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Abstract 
A new type of photocatalytic activity indicator ink, paii, is described based on the 

photocatalysed reduction of Ag ions to the metal, rather than that of a dye, such as resazurin, 

Rz.  UVA irradiation of an Ag ink film coating on a photocatalytic surface produces a brown 

colouration due to Ag nanoparticle formation.  The Ag ink is easy to make and provides a 

simple method for the rapid assessment of photocatalytic films, with the added advantage of 

being particularly sensitive to low activity photocatalytic materials, such as commercial self-

cleaning tiles for which no International Standards Organisation, ISO, test exists, including a 

Rz paii ISO.  A felt-tipped pen applied Ag ink film is used to identify the presence of activity in 

a wide range of different materials, including examples of commercial self-cleaning glass, tile, 

paint and plastic awning materials.  Unlike its well-established Rz paii counterpart, the Ag ink 

is effective on very hydrophobic and delicate, i.e. easily removed, photocatalytic films.  A 

protocol is employed for the Ag ink to provide a quantitative measure of photocatalytic 

activity on both a low activity photocatalytic material, i.e. a Hytect™ tile, and a moderately 

active, reference photocatalytic material, Activ glass.  The potential of the Ag ink to aid 

research and development into, and quality assurance of, low activity photocatalytic films, 

and also discover activity in films previously considered inert, is discussed briefly.   
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1. Introduction 

Semiconductor photocatalysis is an established subject that has produced many commercial 

products, including, (i) self-cleaning glass [1], concrete [2], plastic tent/awning materials [3] 

and tiles [4], (ii) odour- and NOx -removing paints [5, 6], and (iii) photo-induced sterile 

materials [7].  The routine assessment of activity of these materials is critical to their success 

as it, (i) helps to reassure the customers as to the validity of any product claims, (ii) allows the 

customers and manufacturers to compare and contrast performance characteristics with 

those exhibited by similar products and (iii) helps the manufacturer to improve their products 

[8].  As a consequence, a number of international standards have been developed, particularly 

by the International Standards Organisation, ISO [8].   

The common ISO tests for photocatalytic activity have been designed to assess their ability 

to: (i) clean their surface, i.e. assess the efficacy of ‘self-cleaning’ materials, (ii) photo-

oxidatively mineralise organic or inorganic pollutants in air or water and (iii) destroy biological 

species, such as bacteria, algae, fungi and viruses [8].  Unfortunately, the activities of some of 

the most well-established commercial photocatalytic products, such as self-cleaning glass, 

plastics and tiles, are not high enough for the routine assessment of most if not all of the 

current range of photocatalyst ISO standards.  The most striking example of this testing failure  

are commercial photocatalytic tiles, such as the Hytect/Hydrotect™ technology promoted 

by Deutsche Steinzeug and the TOTO group [4, 9], which exhibit no apparent activity when 

tested with any of the current ISOs for photocatalytic materials, including the two developed 

especially for self-cleaning materials, namely the methylene blue (MB) test (ISO 10678 [10]) 

and the water droplet contact angle test (ISO 27448 [11]).  Indeed, there appears to be no 

reported quick test for assessing the activity of commercial photocatalytic tiles [12-14]. 

It follows on from the above that there appears to be a real need for a simple method of 

assessing the photocatalytic activity of low activity photocatalytic materials, such as 

commercial photocatalytic tiles.  In a recent paper on the photocatalysed deposition of metals 

[12], such as Pt, Au and Ag, it was reported that the deposition of Ag was particularly rapid, 

even on photocatalytic tiles, and it was suggested that it might form the basis of an 

assessment method for such low activity materials [12].   
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However, most work carried out on the photodeposition of metals uses a methanolic or 

ethanolic solution of the metal ions under test as the deposition solution [15-17].  In the case 

of Ag, the key process can be summarised as follows, 

                                                                             TiO2 
                                          Ag+  +  SED  →  Ag↓  +  SED+                          (1) 
                                                                              UVA 

where SED is a sacrificial electron donor, which is usually methanol or ethanol, i.e. a substance 

that is rapidly and irreversibly oxidised by the holes photogenerated by the TiO2, leaving the 

photogenerated electrons to reduce the Ag+ to the metal.  Although this solution-based 

system works well and can be used to assess low activity photocatalytic materials, such as 

commercial tiles, it is not practical for testing photocatalytic films, especially if this needs to 

be carried out in the field.  

