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Abstract

Pilkington Glass ActiV™ represents a possible suitable successor to P25 &#pecially as a benchmark photocatalyst film for comparing
other photocatalyst or PSH self-cleaning films. ABtlvis a glass product with a clear, colourless, effectively invisible, photocatalytic
coating of titania that also exhibits PSH. Although not as active as a film of P25 FQiv™ vastly superior mechanical stability,
very reproducible activity and widespread commercial availability makes it highly attractive as a reference photocatalytic film. The
photocatalytic and photo-induced superhydrophilitic (PSH) properties of Attare studied in some detail and the results reported.
Thus, the kinetics of stearic acid destruction (4 &@ectron process) are zero order over the stearic acid range 4-129 monolayers and
exhibit formal quantum efficiencies (FQE) off0x 10~° and 102 x 10> molecules per photon when irradiated with light of 3620
and 254 nm, respectively; the latter appears also to be the quantum yield fol*ati254 nm. The kinetics of stearic acid destruction
exhibit Langmuir—Hinshelwood-like saturation type kinetics as a function of oxygen partial pressure, with no destruction occurring in the
absence of oxygen and the rate of destruction appearing the same in air and oxygen atmospheres. Further kinetic work revealed a Langmuit
adsorption type constant for oxygen ofiB+ 0.16 kPa® and an activation energy of 291 kJmol2. A study of the PSH properties of
ActivT™™ reveals a high water contact angle {(BBefore ultra-bandgap irradiation reduced tcafter prolonged irradiation. The kinetics
of PSH are similar to those reported by others for sol—gel films using a low level of UV light. The kinetics of contact angle recovery in the
dark appear monophasic and different to the biphasic kinetics reported recently by others for sol-gel films [J. Phys. Chem. B 107 (2003)
1028]. Overall, ActivM appears a very suitable reference material for semiconductor film photocatalysis.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction These pollutants may be dissolved in water or gaseous. Ex-
amples of semiconductor photocatalysts exist in the liter-
The popular subject area of semiconductor photochem-ature at least as early as 1929 when it was reported that
istry is dominated by research into photocatalysis, especiallythe pigment “Titanium White”, i.e. titanium dioxide, was
the use of the semiconductor titanium dioxide as a photo- responsible for photochalking in pain4]. The first sug-
catalyst for the mineralisation of organic pollutants by oxy- gestion that reaction (1) could be used as a method for de-
gen[1-3]. The overall process can be summarized by the Stroying organic pollutants appeared much later, in 1983

following reaction equation: by Ollis and co-workers investigating photomineralisation
of halogenated hydrocarbons, including trichloroethylene,
organic+ ozh"zba”d_gfp "0, + Ho0 + mineral acids dichloromethane, chloroform and carbon tetrachloride, sen-
Semiconductor sitized by titanium dioxidg5,6]. Reaction (1) offers the at-
(1) tractive possibility of creating a method of water and air

: . purification that is capable of destroying completely most
The number and type of organic pollutants that can be min organic pollutants simply with a flick of a switch. Such sys-

eralized via reaction (1) is substantial and includes haloalka- . :
@) ems can also be driven by the UV component of sunlight.

nes, aromatics, pesticides, insecticides, dyes and surfactants,”. - .
t is not surprising therefore that reaction (1) has attracted

* Corresponding author. a great deal of attention, from research groups in academia
E-mail address: a.mills@strath.ac.uk (A. Mills). and industry alike, over the last three decaj#3,7].
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It might be considered surprising at first to note that the coated glass called Pilkington Act¥Y as a commercial
semiconductor photocatalyst for reaction (1) used in 1983 self-cleaning glass product for use in the home improve-
by Ollis and co-worker$5,6] is still the preferred choice, ment sector. This product was then successfully trialed in
namely titanium dioxid¢7]. Titanium dioxide owes much of  Ireland, Austria and North America and such was its suc-
its continuing popularity as a semiconductor photocatalyst cess that production facilities now exist in Germany as well
to the fact that it is chemically and biologically inert, very as the USA. ActifM self-cleaning glass is now readily
photoactive, cheap and easy to prepare. Its one major draw-available in North America, Australasia and Europe and set
back is a high bandgap, i.Egc = 3.0 eV, which means that to be a world-wide produdtL4].
it only functions when exposed to ultraviolet, rather than  Pilkington Activ’™ glass is the worlds first commercially-
visible, light. However, the advantages of titanium dioxide available, self-cleaning glass, comprising a film of
as a photocatalyst far outweigh its one main disadvantagenanocrystalline titanium dioxide (about 15nm thick) as the
and so it continues to be the most popular photocatalyst for photocatalyst active layer. This layer is applied to clear float

the purification of air and water via reaction (1). glass, via a on-line chemical vapour deposition process, to
Titanium dioxide can be made by a number of different produce a hard, thin, transparent, mechanically-robust, pho-
methods including the sol-gel proced, sputtering[9], toactive coating of titanium dioxide on glass. This material

