-blade technique 

as that described above for the sol-gel film, but without the final annealing step. All of the 

above TiO2-coated, substrates were left to dry overnight in the dark before being subjected 

to pre-conditioning in air by UVA light, 1 mW cm-2 , provided by two 15 W blacklight blue light 

(BLB) fluorescent tubes, which had a peak emission at 352 nm.  

 

5.2.2 Methods  

Details of the photoreactor used in the standard ISO NO removal test and the protocol 

therein used to assess the NO removal capacity of different samples have been reported 

previously [9,13,33].  
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Figure 5.1: Schematic of the photocatalytic reactor used in the standard ISO NO removal test (ISO 22197-1 [13]). 

The solid line shows the gas flow, with 1000 ppbv NO (in air with 50% RH) flowing in at 3 L min -1. Key features 

include: (1) 2 x 8 W BLB lamps with a 352 nm emission peak providing an overall UVA irradiance = 1 mW cm-2, (2) 

a borosilicate top-cover window and (3) a 10 cm x 5 cm plate of the sample under test – set between two other 

(non-photocatalytic, but removable) plates of identical size. 

 

Briefly, the standard ISO NO removal test, henceforth referred to here as the ‘standard ISO 

test’ for brevity, [13] employs an inert flat-bed photoreactor system (Figure 5.1) designed to 

hold three plates, each 5 cm x 10 cm (i.e. Area, A, = 5 x 10-3 m2), of which the test 

photocatalytic sample is the middle one, and the other two are non-photocatalytic blank 

samples, such as plain glass. In any run, all three plates are illuminated with UVA light, 

delivered by 2 x 8 W BLB lamps with a 352 nm emission peak and overall UVA irradiance  

= 1 mW cm-2. Humidified air and dry NO, mixed to give a NO concentration of 1000 ppbv, 

with a relative humidity of 50% at 25 oC, are passed into the system at a flow rate, f,  

3.0 L min-1 (= 50 m3 sN-1), via mass flow rate controllers. The gas mixture is made to pass 

through a narrow gap of 5 mm between the top borosilicate glass window and the test 

sample below, and the outlet gas stream from the reactor is sampled through a valve 

attached to a suitable NOx detection system, based on chemiluminescence [35]. The 

concentration of NO and NO2 in the outlet stream is monitored for ca. 30 min before the light 

is switched on, during the 5 h irradiation period of the test, and for 30 min after the light has 
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been switched off. The above procedure, used in this work, is slightly different from that 

detailed in the ISO standard, in which, at the end of the test, it is recommended that the gas 

stream is switched to the air-only carrier gas at the same time the irradiation is stopped [13]. 

However, this unnecessary additional gas-switching step is usually ignored by most working 

on this system [36–40], as it is here, as it has no effect on the key results generated by the 

reactor. 

5.3 Results and Discussion 

5.3.1 %NO removed, %NO(rem), and photocatalytic activity 

A typical set of data for a thick (and therefore highly active) P25 film (2.5 g L-1 coating 

solution), recorded under standard ISO (for NO removal) test conditions (i.e. one photoactive 

sample piece, 10 cm x 5 cm, 3 L min-1 flow rate [13]), is illustrated in Figure 5.2.  

Figure 5.2: Typical [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles, recorded for 
a film sample of P25 TiO2 powder (made with a 2.5 g L-1 coating solution), as a function of time, with the UV 
irradiation (1 mW cm-2, 352 nm): (1) starting after 15 min and (2) finishing after 5 h irradiation. 

Normally, the test sample’s overall ability to remove NOx, n(NOx)rem (units: moles) 

photocatalytically, is taken as the difference between the calculated values of the total NO 
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removed and NO2 generated during the 5 h irradiation period [13]. However, for most 

materials, this average value of n(NOx)rem, provides a rather distorted picture of the NOx 

removal activity of the material under test in that, during the irradiation, its NOx removal 

activity usually decreases significantly with irradiation time and is often zero by the last 

15 min of irradiation, if not well before that time. This common feature of photocatalytic 

films of decreasing NOx removal capability, with increasing irradiation time, is well-illustrated 

in Figure 5.2 for the P25 TiO2 film, by the plot of the overall concentration of NOx exiting the 

reactor at any irradiation time, t, versus time (i.e. the red line in Figure 5.2), where: 

[NO𝑥]𝑡  =  [NO]𝑡   +   [NO2]𝑡  (5.1) 

where [NO]t and [NO2]t (units: ppbv) are the concentrations of NO and NO2, respectively, 

exiting the reactor at irradiation time, t.  

From the plot of [NOx]t vs t illustrated in Figure 5.2, for a thick P25 film (2.5 g L-1), it is clear 

that although this film of P25 TiO2 powder is initially very effective at removing NOx, by the 

end of the 5 h irradiation period it is largely ineffective.  All the other photocatalytic samples 

tested here exhibit the same feature, namely, by the last 15 min of the 5 h irradiation period 

in a standard ISO run, the value of [NOx]t is ca. 1000 ppbv, i.e. equal to [NO]in, the level of NO 

before irradiation, and so little or no NOx is removed in these last 15 min of irradiation.   

The cause of the decreasing ability to remove NOx with increasing irradiation time exhibited 

by most photocatalytic materials is the accumulation of nitric acid, HNO3, on the surface of 

the photocatalyst film under test.  In the absence of HNO3 the key photocatalytic reactions 

in a standard ISO reactor for NO removal are as follows: 

4NO + O2  +  2H2O 

TiO2

⟶
hν ≥ Ebg

4HNO2  (5.2) 

4HNO2 + O2  

TiO2

⟶
hν ≥ Ebg

4NO2 +  2H2O  (5.3) 
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 2H2O + 4NO2 +  O2    

TiO2

⟶
hν ≥ Ebg

4HNO3               (5.4) 

 

As a consequence, during the initial part of the 5 h irradiation period, although some of the 

NO2 and HNO2 escapes the surface, and so cannot be photocatalytically oxidised any further 

via reaction (5.3) and (5.4), there is overall reduction in NOx, as a significant amount of NO is 

converted to HNO3 via the combination of reactions (5.2) to (5.4). However, as the irradiation 

proceeds, the level of HNO3 accumulated on the surface increases, which in turn increases 

the rate of efficiency-lowering, feedback reactions [19,24], such as:  

 

HNO3 +  HNO2    

TiO2

⟶
hν ≥ Ebg

2NO2 + H2O                (5.5) 

 

As a result, with increasing irradiation time, the photocatalytic system tends to one where 

the overall photocatalysed process is the oxidation of NO to NO2, i.e. 

 

2NO +  O2    

TiO2

⟶
hν ≥ Ebg

2NO2                 (5.6) 

 

and so [NOx]t = ([NO]in - [NOx]t) tends to zero, as is observed in Figure 5.2 for the P25 powder 

film and for all the samples tested here.   

 

It follows from the above that an indirect measure of the photocatalytic activity of any 

material that can be tested using the standard ISO, or the modified version that is the SST, is 

the average value of the [NO] measured towards the end of the irradiation, [NO]end (units: 

ppbv); when sufficient HNO3 has accumulated so that the overall photocatalytic process is 

the oxidation of NO by O2 to from NO2, i.e. reaction (5.6) [33]. In this work, the value of 

[NO]end for each sample tested was calculated using the [NO]t data measured over the last 15 

min of the irradiation, i.e. from t = 285 to 300 min.  However, a more direct measure of the 

photocatalytic activity of the material over this period, is the %NO removed (%NO(rem)), 

where the latter is defined as: 
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%NO(rem) =  100 x ([NO]𝑖𝑛  −  [NO]𝑒𝑛𝑑)/ [NO]𝑖𝑛                         (5.7) 

 

The value of %NO(rem), for any sample, is easy to determine from its recorded [NO] vs t 

profile, and, more importantly, is directly related to the average rate of removal of NO (in 

the last 15 minutes of the irradiation period, r(NO), and so its photocatalytic activity with 

regard to reaction (5.6), via the following expression [41]: 

 

𝑟(NO) = %NO(rem) x [NO]𝑖𝑛 x 10−11x 𝑓 x P /(RT x A) mol m−2𝑠−1                   (5.8) 

 

For example, in the standard ISO, given: [NO]in = 1000 ppbv, f = 50 m3 s-1, T = 298 K and  

A = 5x10-3 m2, it follows that eqn (5.8) reduces to:   

 

𝑟(NO) = %NO(rem) x 4.09 x 10−9 mol m−2𝑠−1                                (5.9)  

 

Since the parameter %NO(rem), as defined by eqn. (5.7), is directly related to the rate/activity 

of the material under test with respect to reaction (5.6) via eqns (5.8) and (5.9), in this work 

just the variation of [NO] as a function of time profiles are reported here for each sample 

tested. 

 

5.3.2 The super-sensitive NO removal test, SST 

The super-sensitive NO removal test, SST, proposed here is a simple modification of the 

current standard ISO NO removal test, the modifications being the use of: (i) three active 

sample pieces (each 10 cm x 5 cm) in the reactor, instead of just one and (ii) an overall gas 

flow rate, f, of 0.25 L min-1, instead of 3.0 L min-1. From eqn. (5.8), it follows that for a fixed 

rate of removal, r(NO), and so activity, the observed %NO(rem) is proportional to A/f, and 

that the latter parameter is equal to 100 and 3600 s cm-1, for the standard ISO and SST, 

respectively. As a consequence, the SST should be 36 x’s more sensitive than that of the 

standard ISO NO removal test. Note: this prediction of the degree of increased sensitivity for 

measuring photocatalytic activity is based on the assumption that the rate of photocatalysis, 

i.e. r(NO), is independent of the value of f and A, and so a (photo)activation, rather than mass 

transport, controlled process.  
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In order to illustrate the marked sensitivity of the SST, compared with the standard ISO, 

samples of commercial photocatalytic glass (Activ) and exterior paint (STO Photosan) were 

tested using both systems and the resulting plots of [NO] vs time are illustrated in Figure 5.3. 

These results show that the photocatalytic activity for NO removal by Activ is almost 

negligible, when tested using the standard ISO, since %NO(rem)< 0.5%, but is very marked, 

and ca. 36 x’s bigger, when run under SST conditions (%NO(rem) = ca. 19%). Similarly, 

whereas STO-exterior paint appears to have a modest, but clearly measurable, activity under 

standard ISO conditions, (%NO(rem) = 7%), this feature is much more striking, but not 36 x’s 

bigger, when run under SST conditions (%NO(rem) = 84%).   

Figure 5.3: [NO] vs time plots recorded for Activ self-cleaning glass (a) and (b) and STO-exterior paint (c and d), 

under (from left to right): standard ISO (a) and (c) and SST (b) and (d) NO removal conditions, respectively.  Light 

on was at t = 15 min and light off at t = 315 min.   