Previous work by this group has shown that a photocatalytic activity indicator ink, i.e. a paii, 

is an effective tool for assessing the activities of most commercial materials, although not 

tiles, which do not appear sufficiently active to produce a rapid response.  Most, if not all, 

paiis reported to date are based on the same type of reductive photocatalytic reaction [18] 

indicated in eqn (1), but using a dye, such as resazurin, Rz, instead of Ag+ and glycerol as the 

SED.  When using such dye-based paiis, the rate of the photocatalysed reduction of the dye 

appears to correlate directly with the rate of oxidation of methylene blue [19], stearic acid 

[20, 21] and NO [22].  As a result, dye-based paiis appear to offer a quick and simple route to 

assessing the activities of most photocatalytic materials.  Indeed, the use of an Rz paii is now 

the basis of a recently published ISO, ISO21066: 2018 [23], for assessing the activities of non-

porous photocatalytic films, such as commercial self-cleaning glass, both in the lab and in the 

field.  Given the results of the recent work using Ag ions in methanolic solution to 

photodeposit coloured films of Ag nanoparticles onto a variety of different photocatalytic 

films [12, 15], it would seem that a Ag paii, similar in composition to the Rz paii, could be 

developed for the same purpose, but for photocatalytic materials with very low activities, 

such as commercial photocatalytic tiles and this proposition is explored below.  Note that 

although Pt and Au, as well Ag ions, can be used to photodeposit metals onto TiO2 [12], the 

creation of a Pt or Au paii is much less viable than one based on Ag, both on grounds of cost 

and stability.  The cost issue requires little explanation, but with regards to stability it is worth 

noting that the usual Pt and Au salts used for photodeposition, such as chloroplatinic acid and 
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chloroauric acid, unlike silver nitrate, are prone to hydrolysis in water and very strong 

oxidising agents.  As a consequence, they are not stable in an ink solution containing the 

reducing agent, glycerol, dissolved in water, whereas silver nitrate does form a stable paii.   

 
2. Experimental 
 
2.1. Materials 

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Chemicals and 

used as received.  All water used in this work was doubly distilled and de-ionised.   

Photocatalytic Hytect™ tiles [4, 24] were supplied by Agrob-Buchtal Deutsche-Steinzeug.  

Activ™ self- cleaning glass [1, 25] was supplied by PIkington Glass-NSG.  Bioclean glass [26] 

and photocatalytic awning material (SHEERFILL II with EverClean) [27] were both supplied 

by Saint-Gobain.  Offenbach Bible Paper [28] was supplied by Shepherds Bookbinders London 

and greenhouse paint (“White Solar Reflective Paint”) was supplied by Fascinating Finishes 

Ltd [29]. 

Unless stated otherwise the above photocatalytic materials were used as received.  However, 

in contrast, the photocatalytic samples that are the particular focus of this paper, i.e. self-

cleaning Hytect™ tiles and Activ™ glass, were cleaned before use by washing with water, then 

ethanol, and then wiped dry with a lint free cloth.  They were then pre-conditioned for 16 h 

under two 15 W blacklight blue lamps with emission maxima at 352 nm and a UVA irradiance 

of 2 mW cm-2. 

2.2. Staining Hytect™ tiles with Methylene Blue (MB) 

Previous work carried out by this group has demonstrated that it is possible to stain a TiO2 

film, such as a mesoporous sol-gel film, using a cationic dye, such as methylene blue, MB 

[30].   TiO2 has a point of zero charge, i.e. pzc, of ca. 6.5 [30], which renders the surface of any 

exposed TiO2 particles negatively charged at pH’s > 6.5.  As a consequence, at a pH > 6.5, if a 

cationic dye, such as MB+, is also present in the aqueous solution, it will readily form a highly 

coloured surface ion-pair, e.g. -O-- MB+, thereby staining it.  The TiO2 coating on Activ™ glass 

is non-porous, very thin, ca. 15 nm thick [31], and relatively smooth and, as a consequence, 

the surface density of OH groups is very low and an alkaline MB solution does not appear to 
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stain the glass.   In contrast, the TiO2 coating on Hytect tiles is, from SEM analysis, 

mesoporous, relatively thick, ca. 150 nm [13], and comparatively rough, so that the density 

of OH groups available for -O-- MB+ ion-pair formation is much higher and as a consequence 

it is readily stained by an alkaline MB solution.   Thus, in a typical experiment, a sample of the 

Hytect™ tile (2.5 cm x 7.5 cm) was placed in a stirred, 100 mL aqueous solution containing 2 

mM MB and 10-3 M NaOH and left for 30 min, after which it was removed, rinsed with a 10-3 

M NaOH aqueous solution and then allowed to dry in air before being examined using optical 

microscopy in order to characterise the uniformity of the TiO2 coating on a Hytect™ tile via 

the degree of staining achieved by the MB. 

2.3. Preparation and coating of the Ag ink 

The Ag ink was prepared by combining 10 g of a 7.5 wt% aqueous solution of poly(vinyl 

alcohol), i.e. PVA, average molecular weight 146,000-186,000 g mol-1, with 1 g glycerol and 

150 mg AgNO3 and stirring at room temperature for 20 minutes.  PVA was used as the resin 

in the Ag ink, rather than hydroxyethyl cellulose, HEC, which is used in the Rz ink because the 

Ag appeared to react very slowly with the HEC, but not the PVA, i.e. the Ag/PVA ink was much 

more stable than the Ag/HEC equivalent.  The colourless, clear, slightly viscous ink was stored 

in the fridge until required and was stirred at room temperature for 30 minutes before 

application.  Note that unlike most inks, which are coloured, the Ag ink is colourless and so is 

more like invisible ink or counterfeit bank note ink.  The Ag ink, like the latter two inks, is very 

unsophisticated, comprising only a colour-forming species (in this case silver nitrate), a resin, 

PVA, and a solvent.  In contrast, commercial printing inks are often much more complex, 

comprising such species as, pigments/dyes, resins, lubricants, solubilisers and surfactants.   