chemical vapour deposition (CVIDY0] and thermal oxida-  appears the ideal, readily available titanium dioxide photo-
tion [11]. Early on in the area of research into titania photo- catalyst film with which to use as a benchmark for all other
catalysis it proved necessary to identify at least one sourcephotocatalyst films that are being produced by research
of titanium dioxide that all research groups can access andgroups in academia and industry alike for light-driven air
which is cheap and very photoactive, in order to facilitate and water purification and self-cleaning purposes. As a con-
comparisons between different titanium dioxide photocata- sequence, in this paper we report the findings of a detailed
lysts. From the ranks of all the commercial forms of titanium  study of the photocatalytic properties of Pilkington A&t
dioxide available Degussa P25 titanium dioxide has emergedglass as a possible successor to the gold standard Degussa
as the reference semiconductor photocatalyst material. De-P25 titanium dioxide and reference material for all other
gussa P25 titanium dioxide is a mixture of the crystalline photocatalyst films.
phases, anatase and rutile, typically in a ratio of 70:30, re-
spectively. It is also non-porous and possesses a moderately
high specific surface area (5% 1). Even today Degussa 2. Experimental
P25 remains effectively the gold standard titania photocata-
lyst for reaction (1) (see references therddp. 2.1. Materials

In recent years, an increasing amount of research into
semiconductor photocatalysis has moved away from the use Unless stated otherwise all materials used were purchased
of the semiconductors in the form of powder dispersions to from Aldrich Chemicals, UK and used as supplied. The sam-
their use, especially titanium dioxide, in the form of films. ples of nanocrystallise films of titanium dioxide on 4 mm
Thus, nowadays, most research into titanium dioxide films float glass were provided by Pilkington glass as examples of
as photocatalyst for reaction (1) are based on hard glazes otheir commercially available product Acti¥ self-cleaning
the semiconductor titanium dioxide prepared by a number glass. ActivM glass is prepared by depositing a nanocrys-
of different methods, including CVD, the sol-gel process, talline film of titanium dioxide onto float glass using an at-
thermal methods and sputterifigj7]. One of the problems  mospheric pressure chemical vapour deposition technique,
beginning to emerge from such research is the difficulty in APCVD, described in detail elsewheft5]. Briefly, in the
comparing titania photocatalyst films prepared by these dif- preparation of the ActfM samples used in this work the
ferent methods and studied by different groups; a problem glass substrate used was 4 mm soda-line silicate glass with
that is reminiscent of that faced by researchers in this field a surface covering of a silicon oxide blocking layer (ap-
in the early days of semiconductor photocatalysis using proximately 30 nm thick, as determined by XPS coupled to
powder dispersions. In order to rectify this situation what is argon-ion bombardment) to prevent alkaline metal ion mi-
required is a standard titanium dioxide film which is phys- gration from the glass substrate to the deposited titanium
ically well-defined, photocatalytically active, mechanically dioxide layer. In ActiVM the titanium dioxide layer is de-
robust, readily available and cheap. Regrettably, although posited by an APCVD method onto the hot glass substrate
Degussa P25 titanium dioxide can be used to prepare films(typically 615°C) from a mixed vapour comprising mainly
of titanium dioxide for reaction (1), these films are not me- nitrogen as the carrier gas and the following reactive ingre-
chanically stable, nor highly reproducible and typically can dients: titanium tetrachloride (bubbler temperature’Gp

be readily wiped off using a cloth or thunjb2,13] Thus, and as the source of oxygen, ethyl acetate (bubbler temper-
a standard titanium dioxide reference film needs to be madeature 35C). An APCVD method of depositing the titanium
from something other than Degussa P25 JiO dioxide film is preferred because it is especially suitable for

In early 2001 the major glass manufacturing company, producing large volumes of coated glass. Since the final tita-
Pilkington Glass, began producing a titanium dioxide nium dioxide film has typically a thickness of ca. 15 nm, the
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Fig. 1. Scanning electron micrograph of the surface of Attiv

