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Abstract

Thick paste TiQ films are prepared and tested for photocatalytic and photoinduced superhydrophilic (PSH) activity. The films are
effective photocatalysts for the destruction of stearic acid using near or far UV and all the sol—gel films tested exhibited a quantum yield
for this process of typically 0.15%. These quantum yields are significantly greater (4—8-fold) than those for titania films produced by an
APCVD technique, including the commercial self-cleaning glass product Btivhe films are mechanically robust and optically clear
and, as photocatalysts for stearic acid removal, are photochemically stable and reproducible. The kinetics of stearic acid photomineralisation
are zero order with an activation energy of ca. 2.5 kJthohll titania films tested, including those produced by APCVD, exhibit PSH.

The light-induced fall, and dark recovery, in the water droplet contact angle made with titania paste films are similar in profile shape to
those described by others for thin titania films produced by a traditional sol—gel route.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tical form of the semiconductor photocatalyst is as a film,
strongly bound to an inert substrate such as glass or ceramic
Semiconductor photocatalysis offers convenient routes [3]. Indeed, several major glass manufacturers, including
to the purification of air and water and the provision of Pilkington Glass and the Pittsburgh Plate Company, have
self-maintaining clean surfacgk,2]. Semiconductor photo-  recently released self-cleaning glass products (Atiand
catalysis is based on the feature that some semiconductorsSunclean™, respectively) which utilise, as their common
in particular titanium dioxide, are able to photocatalyse active ingredient, a thin, strongly bound, nanocrystalline
the complete mineralisation of many organics, including: film of titania that acts as a photocatalyst, for the mineral-
aromatics, halohydrocarbons, insecticides, pesticides, dyesjsation of surface-deposited or gaseous organic pollutants
hormones and surfactants. The overall process can be sumby oxygen, that deposit onto the surface of the g[aés
marised as follows: In addition to its ability to photodegrade organic contam-
. h=Ebg . inants via reaction (1), UV irradiation of titania has been
organicpollutant- O, = mineralized products (1) found to induce a patchwork of superhydrophilicity across
semiconductor the surface, i.e. photoinduced superhydrophilicity, or PSH
whereEpg is the bandgap of the semiconducfby2]. [2,4,5] This property of PSH, along with its semiconductor
This area of research is dominated by the use of titanium photocatalytic activity, is maintained by the UV component
dioxide as the semiconductor photocatalyst since it is bi- of sunlight so that any contaminants on the surface will
ologically and chemically inert, usually very photoactive, either be photomineralised or readily washed away by rain
readily available and cheap. In the early days of this researchwater. The phenomenon of PSH involves the trapping of
the titanium dioxide was used in the form of powder parti- photogenerated holes at lattice, usually bridging, oxygen
cles, either dispersed in solution or weakly bound to some sites at, or close to, the surface of the semiconductor. Such
inert substrate such as glass, or glass fibre. As such systemtrtapped holes weaken the bond between the associated ti-
have developed, and neared, or reached, commercialisatanium and the lattice oxygen, allowing the oxygen to be
tion, it has become increasingly clear that the more prac- liberated, thus creating an oxygen vacancy. The subsequent
dissociative adsorption of water at the site renders it more
* Corresponding author. hydroxylated and, since this process is repeated to lesser
E-mail addressa.mills@strath.ac.uk (A. Mills). and greater extents, depending upon the density of surface
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bridging oxygen groups, across the illuminated surface of final films that are cracked and fragile as an appreciable
the titania, the result is the photogeneration of a patchwork number cycles (>10) are usually required. In a recent paper,
quilt of hydrophilic domains (typically 10 nm in siz¢4]. a method of producing thick (3dm) films of titania was
Such a surface is not stable however, and over some timedescribed and the photocatalytic properties of such films
(typically days), in the dark the photogenerated weakly reported briefly{9]. In this paper, the results of a more de-
bound hydroxyl groups reactively desorb in a manner that tailed investigation of the photocatalytic and PSH properties
returns the surface to its original, more hydrophobic form. of these thick titania films are described and compared with
In PSH the photogenerated electrons are assumed to béhose produced by a traditional sol-gel coating process and
trapped by Ti(IV) sites, thus generating Ti(lll) species which by an atmospheric pressure chemical vapour deposition,
are subsequently oxidised by oxygen. The overall processi.e. APCVD, technique; the latter is currently the preferred
can be summarised by the following reaction equation: method of production of commercial forms of titanium