Thin, uniform coatings of ink were applied to the cleaned and pre-irradiated tile or glass 

samples using a K-bar drawdown method, as described below.  Once applied, these ink films 

were left to dry in the dark for 30 minutes.  Unless stated otherwise, all ink films were coated 

using a K-bar No. 3, which delivered a uniform wet ink film with a thickness of ca. 24 µm [32], 

and which dried to form a ca. 3.1 µm Ag ink film, as determined using interference 

spectrophotometry, further details of which are given in section S1 in the electronic 

supplementary information, i.e. ESI, file.   
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2.4. Film deposition methods 

Unless stated otherwise, and as noted earlier, the Ag ink was deposited using a K-bar 

drawdown method, which has been described previously [33].  Briefly, a thin line of the ink is 

applied to the top edge of the sample under test, usually a sample of the photocatalytic tile 

or glass, before a tightly wound wire rod, known as a K-bar, is pressed against the top edge 

of the sample, and pulled from the top edge to the bottom, drawing the ink down the sample 

to generate a uniform wet coating of the ink.  This method was also used to generate films of 

the diluted (33 wt%) greenhouse paint used in this work.  Thicker films of undiluted 

greenhouse paint were prepared using a doctor blade method in which two strips of Scotch® 

Magic™ tape were applied to the edges of a microscope slide, forming a 60 μm trough along 

the central length of the slide, before the paint was applied at the top edge of the trough.  

The paint was then drawn down the length of the trough by a glass rod, generating a uniform 

60 μm thick wet film. 

2.5. Digital Colourimetric Analysis (DCA) 

Digital photographic images of the Ag ink-coated photocatalytic samples (tiles or glass) under 

test, before and during UVA irradiation, were taken using a Canon EOS 450D camera fitted 

with a zoom lens (Canon EF-S 18-55mm f/3.5-5.6) and subjected to digital colourimetric 

analysis (DCA).  In this analysis, the central 4 mm x 4 mm square area of each of the sample’s 

digital colour images was used to derive average red (R), green (G) and blue (B), i.e. RGB, 

colour image values, using the free image processing software, ImageJ [34].  The resulting 

average RGB values for that image were adjusted to account for gamma correction, as 

described elsewhere [35].  Briefly, the average RGB values collected as described above are 

in fact non-linear R’G’B’ values, which need to be converted to their linear RGB value 

counterparts using the following function, using the conversion of B’ to B as an example: 

 If B’ ≤ 0.04045, then B = B’/12.92, otherwise B = [(B’ + 0.055)/1.055]2.4 (2) 

where B and B’ are in their fractional forms, so all values lie between 0 and 1.  The value of 

the ‘apparent absorbance’ for the blue RGB component determined for each image, i.e. 

Abs(B), was determined using the formula: 

 Abs(B) = log(1/B) (3) 
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Previous work carried out using a variety of different dye-based indicators, including paiis, 

has established that the above colour image-based parameter, i.e. apparent absorbance, is 

directly proportional to the real absorbance exhibited by the ink film at the wavelength of 

maximum absorbance for the dye [35], and so directly proportional to the dye concentration 

[36].   

The advantages of using photography and DCA, over UV/Vis absorption spectrophotometry 

include the low cost and high portability of the required photographic equipment to make 

the measurements.  Indeed, the photography needed for DCA can be carried out using the 

camera on a mobile phone and so be employed in the field, whereas UV/Vis absorption 

spectrophotometry requires a UV/Vis spectrophotometer, which costs a lot more and is 

largely restricted to use in the laboratory.  In addition, photography and DCA allows the Ag 

ink to be used to assess the activity of photocatalytic films on opaque samples, like Hytect 

tiles, as well as transparent ones, like Activ glass, whereas analysis of the former samples 

requires a costly diffuse reflectance unit to be added to the spectrophotometer.  As a 

consequence, for convenience and speed, most of work on the quantitative assessment of 

activity of Hytect tiles, Activ glass and other materials, reported here employed 

photography and DCA to measure the UV-induced, apparent absorbance change in the Ag ink, 

∆Abs(B).   

2.6. Assessment of activity using the Ag ink 

As noted earlier, the photocatalytic activity of commercial self-cleaning tiles, and as we shall 

see other materials, is so low that the all the current ISOs, including the Rz ISO [23], are unable 

to provide a measure of their activity.  However, as we shall see, this is not the case when the 

Ag ink is used instead, so that even for a low activity film, such as a Hytect™ tile, the associated 

plot of Abs(B) vs irradiation time provides a profile from which a value for the initial rate, ri, 

can be determined from the gradient of the straight line of best fit over the first 60 s of 

irradiation, and it is the latter parameter which is taken here as a measure of the film’s 

photocatalytic activity.     