total thickness of the silicon oxide/titanium dioxide coat on 3. Methods
the 4 mm float glass is approximately 45 nm. A typical SEM
of the final film is illustrated irFig. 1and shows the surface UV-Vis absorption spectra were recorded using a Lambda
titanium dioxide coating to comprise particles of ca. 30nm 20 UV-Vis spectrophotometer (Perkin-Elmer, UK). In the
diameter. Thus, given that the titania film is 15 nm thick, the study of the photocatalytic activity of the various titanium
coating appears to comprise a layer of broad domes of tita-dioxide films stearic acid was used as the organic material
nia, 30 nm in diameter. The final product has a haze of lessto be mineralized via reaction (1). Deposition of the stearic
than 1%, a reflectivity of 5-7% and reduces the level of so- acid on the 25mrh plates of the photocatalyst samples
lar UV light transmitted through the glass by 20%. A&tV under the test was effected by dip coating the samples
is extremely robust mechanically. Thus, it is not damaged in a methanolic solution of stearic acid (0.02 mold
by the 3M Scotch Tap test, nor easily damaged by vig- and drying at 80C. These samples were irradiated using
orous rubbing or pencils of any hardng&4]. six 8 W blacklight bulbs, contained in a semi-cylindrical
Films of Degussa P25 titanium dioxide were also prepared lamp holder with an aluminium reflector and held 10cm
and used in order to effect a useful comparison in photocat- above the samples under test. Chemical actinometry was
alytic activity and mechanical robustness. Thus, the Degussaused to measure the intensity of the lani$]. Rates
P25 TiG films on glass substrates were cast by spin-coating were calculated by measuring the integrated absorbance of
25 mmx 25 mmx 3 mm squares of barrier glass (Pilkington stearic acid between 2700 and 3000¢nin the infrared
Glass, UK) with a 5% (w/v) aqueous slurry of Degussa P25 and using the reported concentration value df73< 101°
TiO,. The P25 slurry was deposited by dropping pipette un- stearic acid molecules per énper integrated absorbance
til the whole surface of the glass surface was covered andunit over this rang€12]. The necessary infra-red mea-
then spun at 2900 rpm for 30 s using a model 4000-1 spin surements were made using a 1600 FT-IR (Perkin-Elmer,
coater (Electro-Micro Systems). The films were then washed UK).
with distilled water and dried, first in an air stream and then  Contact angles were measured using an FTA 200 contact
in an oven at 80C for 1 h. The films were always stored angle instrument (Camtel, UK, agents for FTA, USA). This
overnight in the dark before use and, unless stated other-instrument allows the shape of a water droplet deposited on
wise, used without further treatment. Films produced by this the surface of the photocatalyst film under test to be recorded
method were stable to repeated washing with water but notby CCTV and then analysed using a computer loaded with
to mechanical abrasion. Profilometry revealed that the films the appropriate propriety FTA software. This analyses pro-
had a typical thickness of 98 10 nm. Although Degussa vides an accurate value for the contact angle made by the
P25 TiQ, comprises fundamental particles that are nanocrys- water drop with the test substrate. In this work, the reported
talline, i.e. typically 30 nm in diameter, the latter form an contact angle for an test substrate refers to the contact angle
irreducible complex of primary aggregates, typically @r made by a drop of water on its surface 30s after the drop
in diameter. Thus, it appears more appropriate to refer to P25first falls on the test substrate. In all contact angle measure-
TiO» films as microcrystalline, rather than nanocrystalline. ment work ultra-violet light radiation of the films under test
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were carried out using two 8 W, 254 nm germicidal lamps film to be highly scattering at sub-bandgap wavelengths, i.e.

(BDH, UK) for 30 min. Amax ~ 380 nm, but also strongly absorbing at wavelengths
<380 nm, the approximate bandgap of the microcrystalline
TiO, particles.

4. Results and discussion A measure of photocatalytic activity that is commonly
employed in semiconductor photocatalysis to assess the ac-

The UV-Vis spectra of barrier glass, Act¥ and the tivities of films is the rate of photodestruction of stearic acid
P25 TiQ, films were recorded and are illustratedFiy. 2 (CH3(CH2)16COzH) [12,13,17,18-2Q]i.e.

The UV-Vis spectrum of plain l_aarrier glass shows it to hvzbandgapener%,
be non-scattering, i.e. the glass is clear and colourless, butCH3(CH2)16COH+260; — 8CQ+18H,0

semiconductor

is highly absorbing at wavelengths310 nm, the normal )
cut-off for soda-lime—silicate glass. Similarly, the UV-Vis
spectrum of a typical sample of Actif illustrated inFig. 2 a process that involves the transfer of a 104 electrons. Since

shows the coating to be only slightly scattering/reflecting the melting point of stearic acid is markedly above room
at sub-bandgap wavelengths and increasingly absorbing atemperature, i.e. 69, it forms solid films when deposited
wavelengths below 360 nm, the approximate bandgap of under ambient conditions, usually by a spin- or dip-coating
nanocrystalline titania. The coated film is virtually invisible technique, on the photocatalyst substrate under test. The
to the eye and it is often very difficult to determine which photocatalytic destruction of such solid compounds are of
side of the glass has the coating. One method involves gen-practical interest since they provide a reasonable model
tly running the back of a fingernail along the surface of the compound for the type of solid organic films that deposit on
glass as this will reveal the slight roughness of the coating exterior glass surfaces such house or office windfg3.

if present. A better, less subjective, method involves placing The destruction of stearic acid is readily monitored by FT-IR
the glass in a beam of 254 nm light from a spectrophotome- absorbance spectroscopy, through the disappearance of the
ter or fluorimeter, as the non-coated side fluoreskgg(~ peak at 2957.5cm', due to the asymmetric in-plane C—H
420 nm). This fluorescence feature is a characteristic of glassstretching mode of the GHgroup, and the peaks at 2922.8
prepared by the float method using molten tin since it is and 2853.4 cmt, due to the asymmetric and symmetric C—H
the latter that gives the glass its luminescence on its moltenstretching modes of the GHjroup, respectively. In this work

tin side. Fig. 2 also illustrates the UV-Vis spectrum of a the integrated area under all these peaks (2700-3008)cm
spin-coat film of Degussa P25 Tin glass and shows the was measured and used to calculate the surface concentration