dioxide coated glass.
hv>Eng,k2

=Ti-O-T=+H,O0 &= =Ti-OH HO-Ti= (2)
dark A,k_»
2. Experimental

whereky andk_» are the hydrophilic conversion rate con-

stants for the forward and reverse processes. There are mang.1. Materials and methods

different methods of preparing thin, usually nanocrystalline,

films of titanium dioxide including: CVD, sputtering and Unless stated otherwise all chemicals were purchased
thermal oxidation. However, the simplest and most popular from Aldrich Chemicals (UK) and used as received. UV-Vis
approach centres on a sol-gel method involving, typically, absorption spectra were recorded using a Lambda 20 UV-Vis
the controlled hydrolysis of titanium(lV) isopropoxide to spectrophotometer (Perkin Elmer, UK). Contact angles were
form an hydroxylated form of titanium(lV) that can be measured using an FTA 200 contact angle instrument (sup-
coated onto an inert substrate, such as glass, by dippingplied by Camtel, UK), details of which are described else-
or spinning[6,7]. In order to complete the process and where[10]. In brief, the system allows CCTV images of the
produce a hard, robust coat of titanium dioxide on the water droplets on the test substrate to be recorded and then
substrate the coated substrate is then usually subjectedused to calculate the contact angles the droplets make on
to a high temperature annealing process, typically°450 the test substrate. All contact angles reported in this paper
for 30 min. refer to water droplets 30 s after the drop has made contact

The sol—gel solutions that are used to produce such tita-with the substrate under test. In demonstrating the PSH ac-
nium dioxide sol—gel films are usually non-viscous and as tion of the titania-coated, and non-coated, glass substrates,
a consequence the final films are often very thin, i.e. less ultra-bandgap irradiation of the films was carried out using
than 100nm and have low absorbances (less than 0.1) intwo 8 W 254 nm germicidal lamps (BDH, UK).
the near-UV region, i.e. 326 A > 380 nm, but high ab- In the study of the photocatalytic activities of the various
sorbances in the far UV, i.e. < 280 nm[6—8]. However, titanium dioxide films, stearic acid was used as the test or-
most of the UV component of sunlight falls in the near-UV ganic material for mineralisation. Stearic acid was chosen as
region and, although cheap, far-UV sources are readily avail- it provides a good representation of the organic solid films
able, such as germicidal fluorescent tubes which emit almostthat deposit on window glass and because it is very readily
exclusively at 254 nm, in practice their general use is unde- deposited to create films that are easily analysed by trans-
sirable as far-UV causes substantial damage to most biolog-mission FT-IR. Each film under test was coated with an ini-
ical systems and can cause cancer. Cheap, efficient, artificiakial layer of stearic acid by dropping 0.3 érof a stearic acid
near-UV sources are also available, such as the ubiquitousin chloroform solution (30 g dm?) onto the surface of the
fluorescent black light bulb (BLB). These lamps are long film and then spinning it at 500 rpm for 10 s. Each film was
lasting (typically >3000 h) and emit a broad bare?Q nm) then placed in an oven at 393K for 30 s and then allowed
of near-UV light centred at 365nm. It follows from the to cool to room temperature. A 1600 FT-IR (Perkin Elmer,
above discussion that the main problem with utilising effi- UK) was used to record the FT-IR spectra and calculate the
ciently near-UV light, either from sunlight or BLBs using integrated area under the stearic acid peaks over the range
titanium dioxide as the semiconductor photocatalyst, is that 2500—3500 cm?, from which the concentration of stearic
the coating would have to be thick, i.e. typically gfn, as acid was calculate@7,10]. Thus FT-IR transmission spec-
well as exhibiting the usual desired features of any coating, troscopy allowed the concentration of stearic acid on a test
i.e. clarity, mechanical robustness, and, of course, high pho-substrate to be measured (in units of molecules of stearic
toactivity. acid cnt2) and monitored as a function of irradiation time.