When the Ag ink is used here to provide a quantitative assessment of photocatalytic activity, 

through the measurement of ri, a similar treatment of the data is used as that in the Rz ISO 

[23].  Thus, eight 25 mm x 25 mm samples are coated with the Ag ink and then irradiated 
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together, with a fixed UVA irradiance (1 mW cm-2, 352 nm), whilst being photographed at 

regular intervals.  From the resulting photographic images of the eight samples, eight plots of 

Abs(B) vs irradiation time are generated, from which eight values for ri are determined for the 

material under test; modified Z-score (Zmod) analysis [37] is then used to identify any outlier ri 

values.  Thus, for each of the eight samples and their associated values of ri, a Zmod score is 

calculated using the following expression: 

 
𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚 =

0.6745 ∗ �𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚�
𝑀𝑀𝑀𝑀𝑀𝑀

 (4) 

where ri,median is the median of the 8 values of ri ,and MAD is the value of the median absolute 

deviation, i.e. the median of all the values of |ri-ri,median| in the group of 8 values of ri.  As 

recommended elsewhere [37], and as used the Rz ISO [23], in a given run, any ri value which 

returns a Zmod score >3.5 is identified as an outlier and so excluded in the calculation of the 

mean value of ri, which is taken as a measure of the average photocatalytic activity for the 

material under test.  The typical number of outliers found using this approach was just one, 

for both tile and glass samples, which is the same as that found in the Rz ISO when self-

cleaning glass samples were assessed [23].   

2.7. UVA irradiations 

All UVA irradiations were performed using a Blak-Ray® XX-15BLB UV bench lamp, fitted with 

two 15 W Black Light Blue (BLB) bulbs of principal wavelength 352 nm (Narva 15W/073) using 

an incident irradiance of 1 mW cm-2, except to pre-irradiate the tile and glass samples, for 

which a UVA irradiance of 2 mW cm-2 was employed.  In all cases the irradiance was measured 

using a UV power meter (Hamamatsu C10427 H10428).  

2.8. Other methods 

Diffuse reflectance spectra were measured using a handheld CM-2500d Spectrophotometer 

(Konica Minolta).  UV/Vis absorption spectra were recorded using a Lambda 35 UV/Vis 

spectrophotometer (Perkin Elmer).  Optical microscopy was carried out using an Olympus 

Trinocular Microscope, SZ6045TR, fitted with a Kiralux 8.9 MP colour CMOS camera, CS895CU 

(ThorLabs).  Scanning electron microscopy was carried out using a JEOL JSM-6500F (FEG-SEM). 
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3. Results and discussion 

The focus of this study is to see if an Ag paii can be used, simply and easily, to assess the 

activity of the two well-established photocatalytic materials, namely Activ, self-cleaning 

glass and Hytect, photocatalytic tiles; the latter being renowned for its apparent hard-to-

measure, low activity.  Activ is used here as a well-known, well characterised and readily 

available reference photocatalytic film [31].  Activ™ glass is prepared by depositing a 

nanocrystalline film of titanium dioxide onto float glass using an atmospheric pressure 

chemical vapour deposition technique, details of which are given elsewhere [38].  The final 

coating is ca. 15 nm thick, comprising a layer of broad domes of titania, ca. 30 nm in diameter.  

Scanning Electron Microscopy, SEM, reveals the photocatalytic coating on Activ glass to be 

very flat, but which, on high magnification, i.e. ≥ 50k x’s, has the appearance of a cobbled 

street [31].  In contrast, Hytect tiles have a ca. 150 nm thick coating of TiO2/SiO2 which is 

produced by spray-coating a mixture of TiO2 and SiO2 sols onto the ceramic substrate and 

then heating the film to 600-800 oC [13].  It has been suggested that the TiO2 film on a Hytect 

tile is partly fused to the underlying silica-based glaze of the tile, rendering it very robust [13], 

but as we shall see, our work suggests that, surprisingly, the coating is quite easily removed. 

 
3.1. Initial work on photocatalytic tiles and glass 

In an initial study, samples of both Activ™ self-cleaning glass and Hytect™ photocatalytic tiles 

were coated with the Ag ink (K-bar #3) and irradiated with UVA radiation for 5 min.  

Photographic images of these Ag-ink covered samples, before and after UVA irradiation are 

illustrated in Figure 1, from which it is clear that, in both cases, during the 5 min UV irradiation 

period, the Ag-ink turns a light brown colour due to the formation of Ag nanoparticles, NPs, 

via the photocatalytic reaction (1).  Ag NPs exhibit a surface plasmon resonance, SPR, effect 

that produces an intense and broad optical absorption band usually in the visible which has a 

wavelength of maximum absorbance, λ(max), that is influenced by their size [39, 40], shape 

[39, 40], composition [41], surface chemistry [42, 43], and surrounding environment [39, 40].  

In this work, the recorded UV/Vis absorption spectra of the photodeposited Ag films 

illustrated in Figure 1, are shown in Figure S2 in the ESI, and both reveal a shape and λ(max) 

value (ca. 450 nm) which is typical of that of Ag NPs [39, 40]. 
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Figure 1: Photographic images of a Ag-ink coated 25x25 mm2 sample of a (a) Hytect tile and 
(b) Activ self-cleaning glass, before (left hand side image) and after (right hand side image) 
irradiation with UVA light (1 mW cm-2 for 5 min). 
 