The latter results highlight a limitation of the SST, which is also a limitation of the standard 

ISO, namely with increasing measured values of %NO(rem), the degree of mass transport 

control in the reactor increases, so that the calculated value of %NO(rem) becomes less a 

measure of the fundamental photocatalytic activity of the sample under test, which is what 

is desired, and more a measure of the mass transport conditions in the reactor. In order to 

limit the degree of mass transport control in the reaction, the measured value for %NO(rem), 
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using either the standard ISO or the SST, must be low, typically  25%. The value of 25% has 

been selected here based on the results of this work, vide infra, and other work on samples 

that exhibit values much above 25% which do not obey eqn (5.8) when f is varied.  Note, in 

contrast to eqn (5.8), where for an activation-controlled reaction %NO(rem) is proportional 

to 1/f, for a wholly mass transport dependent system, it can be shown that %NO(rem), will 

depend upon 1/ f 0.5 [42]. As a consequence, the SST is only appropriate for measuring the 

activities of samples that exhibit a %NO(rem) value < (25%/36 = 0.7%), under standard ISO 

conditions; so not, for example, suitable for measuring the activity of STO-exterior paint but 

suitable for measuring the activity of Activ. Of course, materials that exhibit a %NO(rem) 

value < 0.7% when tested with the standard ISO would, appear largely inactive and it is these, 

what we shall call here ‘low activity materials’, that will benefit from being tested using the 

SST. 

 

As a consequence, the [NO] vs time profiles were recorded using the SST for a number of 

different samples that showed no activity under standard ISO conditions, i.e. low activity 

samples.  Thus, a very thin coating of P25 TiO2, made using a very dilute (0.02 g L-1) coating 

solution, was tested initially in order to illustrate a film with a reasonable activity  

(%NO(rem)= ca. 12.1 %), as measured using the SST, but less than that of Activ. Other 

samples selected for testing under SST conditions included ones from common items that 

are not usually recognised as having any photocatalytic activity, and yet use naked (i.e. 

uncoated) TiO2 as a pigment because of its great ability to scatter light so as to render the 

product opaque and white. Amongst those selected, obviously no common paint films were 

tested, since the TiO2 pigment used in these comprise low active or non-active rutile titania 

particles, surface-treated with alumina or silica, in order to render them passive.  However, 

despite this omission, there remained many other products to choose from, where opacity is 

also important, but which used less expensive, untreated, and therefore photoactive, TiO2 as 

the pigment.  A notable example of the latter is high-end paper, such as that used in 

dictionaries, bibles and bank notes [43]. The non-transparency/opacity of such unprotected 

anatase TiO2-containing paper is ten times that of talcum powder and calcium carbonate 

used and is 15-30% lighter [43]. Another common commercial product tested, which uses 

unprotected anatase TiO2, is white, water-based, easily removed (by wiping), paint for the 

glass in greenhouses, which is used to diffuse the incident sunlight.  For the above reasons, 

samples of bible paper, white greenhouse paint and bank note paper (two 1 US dollar bills, 

folded to cover the 5 cm x 30 cm area of the three sample plates) were tested for NO removal 
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photocatalytic activity using the SST and the resulting [NO] vs time profiles are illustrated in 

Figure 5.4. 

 

 

Figure 5.4: [NO] vs time profiles recorded using the SST for: (a) a P25 thin film (0.02 g L-1), (b) Bible paper, (c) 

greenhouse paint and (d) bank note paper.  Light on was at t = 15 min and light off at t = 315 min. 

 

All the samples used to generate the data illustrated in Figure 5.4 showed no measurable 

photocatalytic activity for NO removal when tested under standard ISO conditions, i.e. all 

were low activity samples, but all were revealed to have some photocatalytic activity under 

the SST conditions. The bank note paper exhibited the lowest activity of the samples tested 

and its calculated apparent activity (i.e. %NO(rem)= 0.4%) is near to the limit of detection of 

the system. The calculated activities of the four different samples were: P25, 0.02 g L-1,  

(12.1%) >> Bible paper (2.6%)> greenhouse paint (2.0%)> bank note paper (0.4%), where the 

figures in parenthesis refer to the associated %NO(rem) values, calculated using the eqn (5.7) 

and the corresponding [NO] data illustrated in Figure 5.4, but for the last 15 min of the 

irradiation.   

A plot of the %NO(rem)values for all the low activity samples tested using the SST in this work 

is illustrated in Figure 5.5 and shows that Activ self-cleaning glass, is the most active of the 

ones tested. 
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Figure 5.5: Plot of %NO(rem) for a series of different low photocatalytic activity samples, where %NO(rem) was 

calculated using eqn (5.7), using the [NO] vs time data (last 15 min) recorded for these samples under SST 

conditions illustrated in Figure 5.2 and Figure 5.4.  

 

5.3.3 Combining standard ISO and SST data 

As noted earlier, if the rate of photocatalysis, i.e. r(NO), of a sample is independent of f and 

A, i.e. dependent on its inherent photocatalytic activity, and not mass transport in the 

reactor, then the SST should be 36 x’s more sensitive than that of the standard ISO NO 

removal test. As noted earlier, whether tested using the standard ISO, or SST, in order for the 

calculated %NO(rem) value for a sample to provide a direct measure of its inherent 

photocatalytic activity, the value of %NO(rem) should be low, i.e. < 25%. This condition is met 

for all the samples tested in this report and so it follows from eqn (5.8) that for all these 

samples the calculated value of %NO(rem) should be proportional to the photocatalytic area, 

A and the reciprocal of the gas flow rate, f.   

 

The assumption that %NO(rem) is proportional to A/f, for moderately low activity samples, 

as measured using the standard ISO, is implicit in that ISO, which states that if ‘the amount 

of the removal quantity is less than 2.0 μmol (about 5 % in removal percentage), the number 

of test pieces and the flow rate of test gas may be altered’.  The standard ISO suggests that 

for such moderately low activity samples, the sample number should be doubled and the 

flow rate halved (to 1.5 L min-1) and the material retested under these new, ‘sensitive test’, 
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conditions stipulated by the standard ISO. Interestingly, if such changes are made to A and f, 

it follows from eqn (5.8) that the resulting [NO] vs t data set should yield a calculated value 

of %NO(rem) which is 4 x’s bigger than the original value (derived under standard ISO 

conditions). Thus, a %NO(rem) value of 5%, determined using the standard ISO, should 

increase to 20%, if determined under the above ‘sensitive test’ conditions. Curiously, the 

standard ISO appears to suggest that these changes in A and f would only increase the value 

of %NO(rem) by a factor of 2, which is clearly incorrect [13].   

 

The standard ISO for NO removal [13] notes that ‘this method can differentiate the samples 

with different photocatalytic performance’ and, from the results illustrated in Figure 5.5, it is 

clear that the SST also has this ability to discriminate between samples of different activity, 

but for low activity samples. It follows that it should be possible to create a universal scale of 

photocatalytic activity, based on reaction (5.6), through the combination of the standard ISO 

for NO removal and the SST, provided it can be assumed that the data sets generated by the 

two test protocols are simply related to each other via eqn (5.8). This simple relationship and 

underlying assumption can be tested by taking a photocatalytic film, with a maximum 

%NO(rem) value < 25%, and: (i) varying the area, A, for fixed f and (ii) varying f, for fixed A, 

since eqn (5.8), predicts that the %NO(rem) is proportional to A/f. The validation of this 

assumption and simple relationship, as outlined in 5.3.4. and 5.3.5. is described below. 

 

5.3.4 %NO(rem) vs sample area, A 

In order to test, under SST conditions, the above predicted simple relationship between 

%NO(rem) and A, for a fixed value of f, six 5 cm x 5 cm (i.e. six 25 cm2) glass samples were 

coated with a dilute dispersion of P25 (0.1 g L-1). The photo reactor was then loaded with the 

six, low-activity, P25 coated samples, with a total photocatalytically active area of 150 cm2, 

and the [NO] vs time profile recorded, with 30 min no light, followed by 30 min UV light  

(1 mW cm-2), followed by 30 min no light, under otherwise identical SST experimental 

conditions, i.e. with f = 0.25 L min-1. This process was then repeated with the reactor loaded 

with five of the P25-coated samples plus one blank 5 cm x 5 cm glass sample to fill the 

remaining space in the reactor, so that the photocatalytically active area was now 125 cm2. 

Similarly, four samples plus two glass blanks were then tested, and so on, until finally, just 

one 5 cm x 5 cm low activity P25-coated sample, plus five glass sample blanks, were tested 

for NO removal activity. Note: because of the short irradiation period used (30 min, instead 
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of 5 h), in this part of the work, the value of [NO]end, used to calculate %NO(rem), via eqn 

(5.7), was taken as the average value of [NO]t over the last 10 min (rather than 15 min) of the 

irradiation period. The resulting plot of results in the form of [NO]t vs time profiles for the six 

different photocatalytically active areas, varying from 150 cm2 to 25 cm2, is illustrated in 

Figure 5.6 and shows that the value of [NO]end, highlighted by the hatched area, decreases 

with decreasing P25-coated sample number, i.e. decreasing photocatalyst sample area, A. 

Using this data and eqn (5.7) to calculate the value for %NO(rem) at each A, a plot of 

%NO(rem) vs A was generated which revealed a good straight line with a zero intercept, as 

expected from eqn (5.8), and illustrated by the insert plot in Figure 5.6.   

 

 

Figure 5.6: Collected plots of [NO] vs time recorded for different areas of glass coated, but fixed flow rate,  

f = 0.25 L min-1, with a diluted P25 dispersion (0.1 g L-1), tested under otherwise SST conditions  

(i.e. [NO]in = 1000 ppbv and I = 1 mW cm-2). The photocatalytically active areas used were (from left to right): 150, 

125, 100, 75, 50 and 25 cm2, respectively. The insert diagram is a plot of %NO(rem) vs A, based on the data in the 

main diagram. 

 

The same procedure, as outlined above was then repeated, but with f = 3 L min-1, and with 

six glass samples coated with a more concentrated, i.e. more active, dispersion of P25  

(0.4 g L-1). The resulting data set and plot of %NO(rem) vs A was identical in form to that 

illustrated in Figure 5.6. When taken together the results of this work show that, provided 

the %NO(rem) is kept low, i.e. < 25 %, then %NO(rem) is proportional to A, for fixed f, over 

the gas flow range 0.25 - 3.0 L min-1, in accordance with eqn (5.8).   
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5.3.5 %NO(rem) vs gas flow rate, f 

As noted above, eqn (5.8), also predicts that, provided %NO(rem) is always < 25%, then 

%NO(rem) should be proportional to 1/f, if A is fixed. In order to test this, three 10 cm x 5 cm 

glass plates, coated with a modest amount of P25 (0.15 g L-1), were placed in the ISO NO 

removal reactor and then subjected to a 30 min period of dark, 30 min irradiation  

(1 mW cm-2), 30 min dark, for a series of different gas flow rates, ranging from 3.1 –  

0.27 L min-1. The results of this work are illustrated in Figure 5.7 and show that [NO]end 

decreases with increasing value of f. Using this data and eqn (5.6), a plot of %NO(rem) vs 1/f 

was constructed which revealed an excellent straight line with a zero intercept, as expected 

from eqn (5.8) and illustrated by the insert plot in Figure 5.7.   

 

 

Figure 5.7: Collected plots of [NO] vs time recorded for different gas flow rates, f, but with a fixed photocatalytic 

area, A = 150 cm2, of glass coated with a diluted P25 dispersion (0.15 g L-1), tested under otherwise SST conditions 

(i.e. [NO]in = 1000 ppbv and I = 1 mW cm-2). The values of f used were (from left to right): 0.27, 0.52, 0.77, 1.11 

and 3.1 L min-1, respectively. The insert diagram is a plot of %NO(rem) vs f, based on the data in the main diagram. 