Abs.
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300 320 340 360 380 400 420 440
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Fig. 2. UV-Vis absorption spectra of (from left to right): barrier glass, A®fivand barrier glass coated with a 90 nm layer of Degussa P25. The lighter
peak spectrum illustrates the emission spectrum of a typical blacklight bulb.
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Fig. 3. FT-IR absorbance versus wavenumisgsspectra, recorded for a sample of A¢tv coated with stearic acid, as a function of irradiation time.
The irradiation source comprised six 8 W blacklight bulbs, i.e. 36 nm light.

of stearic acid as a function of irradiation time, as outlined of CVD coated titania on quartz indicate that the reciprocal
earlier[12,13] The FT-IR method employed in this work absorption length of titania at 365 nm, icg(TiO2)3es, is ca.
actually measures the kinetics of disappearance of stearic0.5 x 10°cm~1 [19]. Thus, a 15 nm film of titania would be
acid and it is assumed that this is also a direct measure ofexpected to have an absorbance at 365 nm of only 0.0326,
the kinetics of reaction (2), the photocatalytic destruction of given Abs, = 0.434x;.d, whered is the film thickness (cm).
stearic acid, as would be the case if no major long-lived in- From the UV-Vis absorption spectrum of the AZ¢tH film,
termediates were generated. Support for this assumption isllustrated inFig. 2, the absorbance of the film at 365nm
provided by the work of others that shows: (a) the removal appears to be ca. 0.157, but from the absorbance of the film
of stearic acid by semiconductor photocatalysis produces noat 400 nm (0.092) most of this appears to be due to light
film component other than stearic acid that is detectable by scattering and reflection and, encouragingly, the difference
FT-IR[18,20] (b) no gas phase products other than,@@d is 0.065, which is close to the predicted absorbance of a
H,>O are generated during the course of the photocatalytic 15 nm film of titania at 365 nm.
reaction[18] and (c) the ratio of the number of moles lost Results of the kind illustrated iRig. 3 allowed the inte-
due to the disappearance of stearic acid and the concomitangrated area under the infrared absorption peaks due to stearic
appearance of carbon dioxide is as expected for the photo-acid to be calculated as a function of irradiation time for
catalytic destruction reaction summarizedty. (2) [18] Activ’M, P25 TiG and barrier glass using either 365 or
Fig. 3illustrates the observed variation in the FT-IR ab- 254 nm light as the irradiation source. Using either of these
sorbance spectrum of a typical stearic acid film, deposited onlight sources barrier glass showed little or no activity to-
an Activi'™ CVD TiO, coated sample of barrier glass, as a wards the photocatalytic destruction of stearic acid. In con-
function of irradiation time using 365 nm light as the irradia- trast, the integrated area versus time profiles for the Ativ
tion source. From the data lig. 3it is clear that the stearic  and P25 TiQ films illustrated inFig. 4 show that both these
acid peaks disappear, albeit slowly, with ultraband gap irra- films are able to photocatalyse the destruction of stearic acid,
diation, as expected frofq. (2) It is no surprise that the  with P25 TiQ appearing much more active than At
kinetics of reaction (2) are very slow for reaction (2) when Note inFig. 4 that although both films employed the same
ActivT™ is used as the photocatalyst film and 365 nm light method of deposition of stearic acid there was about 20%
is used to drive the reaction forward, since, from the UV-Vis more stearic acid on the P25 Ti@Ims, compared with the
spectrum of this film illustrated ifig. 2it is clear that such  Activ'™ films, at the beginning of the experiment, presum-
thin films of titania hardly absorb in the near UV. Previous ably because the former was more porous and rough than
work carried out by this group on the spectral characteristics the latter and so more stearic acid was able to stick onto
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Fig. 4. Integrated area versus irradiation time profiles for AMiyclosed circles) and Degussa P25 Ti€bated barrier glass (open circles), respectively.
The irradiation source comprised six 8 W blacklight bulbs, i.e. 30 nm light.