The results illustrated in Figure 1 indicate that the Ag ink can be used to identify quickly and 

easily the presence of a photocatalytic coating in even a very low activity material, such as a 

Hytect tile, as well as a moderately active film, such as that found on self-cleaning glass.  

Indeed, other work shows that the Ag ink is effective in identifying the presence of a 

photocatalytic coating on a wide range of materials, such as those on commercial 

photocatalytic paints, fabrics, concrete, tiles, glasses and plastics.  The Ag ink is therefore an 

effective tool for the qualitative analysis of the photocatalytic activity exhibited by films. 

Although the same could be said for the Rz ink [23], the Ag ink appears particularly effective 

for low activity materials, whereas the Rz does not.   

From the appropriate photos illustrated in Figure 1, although the light brown colouration of 

the photodeposited Ag film on the Hytect tile and that on Activ glass are very similar, the 
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uniformity in colour of the two Ag films is not, with the former appearing dappled/blotched, 

and the latter uniform; these two very different features were found to be common to all 

tested samples of Hytect tile and Activ glass.  For any photocatalytic material, it is 

expected that if the photocatalytic film is uniform in activity then, Using the Ag ink, the rate 

of the photocatalysed reaction (1) will also be uniform, and an even coating of Ag 

nanoparticles, and film colouration, will be produced.  The results illustrated in Figure 1 

suggest that this set of circumstances appear to apply to the reference photocatalytic film 

used here, i.e. Activ glass, but not to the Hytect tile.  Thus, the dappled appearance of the 

photodeposited Ag film on the Hytect tile indicates that its photocatalytic film is not 

uniform, either in terms of activity, due to a variation in crystallinity for example, or 

morphology, due to say, a variation in film thickness or a patchiness in the coating.   

Initially, it was thought that a patchy photocatalytic coating on a commercial product was 

unlikely, given the reported fused, and therefore likely robust, nature of the coating [13].  

However, to our surprise, SEM analysis of the TiO2 coating on a Hytect tile revealed a very 

patchy surface, for all the samples tested, as illustrated in Figure 2(a).  The same patchiness 

in the TiO2 coating was also revealed by staining the tiles with methylene blue, MB, as 

illustrated by the optical microscopy image in Figure 2(b).  Not surprisingly the same 

patchiness, which gives rise to the dappled appearance of the Ag film on a Hytect tile 

illustrated in Figure 1(a), is clearly exhibited when the photocatalytically deposited Ag film on 

a Hytect tile is observed using optical microscopy, as illustrated in Figure 2(c).   

 

Figure 2: From left to right, (a) SEM, (b) MB stained and (c) Ag deposited (after 300 s UV 
irradiation) images recorded for different samples of a typical Hytect tile.  The photographic 
images illustrated in (b) and (c) were recorded using an optical microscope.   
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It seems unlikely that the patchiness of the TiO2 coating found with Hytect tiles is due to the 

coating process employed, but rather that it is not particularly robust, so that it can be easily 

removed, say when it is packed and then transported with other tiles.  Evidence of a lack of 

robustness in the TiO2 coating on a Hytect tile was gleaned by rubbing it for 5 s with cotton 

wool which had been dipped into a kitchen and tile cleaning cream, Cif [44], rinsed with water 

and then coated with the Ag ink and UV irradiated for 5 min.  A Hytect tile subjected to this 

mild cleaning process showed the complete loss of the photocatalytic coating in the square 

rubbed area, whereas a sample of Activ treated in the same way showed no such loss in 

coating.  Further details of this work, including photographs of the rubbed films before and 

after UV irradiation, are given in section S3 of the ESI folder. 

3.2. Actual and Apparent Absorbance and initial rate, ri 

As noted earlier, previous work carried out using a variety of different colour-based indicator 

films has established that the colour image-based parameter, apparent absorbance, is usually 

directly proportional to the actual absorbance at the wavelength of maximum absorbance for 

the dye in the indicator [35], and so to the dye concentration [35, 36].  If the Ag ink is to be 

used to provide a quantitative assessment of photocatalytic activity then it follows that both 

the actual and apparent absorbance must be directly related to each other and also to the 

concentration of Ag nanoparticles photodeposited onto the surface of the photocatalytic film 

under test, [Ag-NP]s. 

In all this work the change in absorbance (actual or apparent) is simply the measured value 

of actual or apparent absorbance minus that recorded before photodeposition, i.e. at 

irradiation time, t = 0.  Provided the photocatalytic sample under test is optically transparent, 

in a typical irradiation of a Ag ink covered film it follows for every measured value of 

∆Abs(450), since λ(max) for the Ag NPs is 450 nm, it is possible, through digital photography 

and DCA, to determine a corresponding value for ∆Abs(B).  Thus, the relationship between 

∆Abs(450) and ∆Abs(B) can be determined by using a Ag ink coated sample of Activ and 

some of a typical set of digital images and UV/Vis absorption spectra recorded during the UVA 

irradiation of this system are illustrated in Figure 3. 
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Figure 3: Some of the recorded Top: photographic images and Bottom: change in UV/Vis 
absorption spectrum, ∆Abs, recorded every 30 s during the irradiation with UVA light of a Ag 
ink coated sample of Activ.   
 