 

These results and those reported in the previous section, suggest that provided  

%NO(rem) < 25%, then eqn (5.8) holds, and the rate of reaction (5.6) and, so the calculated 

value of %NO(rem), which is a measure of the rate, see eqn (5.8), is directly related to the 

inherent photocatalytic activity of the sample film under test. As a consequence, provided  

%NO(rem) < 25%, the %NO(rem) determined under standard ISO and SST conditions can be 

combined to create a universal scale of photocatalytic activity for NO removal via reaction 
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(5.6). Such a scale would allow the ready comparison of high and low activity photocatalytic 

samples and expand significantly the scope of materials that can be currently tested using 

existing ISO test systems. 

 

5.3.6 A universal scale of photocatalytic activity related to NOx removal 

For any material tested using either the standard ISO, or SST, the %NO(rem) value generated 

can only be reported in terms of the universal scale of photocatalytic activity if the following 

simple conditions are met:  

 

(1) the %NOx removed (= 100 x {[NO]in – [NO]end) – [NO2]end}/[NO]in) is very low (< 1-2%) in 

the last 15 min of the illumination period, so that the overall photocatalytic reaction is 

the oxidation of NO to NO2, i.e. reaction (5.6). In our routine testing of many commercial 

and non-commercial samples, in and outside this work, we have found that this condition 

is almost always met;  

(2) the calculated value for %NO(rem) is low, i.e. < 25%, so that the photocatalysed reaction 

is dominated by the inherent photocatalyst activity of the sample with regard to reaction 

(5.6), rather than mass transfer.   

 

Since the above conditions were satisfied by all the samples tested in this work, a plot of the 

log(%NO(rem)) vs. sample was constructed and is illustrated in Figure 5.8. This plot shows 

how a number of different samples, some previously not recognised as having any 

photocatalytic activity, with very different photocatalytic activities and widely different areas 

of application, can be readily compared and contrasted on the universal scale created by 

combining the standard ISO with the SST.  

 

This scale allows the comparison between: (i) high activity coatings, such as commercial 

photocatalytic paint and thick, research-generated P25 and sol-gel films, which are very 

effective in purifying water and air, and (ii) low activity samples, such as commercial self-

cleaning photocatalytic glass and plastics, which are used as self-cleaning architectural 

materials. It also helps for the ready identification of previously unidentified photocatalytic 

materials, such as bible paper, which, given this feature, may lend itself to other applications.   
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Figure 5.8: Plot of a universal scale values of log(%NO(rem)) for a series of different, mainly commercial 

photocatalytic samples, where the values of %NO(rem) were calculated using eqn (3.7), using data taken from the 

appropriate [NO]t vs time profiles, which are mostly illustrated in Figure 5.2 and Figure 5.4. 

 

In this work, the one well-known photocatalytic material that did not show any activity when 

tested using the SST, was the Hydrotect tile [5]. This material appears to have an exceedingly 

low activity, which may not be too surprising given the high temperatures used in its 

production (> 1000 oC) and, therefore, likely very low particle surface area. Clearly, for such 

very low activity samples, another type of test is required.   

 

The above universal scale can also be extended to high activity samples, i.e. ones which under 

SST conditions exhibit a %NO(rem) value > 25%, by simply increasing the flow rate, f, or 

decreasing the area, A, from, 10 cm x 5 cm to 5 cm x 5 cm, for example.  Similarly, the SST 

could be used to probe very low activity materials, like photocatalytic tiles, by decreasing the 

flow rate, f, to values < 0.25 L min-1. 

 

5.4 Conclusions 

A supersensitive test, SST, of the photocatalytic activity has been devised based on the 

photocatalysed oxidation of nitric oxide to nitrogen dioxide, i.e. reaction (5.6), and utilising 

the same photoreactor as used in the standard ISO for NO removal (ISO22197-1:2016 [13], 

but with three (instead of one) sample pieces and a flow rate of 0.25 (instead of 3) L min-1.  
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The SST is able to measure the photocatalytic activities of low activity materials, i.e. materials 

that exhibit very little, if any activity when tested using the standard ISO for NO removal or 

any other photocatalyst ISO.  No simple quantitative test of activity for such materials is 

currently available.  The SST allows the ready assessment and comparison of the activities of 

low activity photocatalytic materials, including commercial products, such as: self-cleaning 

glass, plastics, paint and paper, some of which are not recognised currently as being 

photocatalytic.   

 

Provided the calculated %NO(rem) value, determined for any sample using either the 

standard ISO or SST, is < 25%, then that value can be taken as a direct measure of the intrinsic 

photocatalytic rate or activity of the sample for reaction (5.6).  A %NO(rem) value < 25% for 

any sample is proportional to A/f and so can be used to create a universal scale of 

photocatalytic activity for the removal of NO via reaction (5.6).  This universal scale of 

photocatalytic activity allows comparison in activities not only of high, medium or low activity 

samples, but also ones with very different activities, such as photocatalyst air-purifying paints 

and self-cleaning glass and plastics.  No such scale currently exists and so will prove useful to 

those in research and industry, working on existing and new photocatalytic materials in 

identifying trends and making meaningful comparisons to other materials which are very 

different in terms of activity.  The proposed SST described above is a simple modification of 

the current ISO for the removal of NO (ISO 22197-1:2016), which utilises UV light.  There is 

now an ISO for the removal of NO (ISO 17168-1:2018) using indoor (visible only) light, namely 

a cool white fluorescent light source with UV filter; in all other aspects it is identical to its UV 

counterpart (ISO 22197-1:2016).  It follows that a universal scale of photocatalytic activity for 

visible light absorbing photocatalysts could be constructed by combining ISO 17168-1:2018, 

with the SST described above, modified only by the use of a cool white lamp, rather than a 

UV BLB.  This appears particularly relevant as more examples of visible light absorbing 

photocatalysts for NOx removal emerge [44,45].  
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6 Development of an Ag ink for the qualitative 

assessment of very low activity photocatalytic 

surfaces 

6.1 Introduction 

In a previous chapter the super-sensitive NO removal test, SST, was developed to build upon 

the existing ISO standards that are currently used to assess the photocatalytic activity of “self-

cleaning” materials, allowing for a wider range of low activity materials to be tested, however 

this test proved to not be without its limitations.  Thus, although the SST was shown to be 

36x more sensitive than the standard ISO, very low photocatalytically active commercial 

materials, such as the Hydrotect tile [1] still fail to register any activity.  

 

The existing ISO 21066:2018 [2] for Resazurin (Rz) photocatalyst activity indicator ink, i.e Rz 

paii, has proven to be an effective test method on medium to low activity photocatalytic 

surfaces, such as self-cleaning glass [3,4] however, on surfaces of even lower activity, such as 

self-cleaning tiles, the Rz paii is ineffective [5]. Ideally a photocatalytically active indicator ink 

should be able to provide a striking demonstration of the activity of the photocatalytic film 

under test, via the striking colour change, preferably in under 3 min, when irradiated with UV 

light  (typically < 2 mW cm-2).   Thus, it was decided at this point that it would be useful to 

create a simple qualitative assessment to detect photoactivity of very low activity materials 

in the form of new photocatalyst activity indicator ink. This chapter describes the initial 

efforts made to create such an ink, based on the photocatalysed reduction of Ag ions to Ag 

metal.   

 

6.2  Experimental 

6.2.1 Materials 

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Chemicals and 

used as received. The high opacity thin paper (Offenbach bible paper, 50 gsm) was supplied 

by Shepherds Bookbinders Ltd., London [6]. The samples of Activ self-cleaning glass [7] 

were gifts from Pilkington Glass-NSG. The commercial self-cleaning tiles were obtained from 

Deutsche Steinzeug [8] and utilised the Hydrotect technology developed by TOTO [1]. In 
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house, TiO2 films of Evonik P25 [9] were prepared on 50 mm x 100 mm x 4 mm borosilicate 

glass plates by evaporation, at 300 oC for 2 h, of 10 mL of a 2.5 g L-1 (or 0.02 g L-1) aqueous 

suspension of P25 spread over the surface of the substrate (10 cm x 5 cm) using a plastic 

syringe [10].  

 

6.2.2 Methods 

To prepare the Rz paii, 0.15 g of hydroxyethyl cellulose, HEC, were dissolved into 9.85 g water 

to a yield of 1.5 wt% solution of the polymer, to which 1 g of glycerol, 10 mg of Rz, and 20 mg 

of polysorbate 20 were added. To prepare the Ag Ink, 0.75 g of polyvinyl acetate, PVA, were 

dissolved into 9.85 g water to a yield of 7.5 wt% solution of the polymer, to which 0.1 g AgNO3 

and 2 g glycerol were added. The inks were then stirred for a minimum of 8 h until fully 

combined. For qualitative tests, the inks were applied via a felt tip pen, the ink is inserted 

into the pen via syringe into an absorbent core, the ink then flows downward via gravity, 

filling the tip and allowing the ink to be drawn onto the desired testing surface, a digital 

photograph of the felt tip pen components is seen below in Figure 6.1. The shelf-life of the 

ink was > 30 days, when stored in the dark, under refrigeration. 

 

 

Figure 6.1: A digital photograph of the component parts of a felt tip marker including the lid, the container, the 

tip, the absorbent core and the top. 

 

For quantitative testing, a uniform film of ink was achieved on each sample via a doctor blade 

method. Each sample was fixed to an impression bed (e.g. a clipboard) and a line of ink (c.a. 

65 μL), ca. 25 mm long, was deposited along the top of the photocatalytically active sample. 

A wire wound rod (K-bar No. 3) was used to spread and coat the ink onto the sample, by 
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drawing the bar down from the top of the sample to the bottom using equal hand pressure. 

This method is demonstrated schematically in Figure 6.2. Upon coating the last sample, all 

the ink-coated samples were left to dry for 40 min in the dark, but otherwise under ambient 

conditions, before irradiation. 

 

 

Figure 6.2: (a) Schematic illustration of the correct placement of the ink line on a sample and (b) correct draw 

down method to yield a uniform, homogeneous film using a k-bar (No. 3).  

 

All irradiations were carried out using 2 x 4 W UVA tubes, with a principal wavelength of  

352 nm, and an irradiance of approximately 2 mW cm-2. For the brief quantitative 

assessment, a handheld scanner (Ion CopyCat handheld document scanner) with a resolution 

of  300 dpi was used to capture digital colour images of each of the samples placed on the 

grid, simultaneously, at a regular time interval, Δt, as a function of irradiation time. 

Throughout this procedure, images were captured every 20 seconds of irradiation. To ensure 

adequate clearance between the samples and scanner, runners at a set height of 2 – 2.5 mm 

were constructed to the edge of the sample area to support the scanner as it is moved over 

the sample. This prevents the scanner accidentally touching the samples and ensures 

consistency among captured images. A schematic illustration of this set up is shown in Figure 

6.3. 