It is possible to make thick titania films from the typical In the study of the photocatalytic activities of the various
non-viscous sol—gel solutions referred to above using a re-films the irradiation source was either six 8 W BLBs or six
peat “coat and bake” process until the desired thickness is8 W germicidal lamps, each set in a half cylinder unit, with
achieved[5,8]. However, such a procedure often produces a backing aluminium reflector. In either case the sample
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under test was placed on the bench and the irradiation unitall the above titania-coated samples, with the exception of
placed 13 cm vertically above it. The light outputs for the Activ’™, the supporting glass substrates were 2 mm thick,
two illumination sources, i.e. the BLB and germicidal lamps, 25mm diameter, quartz discs. In contrast, the sample of
were determined by ferrioxalate actinomeftt{] to be 76 x Activ’™™ comprised a 15 nm thick CVD coating of anatase
107 and 46 x 10'7 photon cnT? min—1, respectively. titania on 4 mm float glass, with a 30 nm thick Si€urface
layer to prevent alkali-ion migration. All the above films
were tested for photocatalytic activity using stearic acid as
the test substrate.

2.2. Preparation of the thick titanium dioxide films

The preparation of the thick titanium dioxide films is
described in detail elsewhef®]. Briefly 4.65g of acetic
acid were added to 20 ml of titanium isopropoxide under 3. Results and discussion
an inert nitrogen atmosphere. To this were added 120 ml of
0.1 mol dn1 2 nitric acid and, after mixing the reaction solu-
tion, was heated rapidly to 8@ whereupon it turned milky
white and opaque. Within a few minutes at this temperature  Typical UV-Vis spectra of all the substrates under test
the reaction solution gelled but became fluid again within are illustrated inFig. 1 Thus, from the UV-Vis spectrum
1-2h. The reaction solution was maintained at 80for of a blank quartz disc (spectrum (&)ig. 1) it is clear that
8 h whereupon it was allowed to cool to room temperature the underlying substrate is optically clear at all wavelengths
and any remaining aggregate particles were removed using>200 nm. The absorption spectrum of a thin (43 nm) titania
a 0.45um syringe filter. Eighty millilitres of the colloidal  coating prepared by a traditional sol-gel route, i.e. spectrum
solution were then placed in a Teflon pot with lid in an au- (b) in Fig. 1, shows the common spectral characteristics
toclave (Parr Instruments, UK) and heated and maintainedof a titania film[14,15] Thus, it has a trailing edge to its
at 220°C for 12 h. This hydrothermal step was used to grow absorption spectrum in the near-UV which is characteristic
the particles from 5 to 10-15 nm. Upon removal of the solu- of an indirect bandgap semiconductor and a maximum ab-
tion from the autoclave the separated out colloidal particles sorbance at ca. 250 nfit5]. Interestingly, the background
were redispersed using ultrasound. The reaction solution wasabsorbance of this film, most notable at wavelengths where
then concentrated to about 12wt.% using a rotary evapora-the semiconductor does not absorb, i.e. >380nm, is the
tor, followed by the addition of 50 wt.% Carbowax 20M to highest of all the films and is attributed to light scattering.
help prevent the formation of small surface cracks when the Thus, these films have a slight degree of unwanted haze and
paste is cast and allowed to dry. The final form of the ti- so, in our experience, thicker films, prepared by combining
tanium dioxide paste is a white, mayonnaiselike, substancethis traditional sol-gel route with a number of “coat and
which appears stable for many months if kept in the fridge. bake” cycles, appear much more hazy, as well as fragile,
Unless stated otherwise, all titanium dioxide films produced and, therefore, do not offer the optical clarity of the thick
in this work were generated from such a white, titanium (2.7um) titania films prepared via the Ti(Opaste method.