Not surprisingly the photographic images and the absorption spectra illustrated in Figure 3 

show the light brown colouration and actual absorbance of the Ag ink covered sample of 

Activ increases with increasing irradiation time.  As noted earlier, the ripples on the UV/Vis 

absorption spectra are due to the optical interference pattern generated by the interaction 

of the monitoring beam with the Ag ink film, from which the thickness of the latter, ca. 3.1 

µm, can be derived, see S1 in ESI.  Analysis of all the photographic images and UV/Vis spectra 

recorded in this particular experiment, some of which are illustrated in Figure 3, allowed 

values for the apparent absorbance, Abs(B), and actual absorbance, Abs(450), determined for 

a wide range of irradiation times, t, to be calculated and the resulting plots of Abs(B) and 

Abs(450) vs t are illustrated in Figure 4.   
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Figure 4: Plot of the apparent, Abs(B), and actual absorbance (Abs(450)), values of the film, 
determined using all of the data, like that illustrated in Figure 3, associated with the recording 
of the photographic images and absorbance spectra of a Ag ink film on Activ glass as it was 
irradiated with UVA radiation.  The data in the main diagram were used to calculate the values 
for ∆Abs(450) and ∆Abs(B) used in the insert plot of ∆Abs(450) vs ∆Abs(B). 
 
The subsequent plot of the latter data in the form of ∆Abs(450) vs ∆Abs(B) yields a very good 

straight line with a zero intercept as illustrated by the insert plot in Figure 4.   

It is well-known that the measured actual absorbance at λ(max) exhibited by a Ag colloid is 

proportional to the concentration of Ag nanoparticles present, [Ag-NP] [45] and so it appears 

likely that the parameter ∆Abs(450), measured for a film of Ag NPs photocatalytically 

generated via reaction (1) using a Ag ink covered sample, is proportional to the concentration 

of photodeposited Ag-NPs, [Ag-NP]s.  Given the likely direct relationship between ∆Abs(450) 

and [Ag-NP]s, and, as illustrated in Figure 4, the direct relationship between ∆Abs(450) and 

∆Abs(B) , it follows that in this work the measured value of ∆Abs(B) will also be proportional 

to [Ag-NP]s.  Thus, for any photocatalytic film under test coated with the Ag ink, the initial 

rate of change of ∆Abs(450) or ∆Abs(B), i.e. ri, will be proportional to the initial rate of 

photodeposition of Ag NPs and so provide a measure of the photocatalytic activity of the 

coating.  In this way, the Ag ink appears to be able to provide a quantitative measure of the 

activity of the underlying photocatalytic film, in much the same way as an Rz ink [23], 
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although, in contrast to the latter, the results illustrated in Figures 3 and 4 demonstrate it is 

effective on a low activity material, such as a Hytect™ tile.   

3.3. Quantitative assessment of activity of Hytect tiles and Activ glass 

As noted earlier there is an ISO test for the quantitative assessment of photocatalytic activity 

of films based on the use of a Rz-based photocatalyst indicator ink [23] and that the activity 

of Hytect tiles appears so low that this Rz ISO is not effective in assessing their activity.  

However, as illustrated by the images in Figure 1, it is clear that a coating of the Ag ink on a 

sample of the Hytect tiles produces a striking – although slightly blotchy - colour change in 

a short time when irradiated with UVA radiation (352 nm, 1 mW cm-2) for 5 min.  It seems 

reasonable, therefore, to employ a very similar protocol for assessing the activity of low 

activity photocatalytic films, such as Hytect™ tiles, using the Ag ink, as is used in the Rz ISO 

[23].  Thus, eight 25x25 mm2 samples of the material under test should be coated with the Ag 

ink (K-bar #3) and irradiated using UVA radiation (352 nm, 1 mW cm-2) for 5 min.  Before and 

during the course of the irradiation period the 8 samples, and a blank sample of either plain 

glass or plain tile, should then be regularly removed, photographed and then returned.  For 

each ink-coated, 25x25 mm2 sample, DCA analysis of the respective photographic images then 

allows values of ∆Abs(B) to be calculated for each irradiation time, t, and a plot of ∆Abs(B) vs 

irradiation time, t, to be constructed.  The latter plots for all eight samples tested in this way 

of Hytect tiles and of Activ glass are illustrated in Figures 5(a) and (b), respectively.    

 

 

Figure 5: Plots of ∆Abs(B) vs UVA irradiation time determined for 8 samples plus blank (black 
line) of (a) Hytect tiles and (b) Activ glass. 
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The ∆Abs(B) vs UVA irradiation time profiles illustrated in Figure 5 show that the Ag ink hardly 

changes colour when coated onto a blank sample, such as plain glass or plain tile, but does 

exhibit an increasingly striking colour change with increasing irradiation time for both the 

Hytect tile and Activ glass samples.   