the surface of the titania during the spin-coating process sorbance for stearic acid lies in the range 9-11nthus
of deposition. The greater photocatalyic activity of the De- for both Activi™ and P25 TiQ films the stearic acid is ini-
gussa P25 films compared to AZt¢ upon irradiation with tially 153-187 nm, 61—75 stearic acid monolayers, thick, i.e.
365 nm light is very apparent from the results illustrated in much thicker than the particle size of the fundamental,TiO
Fig. 4. This observation is not too surprising, however, given particles, which are typically 30 and 15nm, respectively,
that the P25 Ti@films are not only much thicker (ca. 90nm  for Degussa P25 and Acfi! photocatalyst films. For the
compared to 15nm) but also comprise large, almost micro- 90 nm thick P25 TiQ film, even if it is assumed to have zero
crystalline, aggregates which are likely to have a lower den- porosity and somehow still present a specific surface area of
sity of electron—hole recombination centres, i.e. P25 titania 55 n? g1, it can be shown that this would only increase the
particles may be intrinsically more active than nanocrys- surface roughness by a factor of 21, i.e. initially the stearic
talline titania. The P25 Ti@film is almost certainly more  acid would be at least 3—-4 monolayers thick. In reality for
macroporous than the nanocrystalline A&¥vfilm and so both films the initial thickness of the stearic acid layer on the
the stearic acid is likely to be much more evenly and thinly titania particles will be many monolayers thick and for the
spread out over the surface of the titania particles. Activ™ film, may well approach the limiting value of 6175
For both ActivM and P25 TiQ films the kinetics of monlayers, given its highly compact (i.e. non-macroporous)
stearic acid destruction appear initially to be zero-order state (sed-ig. 1). From these calculations it is no wonder
with respect to stearic acid concentration. This observation that the initial kinetics of stearic acid destruction appear
is in agreement with those made by others also investi- zero order, as all the photocatalytically active sites are likely
gating reaction (2) using thick films of stearic acid and to be occupied by stearic acid molecules, above which
nanocrystalline films of titania made by a sol-gel method will be many more to take their place once mineralized.
[12,13,18,20] From the data irFig. 4 it can be seen that  Other work shows that, under the experimental conditions
the typical initial integrated absorbance for stearic acid lies used in this work, using 365 nm light the kinetics of re-
in the range 9-11 crt. However, an integrated absorbance action (2), photocatalysed by Acti¥, remains zero-order
unit of 1cnT! corresponds to a stearic acid surface con- with a rate (1.9nmh! or 0.8 monolayer h?) that is in-
centration of 317 x 10" molecules of stearic acid cm, dependent of stearic acid concentration over the integrated
i.e 1.5ugcn?, or a layer of stearic acid ca. 17 nm thick, absorbance range 0.6-19Tth(4—129 monolayers, respec-
assuming a density for stearic acid of 0.87 gémit has tively) of stearic acid. Further work shows that At
been reported that a monolayer of stearic acid is 2.5nm films possess a photocatalytic activity that is highly repro-
thick, thus a 17 nm thick layer of stearic acid corresponds ducible, exhibiting little or no deterioration in stearic acid
to ca. 6.8 monolayers of stearic agi’]. As noted earlier ~ destruction rate with repeated (six cycles) deposition and
in the work reported in this paper the initial integrated ab- destruction.
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The results of the elegant work of Minabe et al. show that should be calculated. However, for the P25 Jifdms at
carbon dioxide is produced stoichiometrically in the photo- least, it is difficult to estimate how much light is absorbed
catalytic destruction of stearic acid via reaction (2) mediated and how much lost through reflection and scattering. Thus,
by titania[18]. However, these workers also note that for it is usual in semiconductor photocatalysis to calculate in-
their titania films (400 nm thick, produced from titanium(IV)  stead the formal quantum efficiency (FQE) of the syst&m,
isopropoxide by a sol-gel method) the destruction of stearic where formal quantum efficiency is defined[a21]
acid ceases _after ca. _69% o_f its des_truction, _possibly due rate of photoreactiofmoleculegs)
to the formation of an inert, site-blocking reaction product. 6 = — —— -

In contrast, in this work with both ActiM and P25 TiQ incidentlightintensityphotongs)
films, stearic acid destruction was observed to go to comple- Obviously, for any photochemical process, the formal quan-
tion, although the kinetics clearly deviated from zero order tum efficiency is, by definition<quantum yield. Using the

in the last 10-20% of the reaction. The latter feature was initial rate data inTable 1, and values for the incident light
particularly clear in the study of thick (>10 monolayers) de- intensities measured by chemical actinometry, the values of
posits of stearic acid, as might be expected if its cause lay § for the removal of a stearic acid film, using 365 and 254 nm
with the accumulation of refractory, non-infrared absorb- irradiation light, were calculated for each of the glass sub-
ing, stearic acid degradation products. Interestingly, Minabe strates tested and the results are givefaible 1 The values

et al. report a stearic acid destruction rate of ca. 8.5nth in Table 1show apparently that the photocatalytic process,
using 365 nm light (1.1 mW cr?) for their thick (400 nm) i.e. reaction (2), is very inefficient for all the films tested,
sol—gel titania films, which is not too dissimilar to the rate since the values o# lie in the range(256-Q7) x 10~°
reported here (1.9 nnTH; light intensity 6.9 mW cm?) for molecules per photon. However, the situation is not so bad
Activ™™ with its thin (15nm) titania photocatalyst coating as it first may seem since it should be remembered that the
[18]. Although a substantial cause for the differences in rate complete mineralisation of stearic acid is a 104 electron pro-
is the difference in absorbance of the two films at 365 nm, cess, thus the likely maximum value férfor reaction (2)
other factors, such as porosity (i.e. compactness) and denwould be 1/104, i.e. & x 10~2 molecules per photon. The
sity of trapping states will also be important. Impressively, marked increase in initial rate and formal quantum efficiency
P25 TiQ films are able to destroy stearic acid at very ap- for both the CVD and Degussa P25 Tifiims on changing
preciable rates (371 and 35.5nm using, respectively,  from a 365 to a 254 nm irradiation light source can be at-
germicidal and blacklights of similar intensity, thus under- tributed largely to the greater absorption coefficient forJTiO
lining its high activity as a photocatalytic film compared to at 254 nm compared to 365 nm, since the reciprocal length,
nanocrystalline films prepared by CVD or sol-gel methods. «, for TiO, is estimated to be ca.®x 10°cm~1 at 365 nm
The results of the kinetic study of reaction (2), photosensi- but 51 x 10°cm~! at 254 nm[19,22]

tized by Degussa P25 and Actl titanium dioxide films If it is assumed, not unreasonably, that at 254 nm both the
are summarised ifiable 1 Activi™™ and P25 TiQ films absorb all the incident light