 

Figure 6.3: A schematic illustration of the handheld scanner configuration 
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The ink coated tile samples were photographed as they changed colour. Using the digital 

images obtained, the RGB colour values at each sampled irradiation time, were obtained as 

a function of irradiation time using ImageJ software [11]. In particular, the red component, 

i.e. RGBR,t, was used to monitor the change in colour of the blue to pink and colourless to 

brown-black inks [12]. The normalised RGBR,t values, RGBR,t’, were calculated using equation 

(6.1) and the measured values of the red, green, and the blue components of the digital 

image of the ink coating at irradiation time, t, i.e. RGBR,t, RGBG,t, and RGBB,t. 

 

RGBR,t′ =
RGBR,t

(RGBR,t+RGBG,t+RGBB,t)
               (6.1) 

 

Normalisation of the RGB data in this way helps compensate for any minor changes in the 

lighting conditions. A typical RGBR,t’ vs. irradiation time profile for an Rz paii on commercial 

self-cleaning glass is illustrated in Figure 6.4, which also highlights other parameters, such as 

RGBR’(max) and RGBR’(min). 
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Figure 6.4: Plot of the calculated values of RGB’R,t vs time (s) for the 5 samples (4 samples and a blank (blue) of 

commercial self-cleaning glass (ACTIV). The solid red square points identify the respective ttb(90) values on each 

of the RGB’R,t vs t curves.  

 

Thus, in a typical experiment involving irradiation of a paii on a photocatalyst sample, which 

generates the data in Figure 6.4, the total change in colour ΔRGBR,t’, is calculated simply by 

the following expression: 

 

ΔRGBR′ = RGBR′(max) − RGBR′(min)               (6.2) 

 

and RGBR’(90), i.e. 90% of the overall change in colour, is then calculated using: 

 

RGBR
′ (90) = (0.9 ×  ΔRGBR

′ ) + RGBR′(min)              (6.3) 

 

From a plot of RGBR,t’ vs time (see Figure 6.4), a straight line is drawn through the two 

recorded data points between which the calculated RGBR’(90) value lies. From the equation 

of the straight line that connects these two data points, and knowledge of the RGBR’(90) 

value, the time can be determined at which RGBR,t’ = RGBR’(90), and this time to bleach 90% 

of the dye’s red component colour is referred to throughout as: ttb(90). 

 

 

Figure 6.5: A typical colour change of Rz paii applied to ActivTM glass when irradiated at an intensity of   

2 mW cm-2 using two broad band black light (352 nm) fluorescent lamps over a time period of 240 s 
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6.3 Results and Discussion 

A PVA based Ag ink for the qualitative assessment of very low activity photocatalytic surfaces 

proposed here acts as a simple, inexpensive, fast, and easy to use test to determine 

photocatalytic activity where other existing methods fail to do so. Resazurin (Rz) paii has 

been shown to be a very effective test ink on medium activity photocatalytic surfaces, such 

as self-cleaning glass [3,4], however, on very low activity surfaces, such as self-cleaning tiles, 

the Rz paii is less effective, as illustrated by the data in Figure 6.6, which shows that no colour 

change occurs over 250 s, thereby eliminating its use to detect photocatalytic activity or 

monitor the relevant kinetics on very low activity surfaces. 

 

 

Figure 6.6: Plot of the calculated values of RGB’R,t vs time (s) for a sample of photocatalytic Hydrotect tile (solid 

line) and commercially available non-photocatalytic tile (broken line) coated with Rz paii and irradiated over time. 

Irradiance = 2 mW cm-2 (λmax = 352 nm broadband).  

 

In order to illustrate the failure of the SST, for very low activity materials, which is 36 x’s more 

sensitive than that of the standard ISO NO removal test,  plots of [NO] vs irradiation time 

profiles recorded under NO ISO conditions for a (a) photocatalytic tile and (b) a non-

photocatalytic tile, and NO SST conditions for a (c) photocatalytic tile, all of which had had 

been UV pre-conditioned prior to testing for > 15 h are illustrated in Figure 6.7. These results 

show that the photocatalytic activity for NO removal by all tile samples are negligible, when 

tested using the standard ISO and the SST, since %NO(rem) < 0.5%.  
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Figure 6.7: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles recorded under NO 
ISO conditions for a (a) photocatalytic tile and (b) a non-photocatalytic tile, and NO SST conditions for a (c) 
photocatalytic tile, all of which had had been UV pre-conditioned prior to testing for > 15 h. The numbers in 
parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and %NOx(rem), 
respectively. 

 

Throughout this study, a PVA based Ag Ink was examined as a more sensitive indicator for 

photocatalytic activity than its rival Rz. Digital photographs of a photocatalytic tile where Rz 

paii and Ag Ink were applied via felt tip pen (a) before and (b) after irradiation at an intensity 

of 2 mW cm-2 using two broad band black light (352 nm) fluorescent lamps over a time period 

of 10 min are illustrated in Figure 6.8. From this photograph we can identify a negative result 

for the Rz test as the sample has remained blue and a positive colour change result for the 

Ag Ink, from colourless to brown in < 5 min, making it a much more advantageous testing 

method due to its quick reaction time and clear colour change. 

 

The basic process behind the photocatalytic reduction of the Ag ink is distinctly different than 

that of Rz paii; whereas the Rz paii is based on the reduction of  the dye Rz (blue) to Rf (pink), 

the Ag ink undergoes its colour change as a result of photodeposition of silver ions on the 

surface of the photocatalytic film.  
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Figure 6.8: Digital photographs of a photocatalytic tile where Rz paii and Ag Ink were applied via felt tip pen (a) 

before and (b) after irradiation at an intensity of 2 mW cm-2 using two broad band black light (352 nm) fluorescent 

lamps for a time period of 10 min 

 

Upon UV irradiation of a semiconductor such as TiO2 in the presence of a sacrificial electron 

donor, SED (e.g. glycerol) and a metal salt (e.g. AgNO3), the SED acts as a scavenger which is 

oxidised at the surface of the TiO2, mopping up the photogenerated holes, h+. The 

photogenerated electrons, e−, are then able to reduce the Ag+ ions, producing the Ag metal 

(M0) on the TiO2 surface. The reaction equations associated with these component steps are 

as follows: 

 

C3H8O3 + 2h+ → C3H6O3 + 2H+                (6.6) 

 

2Ag+ + 2e− → 2Ag ↓                   (6.7) 

 

So that the overall reaction can be summarised as follows: 

 

C3H8O3 +  2Ag+ + 2e−
     TiO2      

⟶
UV

C3H6O3 + 2Ag ↓ +2H+              (6.8) 

 

In the above reactions, once the first atoms of metal, Ag are photo-deposited, it is believed 

[7] that they act as sinks for photo-generated electrons, so that further deposition of the 

metal occurs at these metal sites, showing evidence of island growth. 
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The suitability of Ag Ink was compared to Rz paii on an array of high – very low activity 

materials to assess its suitability as a more sensitive ink indicator across multiple materials 

and activities. A felt tip pen filled with Ag Ink or Rz paii respectively was used to draw ink 

onto the respective material, the material was then irradiated using 2 x 4 W UVA tubes, with 

a principal wavelength of 352 nm, and an irradiance of approximately 2 mW cm-2 for 10 min. 

The results of this test are displayed in Table 6.1, where the colour change, or lack thereof, 

is shown through digital photographs. Within this table a positive result, indicating 

photocatalytic activity for each respective ink is marked with a tick, or a negative result 

marked with an X.  

 

A standard coating of P25 TiO2, made using (2.5 g L-1) was tested in order to illustrate a film 

with a high photocatalytic activity (%NO(rem) = ca. 28.3 %) as measured using the NO ISO. 

The remaining samples used to generate the data illustrated in Table 6.1 showed low or no 

measurable photocatalytic activity for NO removal when tested under standard ISO 

conditions, i.e. were very low activity samples, but were revealed to have some 

photocatalytic activity under the SST conditions with the exception of borosilicate which was 

used as a blank. The Hydrotect tile exhibited the lowest activity of the samples tested using 

the SST and its calculated apparent activity (i.e. %NO(rem) = 0.2%) is significantly below the 

limit of detection using this procedure (>0.5%). The calculated activities of the different low 

activity samples, using the SST were: ActivTM glass (19.3%) > P25, 0.02 g L-1, (12.1%) >> 

Offenbach Bible paper (2.6%)> bank note paper (0.4%) > plain glass (SnO2) (0.3%)> Hydrotect 

tile (0.2%). 

 

From the results noted in Table 6.1, it is evident that the Ag Ink is capable of identifying 

photocatalytic activity on materials where the Rz paii cannot, such as in Hydrotect tile, the 

SnO2 layer on plain glass (deposited by the float glass process [13,14]) and also on the P25 

dilution (0.02 g L-1) due to its sharp colour change as a result of the photodeposition of Ag 

ions. It is interesting to note, that the more photocatalytically active films such as the P25 

(2.5 g L-1) (%NO(rem) = ca. 28.3 % via the ISO test) when compared to lower activity materials 

such as Hydrotect tile (%NO(rem) = 0 % via the ISO test) elicit a much darker colour change. 

The higher the photocatalytic activity of the surface film, the greater amount of TiO2
 on the 

surface available for photodeposition, allowing more Ag ions to deposit thereby creating a 

darker colour.  
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Table 6.1: Comparison of the ability for the respective inks Rz and Ag to undergo a colour change on low and 

medium activity self-cleaning surfaces. 

 

 

This begs the question, could the colour change, as a result of photodeposition, be used to 

quantitatively assess the degree of photocatalytic activity as the Rz ISO [2] can be used. 

Although the focus of this chapter was to design a qualitative test, initial studies into the 

potential to have RGB analysed like the existing Rz ISO to gain a quantitative test and monitor 

kinetics were extremely positive.  For example, Figure 6.9 shows the progress in the 

photocatalytically driven colour change, upon irradiation of an Ag indicator ink coated on 

self-cleaning tile, under an irradiance of 2 mW cm-2 (λmax = 352 nm), as monitored by digital 

photography. This plot shows that RGB’R,t increases with increasing time in much the same 

manner as the Rz paii on ActivTM glass (Figure 6.4) and thus has the potential to be used for 

the quantitative assessment of very low activity photocatalyst films, such as photocatalytic 

tiles and float glass, with its thin coating of SnO2.   
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Figure 6.9: Plot of the calculated values of RGB’R,t vs time (s) for a sample of photocatalytic Hydrotect tile (black 

line) and commercially available non-photocatalytic tile (red line) coated with Ag Ink via a doctor blade method 

and irradiated over time. Irradiance = 2 mW cm-2 (λmax = 352 nm broadband). The typical colour change of Ag ink 

applied to photocatalytic tile over time is displayed in the top section of the graph 

 

6.4 Conclusions 

It has been demonstrated that an Ag ink can be used as a more sensitive indicator than Rz 

paii for the detection of photocatalytically active “self-cleaning” surfaces. A sharp colour 

change from colourless-brown/black, indicating photocatalytic activity occurs on “self-

cleaning” materials, such as Hydrotect tile whereas Rz paii cannot identify activity on this 

very low activity material. Further, the colour change from colourless to brown-black for the 

Ag paii also lends itself to an easier visual end-point determination compared with an Rz paii 

(blue to pink), and provides a more striking visual demonstration of the self-cleaning action 

of such films. This work showed that the Ag ink could be used at least as a qualitative method 

of identifying photocatalytic films with very low activity, or as a very rapid detection method 

for films of moderate activity.  The Ag ink could prove invaluable for assessing the activities 

of photocatalytic materials, especially those of very low activity. Indeed, to date it is the only 

assessment method capable of assessing the activity of very low photocatalytically active 

materials, such as self-cleaning tiles. Its ease of application via a felt tip, long shelf-life and 

quick irreversible colour change are particularly attractive features.  