The value of the initial rate, ri, was determined for each of the eight profiles (samples S1 to 

S8) for the Hytect tile illustrated in Figure 5(a).  For each initial rate value, a Zmod score was 

calculated and used to identify if it was an outlier value or not, i.e. if Zmod ≥ 3.5; finally, values 

for the average initial rate and standard deviation, i.e., ri(av) ± ∆ri, were then calculated, 

omitting any outliers.  The same analysis was carried out for the eight ∆Abs(B) vs t profiles 

illustrated in Figure 5(b) for Activ glass samples and the results of both analyses are given 

in Table 1.   

A brief inspection of the data in Table 1 for the Hytect tile reveals a quite large spread in 

initial rate, with ri(av) ± ∆ri equal to 1.47 ± 0.41 s-1, i.e. 27.6 % standard deviation.  The large 

standard deviation is consistent with the wide spread of the eight ∆Abs(B) vs t profiles 

illustrated in Figure 5(a) and is most likely due to the considerably patchiness of the TiO2 

coating in the Hytect tiles which was identified and discussed earlier.  In contrast, the Activ 

glass samples produced a much more consistent set of Abs(B) vs t profiles, see Figure 5(b), so 

that ri(av) ± ∆ri was equal to 1.73 ± 0.14 s-1, i.e. only an 8.1 % standard deviation in rate.  

Encouragingly this % deviation value is very similar to the value of 7.5 % obtained from an in-

house Rz ISO test on Activ glass [23].   

Table 1: Calculated initial rates, ri, Zmod scores and ri(av) and ∆ri values for Hytect tile and 

Activ glass samples based on the ∆Abs(B) vs t plots in Figure 5. 

 

Numbers in red identify outlier values of ri, i.e. ones for which Zmod ≥ 3.5. 

*: The standard deviation values in parenthesis are % values, i.e. = 100x∆ri/ri(av) 
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3.3. Testing other photocatalytic materials 

The Ag ink, combined with the same procedure as used to record the profiles illustrated in 

Figure 5, was used to probe the activities of a number of different photocatalytic and non-

photocatalytic samples and the resulting ∆Abs(B) vs t profiles are illustrated in Figure 6.  From 

these plots it is no surprise that the non-photocatalytic samples, i.e. plain tile and glass 

samples, showed no change in colour, nor that Activ self-cleaning glass appears much more 

active (by about 2.8 times) than Bioclean [26] and it is interesting to note that the Hytect™ 

tile appears to exhibit a photocatalytic activity that lies somewhere between that of Activ 

and Bioclean.  The results of this work also revealed activity in some initially unlikely 

samples, such as greenhouse paint.  Unlike most paints, greenhouse paint, which, as its name 

suggests, is used to whiten the glass in greenhouses so as to heavily diffuse and UV filter the 

incident sunlight, often contains anatase TiO2 as it is highly scattering and inexpensive.  In 

addition, unlike most paints, greenhouse paint does not contain an organic binder and so it 

doesn’t matter if the TiO2 is photocatalytic or not.  The example of greenhouse paint used in 

this work is clearly photocatalytically active as shown by the two profiles recorded for this 

paint illustrated in Figure 6, for non-diluted and diluted films of the paint.  Another example 

of a non-obvious candidate for exhibiting photocatalytic activity is speciality, high opacity 

paper, as used in bibles and many bank notes, since it often employs anatase TiO2 as the 

opacifying white pigment and this feature is illustrated by the very positive response given to 

the Ag-ink as indicated in Figure 6.  Finally, there are numerous commercial photocatalytic 

plastic awning materials, of which one is the PTFE based SHEERFILL II plastic with its 

photocatalytic EverClean feature, produced by St. Gobain Performance Plastics plc, which 

was the most active of the commercial photocatalyst-coated materials tested in this work, 

see Figure 6.   
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Figure 6: Recorded ∆Abs(B) vs UVA irradiation times profiles for Ag ink coated samples of 
(from bottom to top): non-photocatalytic sample (plain glass), Bioclean glass, Hytect tile, 
Activ glass, dilute greenhouse paint, bible paper, awning material, undiluted greenhouse 
paint. 
 

A quick comparison was made between the response of the Rz and Ag inks when deposited 

onto the same materials as above, but this time using ink films deposited using a felt-tipped 

pen.  Each sample was marked with either a “Rz” or “Ag” symbol, depending on whether a Rz 

or Ag pen was used, left in the dark to dry for 1 minute, photographed, then irradiated using 

1 mW of UVA irradiation (352 nm) for 5 min and then photographed again.  The Ag and Rz 

inks for the pens were prepared using slightly altered formulations so that they flowed easily 

in the refillable pens (medium refillable pens supplied by Suremark).  Thus, the Ag and Rz inks 

were prepared by the same procedures as described previously for the Ag ink, and elsewhere 

for the Rz ink [23], but with less viscous polymer solutions, i.e. a 2.5 wt% PVA solution and 0.5 

wt% HEC solution, respectively, and slightly different Ag ion/Rz dye concentrations, i.e. 100 

mg AgNO3 and 40 mg resazurin sodium salt, respectively.  Other work shows that the typical 

thickness of a dry Ag ink film produced using a felt-tipped pen is ca. 1.1 µm, see S1 in ESI.  The 

results of this work are illustrated in Table 2, with a tick to highlight those samples which 

produced a readily discernible change in colour in the ink after UV irradiation. 
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Table 2: Photographs of Rz and Ag ink marked samples before and after UV irradiation. 