As we have seen kinetic analysis of the plots of integrated than the values o, i.e. 256 and 106< 107>, respectively,
absorbance due to the stearic acid infrared peaks as a funcrepresent quantum yields for reaction (2) using these pho-
tion of time for both the ActiVM and P25 TiQfilms, when tocatalyst films.Interestingly, the formal quantum efficiency
irradiated with either 365 or 254 nm light allowed the calcu- for reaction (2), reported by Heller and his co-workers for a
lation of initial rates which are reported fiable 1 However, 1.3 mm thick film of Degussa P25 TiQusing 254 nm light
in order to make some useful comparisons between the twoas the irradiation source is similar to that reported@able 1
sets of the initial rates of reaction (2), recorded for the vari- for a 90 nm thick film of the same material, i.e. 270 and
ous films using 365 and 254 nm ultra-bandgap light, the ini- 250 x 107>, respectively. The similarity in results, despite
tial rates need to be corrected for the level of incident light the very different thickness of P25 TiGilm is not too sur-
impinging on the samples. Indeed, ideally, quantum yields prising given that both films would absorb most, if not all,

®3)

Table 1
Photocatalytic properties of Acfi¥! and P25 TiQ films
Sample Contact angle  Contact angl@ Rate of photodegradatibn Rate of photodegradatiBf FQE! (10-5 molecules
pre-irradiation {) post-irradiatiod (°) (102 molecules cm? min—1) (nm of stearic acid ht) per photon)
365nm 254nm 365nm 254nm 365nm 254nm
P25 TIQ; 8 0 11.2 117 355 371 15.3 256
Actv™ 67 0 0.6 4.7 1.9 14.9 0.7 10.0

2|rradiation was achieved by exposing the samples 108W 254 nm germicidal lamps for 60 min.

b Photoirradiations at 365 and 254 nm were conducted usin®\& blacklight (365:20 nm) bulbs and &8 W germicidal (254 nm) lamps, respectively.

¢Rate (nm of stearic acid ) = 3.17 x rate (182 molecules cm? min—1).