3.1. Spectral features of the prepared films

dioxide paste and so are referred to as ‘Tigaste films”.
Casting the paste to create thick “LiPaste films” involved,
typically spreading 0.6 cfof the titanium dioxide paste on

The UV-Vis spectrum (c), illustrated ifig. 1, is that for
Pilkington Glass ActiVM and a brief comparison of spectra
(b) and (c) might tempt the suggestion that Afvhas a

the surface of a 25 mm diameter quartz disc mounted on amuch thicker coating of titania than the 15 nm specified by
spin coater and subsequently spinning it at 1000 rpm for 2 s the manufactureid 6]. However, the very strong absorbance

and 2500 rpm for 10 s. The films were then left for approx-
imately 30 min until they changed from white to clear and
then calcined in a furnace at 450 for 30 min. The aver-
age thickness of such films was determined to by
UV-Vis spectroscopy. X-ray analysis of the titanium dioxide

of this material at wavelengthe340nm is in fact largely
due to the supporting 4 mm float glass substrate. At 15nm
thick, the titania coating on ActhM is expected to absorb
very little near-UV light (e.g. Absss = 0.033) and not all
far-UV light (e.g. Abssy = 0.332) [14]. The collection of

films showed them to be anatase and SEM analysis showedJV-Vis spectra identified as (d) iRig. 1, are those recorded

that the films comprised particles typically 3L nm in di-

for five different thick-paste Ti@films and show that the

ameter. Previous work showed that such films were largely method of preparation, from the same batch of titania white

mesoporous with an average porosity of 6(%d.2).

paste, is highly reproducible. The spectra (d), illustrated in

In order to effect useful comparisons and place the pho- Fig. 1, also show that the thick paste titania films are opti-

tocatalytic activities of the Ti@paste films in context, thin
(ca. 43nm) films of titania were prepared by a traditional
sol-gel routg]6], using a non-viscous coating solution. In
addition, APCVD films of titania on quartz were prepared
[10] via a similar route to that associated with Pilkington
Glass ActiVvM and, finally, samples of Acth¥ were ob-
tained from Pilkington Glas$13]. In the preparation of

cally clear, and exhibit a similar clarity to Acil!. Finally
spectrum (e) irFig. lillustrates the relative emission spec-
trum of an 8 W BLB and highlights the significant degree of
light absorption that is achieved with thick films of titania
(e.g. 58% for the typical 2.4m films) and the poor degree
of absorption (0.075%) exhibited by thin (43 nm) sol—gel
films prepared by a traditional route. Obviously the degree of
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Fig. 1. UV-Vis absorption spectra of (a) 2mm thick, 25 mm diameter quartz disc, (b) 43 nm titania film produced by a traditional sol-gel method, (c)
4mm Pilkington ActivM glass and (d) five thick (2,Zm) TiO, paste films produced from the same batch of white titanium dioxide paste; (e) is the
relative emission spectral profile of a 365nm 8 W BLB.

light absorption by ActiVM (15 nm) will be even lower (ca.  rate of removal of stearic acii¥,8,17—20] Previous work

0.026%) than the thin sol—gel films, but this fact is not ap- shows that the removal of stearic acid by semiconductor
parent from the UV-Vis spectrum of Actil since, asnoted  photocatalysis usually produces no film component, other
previously, its absorption spectrum is dominated by that of than stearic acid, that is detectable by FT-IR. This work also
the 4mm float glass supporting substrate. Several of theshows that no gas products, other than carbon dioxide and

optical features discussed above are summarisédhbie 1 water, are generated during the course of the photocatalytic
procesg§18,19] In addition, research shows that the ratio of
3.2. A comparison of photocatalytic activities the number of moles of stearic acid lost due to the disappear-

ance of stearic acid to the number of moles of carbon dioxide
A common method used to provide a measure of the pho-generated at the same time is in the stoichiometric ratio of
tocatalytic activity of a new material involves monitoring the 1:18[18]. From the results of this work it appears reasonable

Table 1

Optical and photocatalytic properties of titania-coated glass samples

Film type Film thickness, Wavelength Rate,R; FQE Fraction of light Quantum yield
d (nm) (absorbance) (x10molecules/crémin)  (10~* molecules/photon) absorbedf? (x1073)