 

The results of this work suggested at the time that it might be possible to photocatalytically 

deposit conducting metal (Ag at least) films – or more interestingly wires, onto a commercial 

product that has a photocatalytic coating, such as self-cleaning tiles or glass.  The results of 
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the investigation that followed based on this concept forms the basis of the next chapter, on 

conducting photocatalytically deposited films. 
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7 Photodeposited Ag-Wires on TiO2 Films 

7.1 Introduction 

The ever-growing interest in the well-established research area of semiconductor 

photocatalysis has led to several significant commercial products, such as: 'self-cleaning' 

glass, tiles, concrete, paper, and paint [1–5]. In the clear majority of these products, TiO2 is 

the semiconductor of choice. In semiconductor photocatalysis, UV light from a solar or 

artificial light source is absorbed by the semiconductor to produce electron-hole pairs, which 

can either recombine in the bulk or surface, of the semiconductor, or react with surface-

adsorbed species. In many commercial photocatalytic materials the key photocatalytic 

reaction is that of the oxidation of an adsorbed organic ‘test’ pollutant to its mineral form by 

oxygen, i.e. [6,7]. 

 

Organic +  O2  

𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
⟶

ℎ𝜈 ≥ 𝐸𝑏𝑔

CO2  +  H2O +  mineral acids              (7.1) 

 

where, ℎ𝜈 is the energy of the incident light which must be greater than or equal to the 

bandgap energy of the semiconductor photocatalyst, 𝐸𝑏𝑔. The photocatalysed oxidation of 

pollutants by oxygen, as exemplified by reaction (7.1) is the basis of the ‘self-cleaning’ and 

‘air-purifying’ features claimed by most commercial photocatalytic materials. Semiconductor 

photocatalysis has been most employed for wastewater treatment [8,9], air purification 

[10,11] and disinfection [12,13], but has been used (usually in non-aqueous solution) to 

promote the selective oxidation and reduction of organic substrates [14,15]. In research, 

although not usually in commercial products, a popular method of improving the 

performance of semiconductor photocatalysts in the above processes and applications is to 

use metal/metal oxide co-catalysts deposited on the surface of the semiconductor 

photocatalyst. This also opens up other avenues of application such as the use of 

semiconductor photocatalysts for water splitting, Surface Enhanced Raman and Resonance 

Raman and plasmonic photocatalysis. In many cases the deposition of metal/metal oxide 

nanoparticles onto the surface of the semiconductor particles or film is achieved via 

photodeposition [6,7] under anaerobic conditions, i.e. 
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2M𝜂+(aq) +  nH2O

𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
⟶

ℎ𝜈 ≥ 𝐸𝑏𝑔

(
n

2
) O2  +  2nH+ + 2M≥0(s)                         (7.2) 

 

where M≥0 is either the metal (M0) or metal oxide (M>0); in practice both are usually 

deposited. However, more often than not the metal, commonly Pt, is the desired co-catalyst 

and is usually photodeposited by adding a sacrificial electron donor to the solution 

whereupon reaction (7.2) transforms into: 

 

M𝜂+(aq) +  nSED

𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
⟶

ℎ𝜈 ≥ 𝐸𝑏𝑔

nSED+ + M≥0(s)               (7.3) 

 

In the photocatalytic reaction (7.3), once the first atoms of metal are photo-deposited, it is 

believed [7] that they act as sinks for photo-generated electrons, so that further deposition 

of the metal occurs at these metal sites, rather than randomly across the surface of the 

semiconductor photocatalyst. As a consequence, photocatalytic deposits of metals show 

evidence of island growth. Upon UV irradiation of a semiconductor such as TiO2 in the 

presence of a sacrificial electron donor (e.g. MeOH) and a metal salt (e.g. AgNO3), the SED 

acts as a scavenger which is oxidised at the surface of the TiO2, mopping up the 

photogenerated holes, h+. The photogenerated electrons, e−, are then able to reduce the Ag+ 

ions, producing the Ag metal (M0) on the TiO2 surface. The reaction equations associated with 

these component steps are as follows: 

 

CH3OH + 2h+ → HCHO + 2H+                (7.4) 

 

2Ag+ + 2e− → 2Ag ↓                   (7.5) 

 

So that the overall reaction can be summarised as follows: 

 

CH3OH +  2Ag+ + 2e−
     TiO2      

⟶
UV

HCHO + 2Ag ↓ +2H+               (7.6) 

 

The deposition of the metal nanoparticles such as; Ag [9,12], Au [10,15], Pt [8,10,11], Pd [10], 

and Ir [14], has – in general – been found to enhance the rates of various photocatalytic 

reactions in general for a wide variety of semiconductors, not least of which is TiO2. It is 
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usually suggested that these metal deposits act as: charge carrier centres which suppress the 

recombination of photogenerated electrons and holes, as well as active sites which facilitate 

charge-transfer reactions [6,7]. 

 

The photodeposition of metals has several advantages over other popular methods of metal 

deposition, such as: impregnation, chemical reduction, electrodeposition, atomic layer 

deposition, sputtering and physical mixing. These advantages include the negation of: high 

temperatures, expensive equipment, and having to apply a potential [7]. Photodeposition 

also allows good control over particle size and the oxidation state of deposited metal/metal 

oxide particles, since the rate of reaction can usually be controlled by altering the incident 

irradiance level and irradiation time. Finally, as noted previously, in the photo-deposition 

method the metal is deposited at the active photocatalyst sites, and not randomly across the 

surface of the semiconductor photocatalyst.  

 

As well as enhancing the activity of the underlying photocatalyst, the photocatalysed 

deposition of metals has also been used to create surface metal images and micro- and sub-

micro patterns of the metal on the semiconductor's surface, although, somewhat 

surprisingly, this subject area has not been studied in detail. Indeed, since such work shows 

that surface metal micropatterns and images on a semiconductor film can be created it 

seems appropriate to ask if they can be made to conduct, i.e. can semiconductor 

photocatalysis be used to generate wires? This would appear a particularly relevant question 

given that wires on substrates used in semiconductor photocatalysis, such as glass, are a 

common feature of car, train and plane windscreens, glass doors on fridges and freezers and 

any other device where defogging/defrosting is necessary. In addition, they have also been 

used in display cases in delicatessens to keep food warm [16]. 

 

There are several methods used in the manufacture of heated windscreens, none of which 

are simple and inexpensive. For example, the classic heated rear car windscreens with the 

clearly visible metal tracks, typically 0.5 mm thick [17], are prepared via screen-printing a 

silver ink [18,19] (composed of silver powder, glass frit, and a polymer) through a 150-250 

stainless steel mesh onto the inner surface of the windscreen. The ink is then dried at 150 °C 

before being fired at 625-700 °C for 2 to 4 min, followed by cold air tempering [18]. Such 

windscreens are able to affect a typical surface temperature rise of 16 – 18 °C when a 

potential of 12 V is applied [17]. Advancements have been made in recent years to improve 

the visibility out of heated rear windscreens with the use of thin tungsten wire, typically  
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14 – 20 μm, instead of the usual relatively thick, 0.5 mm, silver tracks noted above [20,21]. 

The tungsten tracks are applied to the polyvinyl butyral (PVB) inner laminating layer of the 

two sheets of glass used to make up car windscreens. More recent developments, by 

manufacturers such as Volkswagen, have seen the production of wire-free heated 

windscreens for ‘perfect visibility’ [22]. Such windscreens incorporate an extremely thin 

conductive layer of silver within the laminated glass. Creating such layers does, however, 

require more complex manufacturing procedures and, therefore, cost; for example, a patent 

from the Ford Motor Company mentions the use of vacuum metal deposition to create such 

layers for use in their cars [23]. 

 

Overall, despite the common use of wires on glass, e.g. in windscreens, refrigerators and 

shop displays etc., the manufacture of such products is by no means trivial nor, therefore, 

inexpensive. So, could semiconductor photocatalysis be used to make such a product? 

Certainly, it is possible, nowadays, to make very thin films of TiO2 using a wide variety of 

techniques, such as CVD, PVD and sol-gel. Indeed, the commercial self-cleaning glass 

manufactured by Pilkington Glass, ActivTM, is made using CVD and typically comprises a  

15 nm film of 30 nm diameter particles of anatase TiO2. [24] Thus, this work aims to create 

highly conducting wires of silver on commercially available self-cleaning glass (ActivTM), as 

well as in-house prepared sol-gel TiO2 films, and to evaluate their ability to conduct electricity 

and so heat up the underlying glass for, initially at least, demisting purposes. 

 

7.2 Experimental  

7.2.1 TiO2 sol-gel films 

 A paste of TiO2 nanoparticles was prepared using a sol–gel method [25], the details of which 

are described in detail in 2.3.3. Briefly, an aliquot of the precursor solution, titanium (IV) 

isopropoxide (3.3 M; 20 cm3), was modified through the addition of glacial acetic acid  

(17.4 M; 4.65 g). The TiO2 was then synthesised via the sol–gel process by the subsequent 

addition of 120 cm3 of deionised water, containing 1.08 g of nitric acid (15.7 M), to the 

Ti(IV)/acetic acid solution, so as to generate a dispersion of the hydrous oxide. This dispersion 

was used to grow colloidal TiO2 particles hydrothermally, via Ostwald ripening, using an 

autoclave (220 °C for 12 h). The resulting precipitated TiO2 colloidal particles were then 

redispersed using an ultrasonic probe. The dispersion was then rotary evaporated until a 

weight percent of TiO2 of 10 – 12% was achieved and then 50 wt% of polyethylene glycol was 
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added as a binder to help prevent the formation of cracks when casting the paste to produce 

films. The final product is a white paste, the 'sol-gel paste', which is mayonnaise-like in 

appearance and texture and, when coated, dries in air to form a clear film of amorphous TiO2. 

 

7.2.2 Silver deposition on commercial self-cleaning Activ™ glass (Ag-Activ films) 

Most examples of the photocatalytic deposition of metals onto semiconductor films or 

powders [8,10,11,14,15] based on reaction (7.2), use an aqueous solution of the metal salt, 

which also contains a sacrificial electron donor, such as methanol or ethanol. It is possible to 

create wire-like images on a commercial photocatalyst film, such as that on Activ™ glass, by 

irradiating it through a photomask, however, they are not sharp, due to the leakage through 

the mask; thus, in order to create well-defined, photodeposited Ag wires, insulating tape, 

with a stencil of a wire, was used to cover the commercial photocatalytic glass sample, which 

was then immersed in the silver nitrate photodeposition solution (vide infra) and irradiated 

with UVA light. As well as preventing the UVA light getting through the masked areas, the 

mask prevents the AgNO3 solution coming into contact with the tape-covered TiO2, thereby, 

allowing irradiation of the sample from both above and below. A schematic illustration of 

this process is shown below in Figure 7.1.  