 
 

 

Some of the doubly ‘crossed’ samples (i.e. negative responses shown for both the Rz and Ag 

inks) in Table 2 present no surprise, such as the plain tile and glass samples.  It may appear 

surprising at first to note that Bioclean glass also falls into this category, given its ∆Abs(B) 

vs UVA irradiation time profile illustrated in Figure 6, which reveals a small but measurable 

response to the Ag ink.  However, considering the fact that Bioclean glass was the least 

active of the photocatalytic samples tested, and that the dry ink film applied by the pen is ca. 

3x’s thinner than that applied by the K-bar, a negligible response is not too surprising.  In 

contrast, the failure of the Rz ink to respond to the photocatalytic bible paper is a real surprise 

given that the latter appears more active than Activ glass when tested using the Ag ink, see 

Table 2.  Indeed, the response of the Rz ink is consistent with the results of other work, carried 

out using these same two materials in which their activities were measured in terms of their 

abilities to photocatalyse the oxidation of nitric oxide, which showed that the Activ glass is 

ca. 6.5 x’s more active than that of the same bible paper [46].  In addition, a previous study 
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[22] has established a good linear correlation between the rate of change in colour of a 

photocatalyst activity indicator ink and the rate of oxidation of NO as carried out under ISO 

conditions [47].  The latter results suggest that the Ag ink, where the colour formation is due 

to the formation of surface NPs of Ag metal, responds very differently to photocatalytic films 

when compared to paiis based on dye reduction, with the former appearing particularly 

sensitive to very low activity materials, such as dilute greenhouse paint, Hytect™ tiles and 

bible paper.   

The apparent failure of the Rz ink to provide a response when applied to the commercial 

photocatalytic awning material, as illustrated in Table 2, is not due to a failure to respond, but 

rather one to form the necessary flat, dry form of the ink film.  This is not too surprising given 

the highly hydrophobic nature of this PTFE-based film [27] which makes the Rz ink film 

reticulate upon application.  It is interesting therefore that the Ag ink, which is also water 

based, but uses a different polymer, PVA, does not reticulate and so does provide a ready 

indication of photocatalytic activity.  These results suggest that the Ag ink can be used to 

provide a measure of activity for hydrophobic photocatalytic materials, unlike the standard 

HEC-based Rz ink as currently formulated [23].   

Possibly the most surprising result of those listed in Table 2 is the apparent lack of response 

of the Rz ink on the diluted greenhouse paint film, however, once again this is not really due 

to a lack of response of the Rz ink, but rather, once again, a failure of the method of depositing 

the ink.  The problem is not due to ink film reticulation, as the greenhouse paint is highly 

hydrophilic, but rather photocatalytic film robustness, since the greenhouse paint film is not 

very robust physically, and can be easily wiped off using a cloth.  Thus, although either of the 

Rz and Ag inks can be readily coated using a K-bar, when a felt-tipped pen is used to apply the 

ink the nib simply wipes away the underlying non-robust photocatalytic (paint) film, thereby 

depositing most of the ink onto the plain glass supporting substrate.  The reason why the Ag 

ink does appear to work on the dilute greenhouse paint, but the Rz doesn’t, is that the 

photocatalysed colour change, which occurs at the interface where the edge of the Ag ink 

meets the non-rubbed out paint film, is so striking, that the outline of the shape ‘Ag’ is visible.  

In contrast, the change from blue to pink at the same ink-photocatalyst film interface, which 

is also produced when the Rz ink is used, is not striking enough to render it discernible, as 

illustrated by the photograph in Table 2.  Thus, the Ag ink may prove useful in identifying the 
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presence of photocatalytic activity in very delicate films, for which the Rz ink is not particularly 

well suited. 

4. Conclusions 

The Ag ink is a very different photocatalytic activity indicator ink, from those based on the 

reduction of dyes [48].  The Ag ink appears to offer all the advantages of previously reported 

dye based paiis [23, 48], such as providing a simple, easy to use route for the rapid assessment 

of photocatalytic films, but with the added advantage of being particularly sensitive to low 

activity photocatalytic materials, such as commercial self-cleaning tiles; materials which are 

very difficult to test at present.  When applied using a felt-tipped pen it can be used to identify 

the presence of activity in a wide range of different materials, such as commercial self-

cleaning glass, tiles, paints and plastic awnings.  Unlike the Rz ink, it is also effective on very 

hydrophobic and delicate photocatalytic films.  Like the Rz ink [23], it can be used to provide 

a quantitative measure of photocatalytic activity, through the measurement of the initial 

increase in the apparent absorbance of the Ag paii vs irradiation time, ri.  However, unlike the 

Rz ink, the Ag ink is effective on low activity materials, such as Hytect™ tiles, for which no test 

exists until now.  These findings suggest that the Ag ink may be used to assess low activity 

photocatalytic films which cannot be assessed using the current ISO tests.  The Ag ink should, 

therefore, help advance the research and development and quality assurance of this 

commercially important range of materials and also help identify photocatalytic active 

surfaces which previously may have been considered inert.    
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