Paste (thick) 2700 254 (>5) 69-105 16-22.9 1 0.16-0.23

Paste (thick) 2700 365 66.0 8.7 0.58 0.15

Paste (thin) 54 254 (1.162) 69.1 15.0 0.93 0.16

Paste (thin) 5% 365 15.9 2.1 0.12 0.18

CVD (thin) 52 254 (1.128) 15.3 3.4 0.93 0.04

ActivT™ 15 254 (0.338 47 1.0 0.53 0.02

ActivT™™ 15 365 (0.0326) 0.6 0.07 0.07 0.01

Traditional sol-gel 43 254 (0.942) 72.8 15.8 0.89 0.18

Traditional sol-gel 43 365 8.8 1.2 0.075 0.16

aFormal quantum efficiencfi0], 8, calculated as = rate of stearic acid destruction (molecules removed)tncident light intensity (photons cn?).

b Calculated usingf = (1-107A°S*)) [14] for 254 nm irradiations or, for 365 nm irradiations, from an analysis of the overlap of the UV-Vis spectra
of the film with that of the emission spectrum of the lamp (using the datidn 1). For Activ™™ the value off was calculated from the estimated
absorbance of the film at 365 nm; vide infra.

¢ Quantum yield,¢, calculated ag = §/f.

d Calculated using the formuld4]: Abs, = 0.434,d, the data for Abgs, in this table and a value afsss = (5.14 0.5) x 10°cm L.

€ Calculated using the formulpl4]: Abs, = 0.434x,d, a given film thickness of 15nm and a value@ss = (0.5+ 0.5) x 10°cm L.
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to assume that the kinetics of the disappearance of stearic3.3. Kinetics of photocatalysis

acid, as measured by the FT-IR method employed in this

work, for example, is also a direct measure of the kinetics
of the photocatalytic destruction of stearic acid; the overall
process which may be summarised as foll¢wa 7—20]

C17H3sCOOH+ 260, 23"

18CQO + 18H,0 3)

As this process involves the transfer of 104 electrons it would
appear likely that the maximum quantum yield for this pro-
cess should be 1/104, i.e. about 0.01.

Using transmission FT-IR spectroscopy it was possible

The kinetics of the photocatalytic destruction of
stearic acid, via reaction (3), were studied as a func-
tion of initial stearic acid concentration, over the range:
(1.2-56) x 10 molecules of stearic acid ¢, which can
be shown to be equivalent to a stearic acid layer thickness
range of 64—-300 nni21]. Some of the [stearic acid] versus
irradiation time decay profiles did show some evidence of a
tail to the decay profiles, particularly at high stearic acid lev-
els, as illustrated ifrig. 2 This latter feature may be due to
the accumulation of a small amount of material that is more

to measure the rates of stearic acid photocatalytic destruc-difficult to destroy, as suggested by othi8]. However, for

tion sensitised by the various titania films under test using
both blacklight bulbs and germicidal lamps as the irradia-
tion sources. The results of this work are givenTable 1
and show that the thick paste titanium dioxide films exhibit
a similar rate, and formal quantum efficiency (FCJED],