 

 

Figure 7.1: Photodeposition of Ag on self-cleaning ActivTM glass. (1) ActivTM glass is cleaned with MeOH. (2) 

Electrical tape is applied over the entire surface and tracks are cut with a scalpel before being placed in the AgNO3 

solution and irradiated from above and below for 2 h (352 nm, I = 4 mW cm-2). (3)  After 2 h, ca. 1.3 μm Ag film is 

deposited over the exposed areas of the ActivTM glass. (4) The electrical tape is carefully removed and the glass is 

cleaned with distilled water and left to dry in air. 

 

This double irradiation appeared to produce the best conducting films, since, when the 

sample is only irradiated from above, the Ag deposit formed quickly inhibits the absorption 

of the UVA light by the underlying TiO2 layer and so prevents the substantial development of 

the photodeposited Ag layer.  

(1) (2) (3) (4)
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Throughout this work, unless stated otherwise the Ag photo-deposition solution was 

prepared by adding 0.5 g AgNO3 to 100 mL of a 75:25 v/v mixture of methanol and water, 

respectively. The masked Activ™ glass slides were placed in a petri dish and sufficient AgNO3 

solution added so as to completely submerge the samples by ca. 1 cm of solution. The 

templated, submerged Activ™ glass slides were then irradiated from above and below with 

UVA from a 15 W 352 nm Sankyo Denki Black Light Blue (BLB) lamp (I = 4 mW cm−2) for 2 h. 

The latter represents the standard irradiation conditions in all this work unless stated 

otherwise.  

 

Figure 7.2 illustrates photographs of the TiO2 film before and after the photodeposition of a 

Ag 'wire' on an Activ™ film. No Ag deposition was observed on blank glass upon irradiation 

in the AgNO3 solution under the same conditions, i.e. the deposition of Ag was a 

photocatalytic process, the overall reaction for which is summarised by reaction (7.6). In 

order to protect the deposited Ag wires from air oxidation/corrosion, i.e. tarnishing, 

especially when under electrical bias, where they would be hot and in ambient air, a 4 μm 

thick acrylic coating (RS Pro Clear Acrylic aerosol, PCB Lacquer, 42.6 kV mm−1) was deposited 

over the whole surface of the glass slide using an acrylic aerosol spray (RS Pro Clear Acrylic 

aerosol, PCB Lacquer).  

 

 

Figure 7.2: (a) Photographs of Activ™ glass sample before (top) and after Ag-deposition (bottom). (b) Photographs 

of a sol-gel TiO2 coated microscope slide before (top) and after Ag-deposition (bottom). Wire width = ca. 1 mm. 

The pads at either end allow for better contact with crocodile clips. 

 

Note: during the lacquer coating procedure, the end pads of the wire, see Figure 7.2(a), were 

shielded under a card from the acrylic spray so that the electrical connections could still be 

made. 
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7.2.3 Silver deposition on sol-gel TiO2 (Ag-TiO2 films)  

The masking tape stencil technique used above to create Ag wires on Activ™ glass is only 

appropriate for photocatalytic films that are sufficiently robust that they cannot be removed 

when the masking tape is peeled away. Unfortunately, the sol-gel TiO2 film is not robust 

enough to withstand this process, therefore, the sol-gel paste itself was cast into the desired 

shape onto glass slides via a doctor blade technique and a stencil with the same shape as 

used with Activ™ glass, but this time made out of Scotch® Magic™ tape [25].  

 

A few drops of the TiO2 sol-gel paste were then pipetted at the top of this Magic™ tape stencil 

and drawn down the length of the tape using a glass rod, thereby creating a uniform 60 μm 

thick coat of the TiO2 sol-gel paste in the shape of the stencil in the Scotch® Magic™ tape. 

After 30 min, the Scotch tape was removed and the sol–gel film was annealed at 450 °C for 

30 min with a ramp rate of 10 °C min−1. The film was then left overnight to cool slowly inside 

the furnace to create a final robust, clear coating of anatase TiO2, approximately 2 μm thick 

[25], and in the shape of the desired final Ag wire coating. The shaped TiO2 coating on the 

glass slide was then placed in a petri dish containing the usual AgNO3 photodeposition 

solution and irradiated under the same conditions as the Activ™ glass slides for 2 h, vide 

supra. A schematic illustration of this process is shown in Figure 7.3. Finally, the final product, 

the shaped TiO2 sol-gel film with a Ag-deposited surface, was then coated with a  

4 μm thick protective acrylic layer. Figure 7.2(b) illustrates the appearance of the TiO2 sol-gel 

film before and after Ag photodeposition. 

 

 

Figure 7.3: Photodeposition of Ag on a sol-gel TiO2 film. (1) A microscope slide is cleaned with MeOH. (2) Scotch® 

MagicTM tape is applied over the entire surface and tracks are cut with a scalpel (3) A few drops of sol−gel TiO2 

paste were pipetted at the top and then drawn down the length of the track to create a uniform 60 μm thick coat 

of the paste using a glass rod. (4) After 30 min, the tape is carefully removed and the sol-gel TiO2 is annealed in a 

furnace at 450°C for 30 min (ramp rate = 10°C min-1). When cooled, the film is placed in the AgNO3 solution and 

irradiated from above and below for 2 h (352 nm, I = 4 mW cm-2). (5)  After 2 h, ca. 0.5 μm Ag film is deposited 

over the surface of the sol-gel TiO2 only. The film is rinsed with distilled water and left to dry in air. 

(1) (2) (3) (4) (5)
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7.2.4 Methods  

Scanning electron microscope (SEM) images were recorded using a FEI Quanta FEG 250 – 

Environmental SEM instrument. All photographs were generated using a Canon 7D MKII 

fitted with a Canon EF 24–70mm f/2.8 L II USM lens. The Ag loadings on all the samples were 

determined by dissolving the metal using concentrated nitric acid followed by Atomic 

Absorption Spectroscopy (AAS). Unless stated otherwise, all voltages applied across the 

terminals of the photodeposited Ag wires were provided by an Aim-TTi EL302 Digital Bench 

Power Supply, 1 Output, 0–30 V, 0–2 A, 60 W. All resistances were measured using an 

Amprobe 15XP-B multimeter. Thermal images were recorded using a FLIR TG165 Infrared 

Thermometer. All temperatures were measured using a calibrated thermocouple (Hanna HI-

935005) typically positioned ca. 1 mm away from the Ag-wire at the centre of microscope 

slide. 

 

7.3 Results and Discussion 

7.3.1 Ag-wire on ActivTM
 (Ag-Activ) films: initial study 

The surface of the ActivTM
 sample with, and without, a photodeposited wire, see Figure 7.2(a), 

was studied using scanning electron microscopy and the results of this work are illustrated in 

Figure 7.4. Thus, Figure 7.4(a) shows an SEM image of the surface of ActivTM
 glass and reveals 

that it has a 'cobblestone' appearance, comprising spherical-shaped TiO2 particles ca.  

32 nm ± 4 nm in diameter, which is consistent with a previous report [24].  

 

It follows that, as the thickness of the CVD deposited layer of TiO2 is typically ca. 15 nm [24], 

the surface of the ActivTM
 glass is covered with flattened hemispheres of TiO2. The surface of 

a typical Ag-Activ sample, illustrated in Figure 7.2, is very different, as shown by the SEM 

image in Figure 7.4(b), an analysis of which suggests an average large Ag particle size is  

2.3 μm ± 0.5 μm. The loading of the Ag on the Ag-Activ sample was determined to be  

ca. 0.4 mg of Ag cm-2. Encouragingly, these Ag-films were found to be conducting and 

exhibited a resistance of ca. 150 Ω across the length of the 7.6 cm 'wire' illustrated in Figure 

7.2. Initially, this observation of conduction appears to contradict what is seen in the SEM, 

Figure 7.4(b), namely, a field of large, apparently isolated Ag particles (2.3 μm). However, a 

more careful examination of the SEM reveals the surface to comprise many smaller Ag 

particles (0.2 μm ± 0.5 μm) which are in contact with each other, and so allow the Ag 

photodeposited film to conduct electricity.  
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A clear demonstration of the conducting nature of the Ag-wire on ActivTM
 was provided by 

connecting the latter to a 9 V battery and 455 nm LED, as illustrated in Figure 7.4(c). 

 

Figure 7.4: (a) SEM image of the surface of ActivTM at 100,000 times magnification. (TiO2 particle size = 32 nm ±  

4 μm). (b) SEM image of the surface of a Ag-Activ at 10,000 times magnification and (Ag particle size = 2.3 μm ± 

0.5 μm,). (c) Photographs of a Ag-Activ (R = 150 Ω) as part of a circuit to light an LED (OSLON+ PowerStar Deep 

Blue 455 nm). The left image shows the 9V battery disconnected, and the image on the right shows the completed 

circuit illuminating the LED (I = 60 mA). 

 

As the Ag-Activ film is conducting it follows that by passing a current through the Ag wire it 

should be possible to heat up the underlying glass substrate, since all conductors generate 

heat because they offer a resistance to the flow of electrons so that some of the kinetic 

energy of the electrons is converted to thermal energy. To demonstrate this heating effect, 

in one set of experiments, the Ag-Activ glass sample, illustrated in Figure 7.2(a), was covered 

with a thin layer of frost (0.26 mm thick) by placing it directly above a Dewar of liquid 

nitrogen. The frosted Ag-Activ glass sample was then defrosted, whilst still being held in place 

above the Dewar, by applying 12 V across the terminals of the Ag wire on the Ag-Activ glass 

sample. The subsequent defrosting of the glass was monitored photographically, and the 

results of this work are illustrated in Figure 7.5(a). This series of photographs, taken at four-
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minute intervals, shows the gradual defrosting of the glass occurs while the Ag-Activ sample 

remains above the liquid nitrogen Dewar. Other work showed that the temperature that the 

Ag-Activ sample eventually reached was 26 °C after 24 min. 

 

 

Figure 7.5: (a) A series of photographs showing the defrosting ability of a Ag-Activ (R (Ag-film) = 150 Ω, I = 80 mA), 

when a potential of 12 V was applied over a 24 min period, raising the temperature from -32°C to 26°C. (b) Repeat 

heating and cooling cycles under ambient conditions, showing little/no evidence of degradation of the Ag-Activ 

(Vapplied = 12 V, I = 80 mA); initial ambient temperature = 20.8°C; typical maximum temperature = 41.3°C. 

 

In order to determine what temperatures this system could reach under ambient conditions, 

the same Ag-Activ sample was subjected to three voltage on/voltage off cycles under room 

temperature conditions, whilst the temperature of the glass near the wire (1 mm from wire 

in centre of slide) was monitored continuously. The results of this work are illustrated in 

Figure 7.5(b) and demonstrate the reversibility and robustness of the Ag wire on the Ag-Activ 

glass sample, since the profiles show no evidence of a drop in the performance over three 

heating/cooling cycles (Vapplied = 12 V, I = 80 mA). Under the latter conditions, in each cycle 

the Ag wire is able to produce a temperature rise of ca. 20°C. 