dFQE: formal quantum efficiency, as defined By. (3) Photonic light intensities for 365 and 254 nm irradiations were calculated using values of
7.59 x 107 photons cm?min~1 (6.9 mW cnt?) and 457 x 107 photons cm? min~1 (6.0 mW cnt2).
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the incident 254 nm light, since a(Ti}s4is 5.1x 10° cmt all other humidities. The results of this work are similar to
and Abg= 0.434x,d, i.e. both films should absorb at least those reported by Sitkiewitz and Heller in their study of the
99% of the 254 nm light, assuming no losses due to reflec- photocatalytic destruction of stearic acid by sol-gel titania
tion. films [20] and highlight the importance of water in reaction
The kinetics of reaction (2), photosensitized by AEYv (2) and the fact that, even under apparent extremely dry con-
were also studied as a function of oxygen partial pressure,ditions, such titania films have enough surface bound water
Po,. Thus, in the absence of oxygen (i.e. in a nitrogen to enable reaction (2) to proceed at a rate that is sufficiently
purged system) no appreciable photocatalytic destruction ofslow that it is replenished by the water generated as part of
the stearic acid was observed, whereas, in contrast, at 0.2Xeaction (2). However, as noted by Sitkiewitz and Heller, it
and 1atm partial pressures of oxygen the rate of reactionis likely that if the rate is increased significantly, e.g. by in-
(2) was appreciable and identical in value. Similar findings creasing the level of absorbed UV light, then water depletion
have been reported by Sitkiewitz and Heller in their study of would eventually stop the photomineralisation prod2€j.
the photocatalytic destruction of stearic acid by sol-gel tita- Water droplets typically make a contact angle with
nia films [20]. These findings are consistent with the often Activ'™ of 67°, provided the glass has not been exposed to
observed saturation kinetics, of the Langmuir—Hinshelwood UV light. Upon prolonged (i.e. >60 min using two 8 W ger-
type, associated with semiconductor photocatalysis, i.e.  micidal lamps) exposure to UV light the contact angle drops
down to 0. Thus, if stored in the dark Acti¥ appears to
4) provide a relatively hydrophobic surface but upon prolonged
exposure to UV light it becomes hydrophilic. This feature
wherek is the maximum rate (typically 1.9 nm stearic acid of titania is called photo-induced superhydrophilicity (PSH)
h—1 for Activ™) and Ko, is a constant. UsuallyKo, is and has been known for many years. Thus, as early as 1986
assumed to be the Langmuir dark adsorption constant forthe Nihon Itagarasu K.K. company described in a patent
oxygen adsorbed non-competitively onto the surface of tita- a titanium coated glass plate (Reflight S) which exhibited
nium dioxide. A typical value foiKo, has been reported as PSH|[25]. The authors attributed the phenomenon of PSH
0.044 kPa? for an aqueous powder dispersion of Degussa to the photocatalytic mineralisation action of titania on any
P25 TiG; used to photocatalyse the mineralisation, by dis- organic substances deposited on the surface. However, the
solved oxygen, of 4-chlorophen{23]. In contrast, in this more thorough studies carried out by Fujishima, Hashimoto
work, the kinetics of reaction (2) were studied over the oxy- and co-workers in the last 5 years have established that an
gen partial pressure range 5—-100 kPa and from an analysis oflternative mechanism exists other than the removal of or-
the results usingq. (4)a value forKo, of 0.45+ 0.16 kPa ganic species adsorbed on the surface of titghi26—30]
was calculated for ActiM. The difference between the two  This alternative mechanism appears to involve the trapping
values forKo, is not too surprising given the very different of photogenerated holes at lattice, usually bridging, oxygen
circumstances of the two mineralisation processes, i.e. onesites at, or close to, the surface. Such trapped holes appear
involving near microcrystalline titania particles dispersed in to weaken the bond between the associated titanium and
solution destroying a soluble pollutant and the other a solid, the lattice oxygen. As a result, at such a weakened site oxy-
largely non-porous photocatalyst film destroying an overly- gen is liberated to create an oxygen vacancy, followed by
ing solid film of pollutant. Interestingly, from the above two the dissociative adsorption of water at the site to render it
values ofKo, it appears that oxygen adsorbs more strongly more hydroxylated. Since this process is repeated to lesser
onto the surface of titania when it is covered with stearic and greater extents depending upon the density of surface
acid than when it is dispersed in aqueous solution. Although bridging oxygen groups the result is the photogeneration of
this difference could be simply due to superior competitive a patchwork quilt of hydrophilic domains (typically 10 nm
adsorption by water compared to stearic acid, little should in size) on the surface of a polycrystalline titania film.
be read into these results as the it is not clear how muchSuch a surface is not stable however, and over time, in the
Ko, varies between titania samples prepared by different dark, these newly-formed, weakly-bound hydroxyl groups
methods. desorb to form hydrogen peroxide, or water and oxygen,
The kinetics of reaction (2) were also studied as a function leaving behind a lattice oxygen (usually a bridging oxy-
of temperature over the range 1482 and an Arrhenius  gen). The result of this dark reaction is that a photo-induced
plot of the results revealed a value for the activation energy superhydrophilic titania surface is restored to its original
of 194 1kJmotL. The latter value is similar to the value hydrophilic form when stored for long periods in the dark.
of 16 kJmot reported by this group for the destruction of The photogenerated electrons are assumed to be trapped
4-chlorophenol sensitized by an aqueous dispersion of De-by Ti(IV) sites, as Ti(lll) which is subsequently oxidised
gussa P25 TiQ[24]. The kinetics of reaction (2) were also by oxygen[l]. The overall process can be summarised
studied as a function of relative humidity (0—-100% a5 as follows:
saturated vapour pressure of water24 torr) and found to
be largely invariant over the range 10-100%. At 0% hu- . . Oz.hv=Epe____ .
midity%hg rate was ca. three time% lower than that found at — 101 + H20 < =T-OH HO-T= ©®)

kKo2 Po,

Rate of photocatalysis ——=—=—
P 4 1+ KOZ P02
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(a)
(c) {d)

Fig. 5. Recorded change in water droplet profile as a function of irradiation time for an"Mdlivn. The irradiation times were (a) 0 min, (b) 15min,
(c) 30min and (d) 45 min, respectively. Images, such as these were used to generate the data illustrates! The irradiation source comprised two
8W germicidal lamps, i.e. 254 nm light.