for the destruction of stearic acid using either near-UV or
far-UV light. In contrast, thin titanium dioxide films, made
either using a diluted form of the paste or using a traditional
sol-gel method, exhibited very low FQEs for stearic acid
removal using near-UV light, but were much more efficient
when far-UV light was used instead. The difference in rate,
and FQE, exhibited by traditional (thin) sol—gel films, and
thin paste films for that matter, is mainly due to the differ-
ent extent that the film is able to absorb near-UV (ca. 7.5%)
and far-UV (ca. 89%) light. Such differences are eliminated
if the quantum yields, rather than FQE’s are calculated. In-
deed, what is striking about all the sol—gel films tested, in-
cluding the traditional sol-gel and thin Ti(praste films, is
the very similar value for the quantum yield for the destruc-
tion of stearic acid, i.e. typically 0.16%, at excitation wave-
lengths of either 365 and 254 nm (Sksble J). Interestingly,
titania coated by an APCVD method onto quartz or Pilk-
ington Glass ActiVM (also prepared by an APCVD method
but onto 4 mm float glass) exhibited a significantly lower
guantum vyield for the photocatalytic removal of stearic acid
compared with that for any of the sol—gel films tested. The
reasons for this striking difference in photocatalytic activity
are not clear, but may be due to porosity, since it is known
that the sol—gel films are highly poro{@] whereas, from
SEM imaging, the APCVD titania films appear much more
compact[10]. The results inTable 1show that thick tita-
nium dioxide films are able to utilise near-UV light for the
photocatalytic destruction of stearic acid far more efficiently
than thin titanium dioxide films produced by the traditional
sol-gel route, or by APCVD methods. From the results in
Fig. 1it is also clear that such thick films exhibit a high

the most part, the rate of decay appeared largely independent
of the stearic acid concentration as illustrated by the results
in Fig. 2, and a plot of the initial rate versus [stearic acid],
illustrated in the insert diagram &fig. 2 Such zero-order
kinetics for reaction (3) have been reported by others in sim-
ilar studies and are usually attributed to the complete cov-
erage of the titania photocatalyic active sites by the stearic
acid [7,18]. This appears a likely situation in this work
given that the initial stearic acid concentrations employed
corresponded to 26—120 monolayers of the substance.

3.4. Reproducibility and repeatability

As noted above, five thick (2)/m) paste films were
prepared. From their UV-Vis (spectra (d)fig. 1), they ap-
peared optically very similar. Their photocatalytic activities,
under near-UV irradiation, were also tested and the observed
variations in the integrated areas under the stearic acid FT-IR
peaks as a function of irradiation time are illustrateHin 3.
From the results of this work it appears that the photocat-
alytic ability of each of these five films to destroy stearic acid
via reaction (3) is very similar. Indeed a plot of initial rate
versus sample number, illustrated in the insert diagram of
Fig. 3 reveals an average rate (0.21 Abs unitsTin6.6 x
10" molecules of stearic acid crd) that is largely indepen-
dent of the sample number. Thus, thick }iPaste titania
films produced from the same batch of pi(aste ap-
pears to produce very reproducible films. Typically these
films exhibited a quantum yield for reaction (3) of 0.15%
(see Table 1. However, more recent work, carried out
using different batches of the titania paste revealed some
batch-to-batch variation in activity; with some batches
reaching quantum vyields up to 0.23% (sEsble J)). This
variation appears largely due to the age of the paste, with
freshly made pastes appearing slightly more active than
ones that have been stored for some time. Presumably this

degree of optical clarity and therefore appear attractive as adifference in photocatalytic activity is due to a slow par-

coating for glass. These thick Ti(paste films are reason-

ticle aggregation process, with older films, comprised of

ably robust and are resistant to damage by the 3M Scotchslightly larger particles, exhibiting a diminished effective
TapdM test and abrasion by pencils with a hardness up to surface area for photocatalysis and, therefore, a reduced

HB [7]. In the following section the photocatalytic removal
of stearic acid by these thick Ti(paste films is examined
in more detail.

photocatalytic activity and quantum vyield.
The elegant work of Pichat and co-workd?] in the
early 1990s established that the same sample of titania, such
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Fig. 2. Kinetics: plot of a series of profiles of the integrated area under the stearic acid peaks, as measured by FT-IR, as a function of irradiation time
using six 8 W BLBs as the irradiation source. Each profile corresponds to a different initial amount of stearic acid, but the sametigakt&i@m

was used throughout. The insert diagram is a plot of the initial rate (taken from the data in the main diagram) as a function of initial stearic acid
concentration (as determined from the measured initial integrated area).
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Fig. 3. Reproducibility: plot of a series of profiles of the integrated area under the stearic acid peaks as a function of irradiation time, using six 8 W
BLBs as the irradiation source. Each profile corresponds to a different thick JaSte film, made from the same batch of white paste in an identical
manner. For each film tested the initial stearic acid concentration was kept the same. The insert diagram is a plot of the initial rate (taken faom the dat
in the main diagram) as a function of film sample number.
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Fig. 4. Repeatability: plot of a profile of the integrated area under the stearic acid peaks as a function of irradiation time, using six 8 W BLBs as the
irradiation source. The series of decay profiles were recorded using the same thjckaBi® film. The broken lines indicate the point of addition of a
further amount of stearic acid after the complete removal of the last one.