 

Although the performance of the Ag-Activ film looks promising as a possible method for 

producing heated glass, the Ag particles do not adhere well to the relatively smooth, thin  

15 nm thick, nonporous TiO2 surface. In addition, the film is very resistive (R = 150 Ω), which 
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limits the current that can flow for a fixed (in this case 12 V) applied voltage, which in turns 

limits the temperature rise that can be produced. Thus, the focus of this work turned to 

testing a different type TiO2 film, namely a thick (2 nm) mesoporous sol-gel film, which might 

be expected to produce a more conducting photodeposited Ag film. 

 

7.3.2 Ag-wire on a TiO2 sol-gel film (Ag-TiO2): initial study 

The photodeposition of Ag on a thick mesoporous TiO2 sol gel film, here referred to as the 

'Ag-TiO2' film, to distinguish it from the previous 'Ag-Activ' film, should result in a more 

conductive, robust Ag wire since such a film should allow the growth of Ag particles not only 

on the surface (as with ActivTM) but also in the mesopores of the TiO2 film, which should 

generate more routes for electrical conduction due to the greater network of Ag particles. As 

before, the surfaces of the TiO2 film and the photodeposited Ag were probed using SEM and 

the results of this work are illustrated in Figure 7.6. 

 

Figure 7.6: (a) SEM image of the surface of a sol-gel TiO2 film (100,000 x mag.) (TiO2 particle size = 29 nm ± 5 nm). 

(d) SEM image of the surface of a Ag-deposited coating on a sol-gel TiO2 film (100,000 x mag.) (Ag particle size = 

0.3 μm ± 0.05 μm). 

 

The SEM illustrated in Figure 7.6(a) is that of a typical 'naked' TiO2 sol-gel film (see Figure 7.2) 

and reveals a mesoporous surface comprising small TiO2 particles with an average size of  

29 nm ± 5 nm. In contrast, the SEM of the surface of Ag-TiO2 film, illustrated in Figure 7.6(b), 

reveals a coverage of very much larger Ag particles, typically 0.3 μm ± 0.05 μm, although very 

much smaller, and more homogeneous, than those found on the Ag-Activ film, see Figure 

7.4(b), i.e. 2.3 μm. The surface thickness of the Ag film on the Ag-TiO2 was found to be  

ca. 0.5 μm ± 0.1 μm, which was about a quarter of that of the Ag film on the Ag-Activ film; 

however, Energy Dispersive X-Ray Spectroscopy (EDS) analysis confirmed that the Ag 
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particles were embedded throughout the TiO2 layer, a feature that is not possible for the Ag-

Activ film, since in the latter case the underlying TiO2 film is not porous. The loading of Ag 

was determined (from AAS) to be ca. 0.15 mg of Ag cm-2, i.e. ca. 2.7 times less than that on 

the Ag-Activ film. Most importantly, from the SEM image illustrated in Figure 7.6(b) it is clear 

that the photodeposited Ag particles are in close proximity to each other and, therefore, it is 

perhaps not surprising to note that the measured resistance of the Ag-wire on a Ag-TiO2 film, 

illustrated in Figure 7.2(b),was only 55 Ω, i.e. ca. 3x lower than the equivalent (in terms of 

width and length and method of preparation) Ag-wire on ActivTM glass, i.e. that illustrated in 

Figure 7.2(a). 

 

The ability of the Ag-TiO2 film to defrost glass was then demonstrated using the same 

procedure as before for producing the frost, i.e. placing the slide above a Dewar of liquid 

nitrogen and then applying 12 V across the wire. The results of this work are illustrated by 

the photographs in Figure 7.7(a) which show the Ag-TiO2 film can much more rapidly defrost 

the glass (1.4 min compared to 24 min) than the Ag-Activ glass under otherwise the same 

conditions. 

 

Figure 7.7: (a) A series of photographs showing the defrosting ability of a Ag-TiO2 wire (R (Ag-wire) = 55 Ω, I = 200 

mA), when a potential of 12 V was applied over a 1.4 min period, raising the temperature from -30°C to 47°C. (b) 

Repeat heating and cooling cycles under ambient conditions, showing little/no evidence of degradation of the Ag-

TiO2 wire (Vapplied = 12 V, I = 200 mA). ); initial ambient temperature = 23.2°C; typical maximum temperature = 

67.3°C. 
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The reusability/robustness of the Ag-TiO2 film was also assessed by applying  

12 V for 5 min and then allowing it to cool back down to ambient temperature, before 

repeating the cycle a further 2 times. The results of this study are illustrated in Figure 7.7(b) 

and reveal no evidence of any drop in the performance of the wire over the three cycles, 

which gives a consistent rise in temperature of ca. 44°C after 5 min at 12 V. 

 

This work shows that the Ag-TiO2 film is much more conducting, and thus more effective in 

defrosting glass, than the Ag-Activ film. In addition, the Ag-TiO2 film is more robust, as the Ag 

particles are smaller and embedded in the mesoporous structure of the TiO2 film. As a result, 

the Ag-TiO2 film was investigated further. 

 

7.3.3 Ag-TiO2: further heat study work 

Thermal imaging was used to allow the temperature distribution in the TiO2 sol-gel film, and 

supporting glass substrate, to be monitored, as well as that of the Ag wire on a Ag-TiO2 film, 

as a function of time after a voltage was applied across the Ag wire. Figure 7.8(a) shows the 

change in thermal image of the Ag-TiO2 film as a function of time after a potential of 12 V was 

applied across the Ag wire (I = 0.2 A, R = 55 Ω). Initially at an ambient temperature of 24.8 ˚C, 

the wire heats up rapidly and that within 5 – 6 min the glass slide follows suit, reaching a 

localised temperature next to the wire of up to 70.5 ˚C. 

 

In a more detailed study of the electrical heating of the Ag-TiO2 film, the temperature versus 

time profiles were recorded for a range of applied voltages across the Ag wire of 3 – 12 V and 

some of the results of this study are illustrated in Figure 7.8(b); note: in this work room 

temperature was ca. 21 ˚C. From this study, the maximum change in temperature, ΔTmax, i.e. 

the difference between the initial room temperature and the final plateau temperature, was 

determined for the different applied voltages and used to generate a plot of ΔTmax vs power 

(I x Vapplied), which yields a straight line as shown in Figure 7.8(c). This plot suggests that for 

the Ag-TiO2 film, the electrical power, P, is related to the temperature change, ∆T, via:  

 

𝑃 = 𝐾∆𝑇                (7.7) 

 

where K is 0.062 W K-1
 (or 14.9 W m-2

 K-1) and provides a measure of the glass sample to 

radiate heat. A similar calculation for the Ag-Activ sample generates a value of K = 0.048 W 

K-1
 (10.5 W m-2

 K-1). 
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Figure 7.8: (a) Photograph of a Ag-TiO2 wire with copper tape tabs to allow easy connection to a power supply. 

Some of the thermal images taken at 1 min intervals using a FLIR TG165 Infrared Thermometer when a potential 

of 12 V was applied (I = 0.2 A, R = 55 Ω) (b) A plot of the change in temperature as a function of time for a range 

of applied potentials (Top to bottom: 12, 11, 10, 9, 8, 7, and 6 V) (c) A plot of the maximum temperature attained 

for each applied potential as a function of power (current x voltage). The open white circle represents the 

performance of the Ag-Activ film from the data in Figure 7.5(b). 

 

The lower resistance of the Ag-TiO2 film, compared to the Ag-Activ, allows the former system 

to pass a higher current (200 mA for Ag-TiO2 cf. 80 mA for Ag-Activ), and so is able to produce 

a greater temperature change of ca. 40 °C at 12 V, compared with the 20 °C rise observed for 

the Ag-Activ under otherwise the same conditions. Note, however, that because both the Ag-

Activ and Ag-TiO2 samples are approximately the same size, they are likely to lose heat at 

similar rates. As a consequence it might be expected that the steady state temperature 

change, ΔTmax, observed for the Ag-Activ sample (20 °C for a power of 1.0 W), would be similar 
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to that observed for the Ag-TiO2 film for the same power (14 °C for a power of 1.0 W), as 

appears to be the case and as illustrated in Figure 7.8(c) by the black and open circle data 

points at 1 W recorded for the Ag-TiO2 and Ag-Activ films, respectively. 

 

The above work also shows that the simple Ag- TiO2 film can produce a wide range of different 

temperature changes in the supporting glass substrate within a few minutes of a voltage 

being applied, which may prove useful in a number of applications, not least of which will be 

as a means to defrost glass surfaces. 

 

7.3.4 Ag- TiO2: Ag particle growth 

Finally, a study of the Ag particle growth was conducted in which the Ag-TiO2 sol-gel films 

were subjected to the typical deposition procedure, I = 4 mW cm-2
 (352 nm BLB), but for a 

range of different irradiation times (5 – 120 min). The resistances of all the different 

photodeposited Ag-films produced from this work were measured and plotted as a function 

of UVA irradiation time and the results of this work are illustrated in Figure 7.9(a).  

 

These results show that despite the rapid formation, i.e. within a few minutes of irradiation, 

of an intense brown/black colour, as the Ag photodeposits onto the TiO2 sol-gel film, the Ag 

film does not appear to conduct until ca. 9 min into the photodeposition process, and even 

then, it is highly resistive, i.e. ca. 200 kΩ. The intense colour is most probably due to the 

formation of seed metal particles dispersed throughout the TiO2 film with diameters of  

2 – 4 nm, which is not uncommon in the metal photodeposition process using an alcohol-

based SED [7]. The presence of Ag throughout the TiO2 and across its surface, at this early 

stage in the deposition process, was confirmed by EDS. Although the detection of the small 

seed Ag particles was beyond the resolution capacity of the SEM used in this work, as the 

irradiation process continued, SEM image analysis of the samples first (after 5 min 

irradiation) revealed the formation of small (79 nm), unconnected Ag particles which then 

grew into bigger, more connected particles, as the UV exposure time was increased, as 

illustrated in Figure 7.9(b).  

 

Thus, after 5 min UV irradiation (R = ∞) there are only small 79 nm Ag particles, distributed 

far apart from each other and so not able to effect electrical conductivity, whereas after  

12 min irradiation, much larger (130 nm) particles are formed, with smaller (49 nm) particles 

littered in-between them, which help facilitate conduction (R= ca. 800 Ω). Upon even further 
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irradiation, e.g. after 120 min, the particles eventually grow large enough (295 nm) that they 

overlap considerably with each other and so produce very conductive films (R = ca. 55 Ω after 

120 min). 

 

 

Figure 7.9: (a) Plot of Ag particle size on sol-gel TiO2 (●) and the corresponding film resistance (○) as a function of 

irradiation time. (b) SEM images showing the Ag particle growth over time. 

 

The results of this work show that with Ag-TiO2 films, photodeposition produces Ag metal 

island growth and that only when the metal particles are above a critical size (ca. 100 nm) do 

the Ag films conduct and with further irradiation the degree of metal island overlap increases 

and the resistivity of the film decreases. 