The ubiquitous form of titania, Degussa P25, when cast ason the film after each different period of irradiation followed
a film, also exhibits PSH and has contact angle of €a. 8 by drying in air and subsequent contact angle measurement.
when stored in the dark and When irradiated for 1 h. The  Previous work carried out by others, and confirmed by this
results of the contact angle measurements made on'Attiv  group, showed that air, or nitrogen drying of the films did not
and P25 TiQ are given inTable 1 The forward process in  alter their water contact angl§gk 26]. Fig. 5illustrates some
PSH, i.e.Eq. (5) can be inhibited by placing on its surface of the results of this work, i.e. the observed change in water
a sacrificial electron donor, i.e. a mild reducing agent, such droplet profile as a function of irradiation time for a sample
as sodium sulphite which competes with the bridging oxy- of Activ'™. From these images it is clear that the contact
gens for the photogenerated hfile26]. The reverse process angle made by a water droplet decreases with increasing ir-
in Eqg. (5) is usually slow under ambient conditions, usu- radiation time, as expected frofq. (5) Fig. 6 illustrates
ally taking days to complete. However, this reverse processthe variation in the measured water contact angle as a func-
can be made to occur faster (seconds rather than days) byion of irradiation time for ActiVM. The profile is quite
(a) subjecting the film to ultrasound when dipped in water different to those reported by othej] for sol-gel films
[31] or, (b) mechanical wet-rubbingg2]. Both are scour- in that, initially, the contact angle does not appear decrease
ing processes and presumably provide sufficient energy tomuch with irradiation time but, instead, the rate of drop in
the surface to promote the reverse reaction. Ultrasound alsocontact angle appears to gradually to increase with increas-
generates reducing, as well as oxidizing species, and theseéng irradiation time and hydrophilicity. In contrast, sol-gel
may also play a part in promoting the reverse of reaction (5). films usually exhibit a hyperbolic type variation in contact
A more detailed study of the forward and reverse reactions angle with irradiation timg17,26] Indeed, typically for a
that form the equilibrium process reaction (5) for Aétiv sol-gel titania film, a plot of the reciprocal of the contact
was undertaken. The study of the variation of the contact an- angle versus time yields a good straight line, the gradient of
gle of Activ’™ as a function of irradiation time required that  which provides some measure of the kinetics of the process
after each different period of irradiation the sample be re- [1,26]. Fig. 7 illustrates the observed variation in contact
turned to its original hydrophobic state, with a water contact angle as a function of irradiation time for qué thick tita-
angle of ca. 67. This rapid reversal of PSH was achieved nia film prepared by a sol-gel procd88]. The hyperbolic
by dipping the film in a beaker of water and subjecting it to nature of the contact angle versus time profile is confirmed
6 min of ultrasound from an ultrasound bath. This process of by the very reasonable linearity of a plot of the data in the
rapid return to the original hydrophobic state was carried out form of 1/(contact angle) versus time, illustrated in the insert
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Fig. 6. Variation of water contact angle for Act¥ recorded as a function of irradiation time. The irradiation source comprised two 8 W germicidal lamps,
i.e. 254 nm light. The insert diagram illustrates the observed dark recovery in the contact angle of a UV activaféti flstias a function of time.
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Fig. 7. Variation of water contact angle for anuB thick film of titania prepared by a sol-gel method as a function of irradiation time. The irradiation

source comprised two 8 W germicidal lamps, i.e. 254nm light. The insert diagram illustrates a plot of the data illustrated in the main diagram in the
form of a reciprocal of the contact angle as a function of time.
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diagram inFig. 7. Interestingly, the non-hyperbolic variation cess may not be too temperature sensitive, based as it is on

in contact angle versus irradiation time profile illustrated in a photocatalytic process, most of which have low activation

Fig. 6 has been noted before by others looking at the effect energies, the same cannot be said for the reverse process

of irradiation of fairly thick (0.4 microns) sol—gel films with  which is likely to have a significant activation energy. Deter-

low (0.1 mW cnm?) intensity UV light[27]. Thus, this fea- mination of the activation energies for these two processes

ture of a gradually increasing rate of change in contact angleis the subject of on-going research.

with irradiation time appears to be associated with reaction

(5) carried out under conditions of low absorbed light inten-

sity. The latter can be achieved either by using very thin films 5. Conclusion

of titania (15 nm in the case of Acti!') and moderate UV

light intensities (6.9 mW cr? in this work) or much thicker The commercial product manufactured by Pilkington

films (400 nm) and low (0.1 mW cnif) UV light intensities. Glass, ActivM, is a glass product with a clear, colourless,

It is not clear at present what is the underlying cause of the effectively invisible, photocatalytic coating of titania that

feature, although it does not appear to be to a rapid reversealso exhibits PSH. Although not as active as a film of P25

process since this is very slow at all contact angles compareTiO», ActivT™ vastly superior mechanical stability, very re-

with the light-activated forward process. Instead, it appears producible activity and widespread commercial availability

to be due to a preliminary surface conditioning process, pos- make it a suitable and necessary successor to P25a8@

sibly associated with the removal of a small amount of ad- benchmark photocatalyst film against which all future pho-

ventitious organic impurities in the surface of the titania.  tocatalyst or PSH self-cleaning films should be compared.
In contrast to the forward process, the kinetics of the re-

verse process are relatively easy to measure. Thus, in this

work a typical ActivM sample was irradiated with two 8W  Acknowledgements

germicidal lamps for 60 min and then its water contact an-

gle monitored as a function of time stored in air. After each  The AM and NE thank the EPSRC for grant GR/M95042/

measurement, made under low, ambient light levels, the film 01 and Pilkington Glass plc for their material and financial

under test was dried in air and returned to the dark until support of this work. IPP and SON thank the EPSRC for

its dark recovery was next probed. The results of this work grants GR/M95059 and GR/M82592.

for Activ’™™ are illustrated in the insert diagram Fig. 6.

The recovery of the contact angle of Acti is slow and

its rate slowly decreases with increasing dark storage time.
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