as Degussa P25, is able to photocatalyse the destruction ofange 3.6—61.4nm, given Aps= 0.434x,d, whereq;, is

an organic test pollutant (such as 4-chlorophenol) repeat-the absorption coefficient of titania at wavelengttwosg =
edly without exhibiting any evidence of wear, poisoning or 5.1 x 10°cm~1) andd is the film thickness (cm14]. The
photoaging. Encouragingly, as illustrated by the results in initial rates of destruction of stearic acid via reaction (3) us-
Fig. 4, thick paste titania films appear able to mediate the ing far-UV, 254 nm, light were determined for each of the
photodestruction of stearic acid, via reaction (3), many times titania paste films of different thickness and the results plot-
without exhibiting any evidence of activity loss. It can be ted as a function of fraction of light absorbed at 254 nm,
shown that an integrated area under the stearic acid peaks ofe. fosa(= 1-10"APS259) [14], as illustrated in the insert
14 cnt ! is equivalent to a stearic acid layer comprising 95 diagram inFig. 5. The latter plot appears a good straight
monolayers and is ca. 0.238n thick [21], since a mono-  line indicating that the rate of photoreaction (3) is directly
layer of stearic acid is ca. 2.5 njh7]. Thus, from the results ~ proportional to absorbed light intensity. Many studies of a
of the repeatability study illustrated Fig. 4, since the typ- variety of different photocatalytic reactions of the sort sum-
ical initial integrated stearic acid area is ca. 13¢it fol- marised by reaction (1), sensitised by titania, reveal that the
lows that after five cycles the thick paste film has removed overall rates of reaction are proportional to absorbed light
ca. 1.1um of stearic acid in ca. 250 min of irradiation time, intensity (aps) at low absorbed light leve[4,23,24] In con-

i.e. at a rate of ca. 4.4nmmif and a thickness equivalent trast, at high absorbed light intensities it is usually found
to ca. 40% of the thickness of the Ti(paste film. Blank  that the rates of such reactions are proportionaﬁfé, thus
experiments show that no stearic acid is removed under thejndicating that electron—hole recombination is the dominant
same irradiation conditions, if the titania photocatalyst film procesg1,23,24] Since in this work the initial rate of re-

is absent. action (3) is proportional toaps, it is possible to estimate,
from the gradient£0.33 Abs min1) of the line of best fit to
3.5. Light intensity effects the data in the insert diagram kig. 5, an overall quantum

yield for the process of 0.23%, given that the incident light

A series of titania paste films of different thickness on intensity was 46 x 107 photons crm? min~. This value for
quartz were prepared by using different spin speeds and di-the quantum yield differs slight from the average value re-
lutions of the original paste. The UV-Vis absorption spectra ported earlier of 0.15% and which appeared common to all
of these different films are illustrated ig. 5and show that ~ the sol—gel films tested. However, as noted earlier, the en-
all the films have a similar spectral shape and have effec-hanced value of 0.23% is attributed the freshness of the ti-
tive absorbances at 254 nm that span the range 0.077-1.327tania paste used to make the films used in this part of the
It follows from this data that their thicknesses span the work.
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Fig. 5. UV-Vis spectra of a series of thin (3.6-61.4 nm) Fi@aste films prepared by using a combination of different spin coating speeds and diluting
the original white titania paste. The insert diagram is a plot of the measured rate of removal of stearic acid as a function of the fraction of 254 nm light
absorbedf;ss. In this work six 8 W germicidal lamps were used as the irradiation source.