 

7.4 Conclusions 

Highly conducting Ag-wires can be easily photodeposited, using a AgNO3 solution using 

methanol as the sacrificial electron donor, onto commercial self-cleaning glass (ActivTM) as 

well as in-house prepared sol-gel TiO2 films. The Ag-Activ film is less conducting (resistances: 

150 and 55 Ω for the Ag-Activ and Ag-TiO2 film, respectively) and less robust than the Ag- TiO2 

sol-gel film. For either photodeposited Ag 'wires', when an electrical potential, typically 12 V, 

is applied, both the wire and surrounding substrate heat up and enough heat is produced to 

defrost glass cooled initially to ca. -32 °C, although this effect is much more significant for the 
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Ag-TiO2 film since, the change in temperature, ∆T, is 79 °C compared to  

58 °C, since it is three times more conducting that the Ag-Activ film. 

 

This effect can be repeated many times without deterioration. Further work carried out on 

the Ag-TiO2 film shows that ∆T is proportional to power in (i.e. current x voltage) and that 

conduction of the Ag-TiO2 film only occurs once the Ag particles have grown to enough size 

and number that they are in contact with one another. The conducting nature of 

photodeposited metal films on TiO2 have not, to our knowledge, been studied before and 

may open a number of significant, new applications, not least of which would be their use 

for making heated glass or ceramics, where defrosting or defogging is necessary, such as; car 

windscreens, glass doors on fridges/freezers, and display cases in delicatessens. 
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8 Future Work 

8.1 Exploring Potential Applications and Future Investigations 

The body of this thesis has highlighted the rise of a growing and lucrative photocatalytic 

materials industry corresponding to a boom in the range of photocatalytic products available 

to industry and consumers. These new materials and products range from tiles and paints to 

textiles and glass, covering a large scope of materials with most pertinently, a large range of 

photocatalytic activities requiring comprehensive standard tests by which their effectiveness 

can be assessed and compared.  

 

Chapter 3 and 4 of this body of work are concerned with the development and examination 

of the current ISO 22197-1:2016 for NO removal (NO ISO) using commercial “self-cleaning” 

materials. In Chapter 3 of this body of work; “Photocatalytic Air Purification: effect of HNO3 

accumulation on NOx and VOC removal” the impact of the formation of a surface layer of 

HNO3, resulting in decreasing NO and NOx removal activity with increasing irradiation time is 

investigated on different photocatalytic films. However, it was found that the accumulation 

of HNO3 does not reduce its activity for the removal of VOCs such as acetaldehyde.  This is 

encouraging for all those associated with the development and commercialisation of 

photocatalytic films for air purification.  However, it is clear there is a real need for a 

photocatalyst that has all the attractive features of TiO2, such as low cost, non-toxic, 

photostable, high activity, but which does not release NO2 during the photocatalysed 

oxidation of NO to HNO3 by ambient O2. Future work based on this could explore the use of 

other semiconductor photocatalysts and their performance in replacing anatase TiO2 in self-

cleaning material formulations. In addition, it would be beneficial to expand this study to a 

larger range of test materials and determine if the surface type, is also a contributing factor 

as to the formation or persistence of HNO3.  

 

In Chapter 4 of this body of work; “Photocatalytic Paints for NOx Removal: Influence of 

Various Weathering Conditions”, the effect of accelerated weathering on the NO removing 

activity exhibited by exterior photocatalytic paints is explored, this work was carried out in 

collaboration with Prof. J. Krysa at UCT in Prague. The results of this work highlight that most 

photocatalytic paints will not work immediately, but instead need to be activated by some 

form of weathering and that, depending on the paint, the weathering conditions required for 
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activation may vary considerably.  Weathering is clearly a necessary part in the testing of 

photocatalytic paints.  It would be useful to include under the heading of ‘weathering’ the 

option of subjecting the sample under test to long-term (i.e. days or weeks) irradiation-only 

conditions, since this could be used to ‘weather’ indoor photocatalytic paints, as it would 

seem likely they will require activation also.  Under this broader definition of weathering, it 

seems reasonable to require all commercial photocatalytic paints, i.e. exterior and interior, 

to state clearly on the packaging what ‘weathering’ conditions are typically required for 

activation, so that the end-user knows what is required to make the product work.  Future 

work surrounding this research, should probe a larger range of commercially available paints, 

including both exterior and interior products, and preferably delve deeper into their 

compositions. Due to the exact compositions of such paints being proprietary, difficulties 

were faced throughout the development of this project as to the exact compositions of TiO2 

(anatase and bulk rutile), as well as the specific binder polymers utilised. These unknown 

features should heavily influence both the photocatalytic ability of the paint but also 

longevity of the product, so further analysis would be beneficial to determine underlaying 

explanations towards the performance of differing paint samples. 

 

Chapter 5 of this body of work; “Supersensitive test of photocatalytic activity based on ISO 

22197-1:2016 for the removal of NO”, focused on the development of a supersensitive test, 

SST, of the photocatalytic ability for the photocatalysed oxidation of nitric oxide to nitrogen 

dioxide. The SST utilises the same photoreactor as used in the standard ISO for NO removal 

(ISO22197-1:2016 [1]), but with three (instead of one) sample pieces and a flow rate of 0.25 

(instead of 3) L min-1. The SST allows the ready assessment and comparison of the activities 

of low activity photocatalytic materials, including commercial products, such as: self-cleaning 

glass, plastics, paint and paper, some of which are not recognised currently as being 

photocatalytic and to date, is the only simple quantitative test of activity for such low activity 

materials currently available.   The development of a universal scale, as discussed in Chapter 

5, to readily compare materials of all activities is extremely advantageous to consumers and 

those in industry alike. This universal scale of photocatalytic activity allows comparison in 

activities not only of samples with similar activities and mechanical properties, but also ones 

with very different activities, such as photocatalyst air-purifying paints and self-cleaning glass 

and plastics.  No such scale currently exists and so will prove useful to those in research and 

industry, working on existing and new photocatalytic materials in identifying trends and 
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making meaningful comparisons to other materials which are very different in terms of 

activity.  

 

The developed supersensitive test utilises UV light as the illumination method, however, an 

ISO for the removal of NO (ISO 17168-1:2018) [2] using indoor (visible only) light, namely a 

cool white fluorescent light source with UV filter; has also now been developed. It follows 

that a universal scale of photocatalytic activity for visible light absorbing photocatalysts could 

be constructed by combining ISO 17168-1:2018, with the SST described above, modified only 

by the use of a cool white lamp, rather than a UV BLB.  This appears particularly relevant as 

more examples of visible light absorbing photocatalysts for NOx removal emerge [3,4]. 

 

Having discussed both the standard NO ISO and the SST, it is crucial to discuss that there is 

still no full proof method to examine the performance of organic decomposition of 

commercial photocatalytic materials in real life application. Firstly, the illumination  

(1 mW cm-2) used is not realistic for the irradiance of the sun which changes throughout the 

day and can dramatically change depending on where the material is used in the world. 

Secondly, and perhaps most importantly, the standard NO removal ISO test, as well as the 

supersensitive test developed here, utilises NO (1000 ppb) far exceeding any value seen on 

the average busy street, i.e. the average level of NO in a busy London street is typically 200 

ppbv, although it can peak at 600-700 ppbv, and so in most towns the NOx levels are likely to 

be much lower, i.e. < 100 ppbv and usually lower again (by at least 25%) when indoors [5,6]. 

This difference could severely impact the results gathered from these tests as if a more 

relevant level (say 100 ppb) were to be used instead, the accumulation of a high surface level 

of HNO3 would be much slower or possibly prevented by rinsing due to rainwater, reaction 

with any CaCO3 filler or diffusion away from the surface, therefore products may perform 

much better in real-life application compared to the results gathered from the standard NO 

ISO and the SST. It would therefore be useful to develop a further modified NO removal test, 

based on the NO removal ISO, which at the very least, explores a more realistic mixture of 

NO and air. 

 

In Chapter 6 of this body of work; “Development of an Ag ink for the qualitative assessment 

of very low activity photocatalytic surfaces”, it has been demonstrated that an Ag ink can be 

used as a very sensitive indicator for the detection of photocatalytically active “self-cleaning” 
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surfaces. A sharp colour change from colourless to brown/black, indicating photocatalytic 

activity occurred on very low activity “self-cleaning” materials, such as Hydrotect tile, 

whereas when this material was tested using a Rz paii; a current method for detecting 

activity, activity on this very low activity material could not be identified. To date the Ag paii 

is the only assessment method capable of assessing the activity of very low photocatalytically 

active materials, such as self-cleaning tiles. With this in mind, the obvious next step for the 

paii is the upscaling of production to suit a commercial output for qualitative testing of 

photocatalytically active materials.  

 

Throughout this chapter, it was also demonstrated that RGB’R,t captured via digital 

photography, increases with increasing time in much the same manner as the Rz paii on 

ActivTM glass and thus may have the potential to be used for the quantitative assessment of 

very low activity photocatalyst films, as the Rz paii can be used currently. Further work should 

be completed to further explore this potential application and rigorously test and examine 

the assessment method on a larger range of photocatalyst materials. Further, there remains 

a general problem within the use of paii inks, namely, all of the paiis currently in existence 

are water based, and so have limited application on hydrophobic surfaces, such as 

commercially available plastic “self-cleaning” materials, i.e. Purify 30 Mesh, Taiyo Kogyo 

Europe [7], due to the ink not adhering and “slipping” off the surface of the material. The 

development of a solvent based, non-water-soluble, paii that still performs on par with their 

traditional, water-soluble, counterparts would be of great benefit, and allow for a larger 

range of photocatalyst surfaces to be assessed. 

 

In Chapter 7 of this body of work; “Photodeposited Ag-Wires on TiO2 Films”, it was shown 

that highly conducting Ag-wires can be easily photodeposited, using a AgNO3 solution, onto 

commercial self-cleaning glass (ActivTM) as well as in-house prepared sol-gel TiO2 films. For 

either photodeposited Ag 'wires', when an electrical potential, typically 12 V, is applied, both 

the wire and surrounding substrate heat up and enough heat is produced to defrost glass 

cooled initially to ca. -32 °C and to demist a foggy surface on glass. The conducting nature of 

photodeposited metal films on TiO2 have not been studied before and may open a number 

of significant, new applications, not least of which would be their use for making heated glass 

or ceramics, or where defrosting or defogging is necessary, such as; car windscreens, glass 

doors on fridges/freezers, and display cases in delicatessens. Further work must be 

conducted to examine these potential applications, and to explore the possibility of upscaling 
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of production to suit a commercial output. Future work regarding photodeposited metal 

wires should also explore the potential use of incorporating other metals such as other 

plasmonic metals or Cu, as potentially more conductive or affordable alternatives. 

 

In this existing work, the conductive wires were applied to glass substrates, a potential 

avenue of future work using this deposition method could be through application on other 

materials such as flexible photocatalytic plastic films with the aim to develop flexible 

circuitry. This has ambitious and exciting possibilities of developing new flexible electronics 

and has a wide array of potential uses, from foldable versions of pocket electronics such as 

mobile phones to more comfortable, wearable medical monitors which could be less 

cumbersome than current equipment. This would require a good deal of additional 

refinement and testing to ensure the photodeposited wires were robust enough to withstand 

aggressive movement and flexing without breaking connections between the metal islands 

within the wire which enable conduction and that the heat produced as a result of the 

electrical potential could be controlled. 
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