A similar direct relationship between initial rate and ab- ation are illustrated irFig. 6. From these results it appears
sorbed light intensity, was found when near-UV (BLB) light that the porous nature of the films renders their surfaces rea-
was used. The latter observation is not too surprising given sonably hydrophilic, without UV illumination. Thus, for a
that such a relationship is expected at low absorbed light typical initial, i.e. non-irradiated, Ti@paste film the water
intensities and théaps values for the near UV study were  droplet contact angle is ca. 25which is low compared to
much less than those for the far UV study. Thus, although the plain glass (ca. 40 and non-irradiated traditional sol-gel,
near-UV incident light intensity from the six BLBs was 65% (55°) Activ'™ (67°) titania films. Degussa P25 films on
greater than that used in the far-UV study (Ssstion 2, glass, although very fragile, are also exceedingly porous and
the absorbances (and therefore, degree of light absorption}thus exhibit an even lower initial water droplet contact angle
of the films were significantly less in the near-UV, compared (8°) [10]. The surface of a thick Ti@paste film is rendered

to the far-UV. highly hydrophilic upon ultra-bandgap illumination, as il-
lustrated by the associated water droplet profile illustrated
3.6. Rate as a function of temperature in Fig. 6. Indeed, all titania films tested exhibited the fea-

ture of photoinduced hydrophilicity, so that after prolonged
The kinetics of reaction (3) were studied briefly as a func- (60 min, two 8 W germicidal lamps) UV irradiation all had
tion of temperature, over the range 2040 An Arrhe-  water droplet contact angles of.0The CVD and ActivM
nium plot of the initial rate as a function of temperature, i.e. films appeared to take a little longer than the sol—gel films
In(r;) versusT~1, revealed an overall activation energy of to reach this superhydrophilic state. All fims could be re-
2.5kJmot L. This low activation energy appears in line with  turned to their initial, more hydrophobic state, without any
the findings of others who have reported, for reaction (1) sen- apparent detriment to their photocatalytic or PSH proper-
sitised by titania, values ranging froml7 to —15 kJ mot* ties, upon subjection to ultrasound, from a ultrasound bath,
[25]. An activation energy of 2.5 kJ mot is near to the zero  for 6 min [26].
value expected if the overall rate of reaction (3) depends The variation of the water droplet contact angle on the sur-
simply upon the rate of generation of electron—-hole pairs. face of a thick paste Ti@film as a function of ultra-bandgap
irradiation time was determined and the results are illus-
3.7. Photoinduced superhydrophilicity trated inFig. 7. From these results it appears that the thick
TiO2 paste film exhibits the typical hyperbolic dependence
The profiles of a typical water droplet on the surface of of contact angle with irradiation time that has been observed
thick TiO» paste film before and after ultra-bandgap irradi- by others for 240 nm thick films produced by a traditional
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(a) (b
Fig. 6. CCTV images of a water droplet, 30s after its initial deposition, on the surface of a thickp&Se film (a) before and (b) after 30 min

irradiation with two 8 W germicidal lamps.

sol—-gel routeg5]. Note: three “coat and bake” cycles were are typical of those observed by others for titania films at
needed to produce these films. The latter workers producelow absorbed light intensitid$].

evidence that the reciprocal of the contract angle corresponds In contrast to the light-driven, forward process of PSH,
to the density of the sites for surface hydroxyl groups re- i.e. reaction (2), the kinetics of the dark recovery of the
constructed by UV irradiatiofb]. A plot of the results illus- ~ water contact angle with time appear biphasic, as illustrated
trated inFig. 7 in the form of the reciprocal of the contact by the results for a typical thick Ti©paste in the insert dia-
angle versus irradiation time generates a good straight line ofgram ofFig. 7. Once again the observed behaviour for these
gradient k> (see reactiori2)) = 0.012 deg ! min—1) which thick titania films appears similar to that reported by other

30
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Fig. 7. Plot of the measured variation in contact ang)eas a function of irradiation time for a thick TiOpaste film. The solid line is a line of best fit
based on a hyperbolic decay profile. The insert diagram illustrates the recovery in contact angle as a function of time left in the dark.
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