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Production and Testing of Novel Photocatalytic TiO2 Surface-
Exposed Nanoparticle (TiO2-SEN) Thin Plastic Films

Aaron McNeill, Nathan Wells, Yikai Xu, Xinyuan Li, Steven E. J. Bell and Andrew Mills*

School of Chemistry and Chemical Engineering, David Keir Building, Stranmillis Road,
Belfast, BT9 5AG, UK.

Abstract: Flexible, surface-active, polystyrene-based, optically transparent films, embedded
with a coating of commercially sourced titanium dioxide nanoparticles (Evonik P25), are
made by coupling the protonated TiO: particles with an anionic phase transfer agent
(tetraphenylborate), to create an ion paired species that is drawn to a water/dichloromethane
(DCM) interface to form a monolayer. The latter is subsequently embedded in a thin
polystyrene (PS) film, typically 2.5 pum thick, by allowing the DCM to evaporate. The
resulting clear TiO2 Surface-Exposed Nanoparticle (TiO2-SEN) thin plastic films are
characterised using scanning electron microscopy (SEM) and found to have 25.3 + 5.4 nm
nanoparticles exposed to the air on one side and PS on the other. The photocatalytic activity
of these films is demonstrated using a number of different tests including: the photo-
oxidation of 4-chlorophenol (4-CP) and methylene blue (MB) and the photoreduction of
resazurin (Rz) and MB. In most of these tests the photoactivity of the film is more than

double compared against that of a commercial photocatalytic film, Activ™.
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1. Introduction

Nanomaterials have been the subject of increasing research interest, due to their novel
properties compared to those of the bulk material. The change in optical [1], electronic [2]
and in some cases magnetic properties [3] is a result of the quantum confinement effect, in
which the energy levels of the particle become discrete when its diameter approaches the de
Broglie wavelength of the electron wavefunction [4]. These properties can also result from
the interaction between nanoparticles when packed in two- or three-dimensional arrays [5].
Nanoparticles are also of particular interest in catalysis, due to their large surface area to
volume ratio. However, due to their size, it can often be difficult to separate the nanoparticles
from the reaction mixture, especially on a large scale.

A common approach to creating a packed 2D array of nanoparticles is via a self-assembly
synthetic route, a notable example of which are Metal Liquid-Like Films (MeLLFs), which
are formed through the -electrostatic attraction between charged aqueous colloidal
nanoparticles of metals, typically Ag or Au [6, 7], and hydrophobic promoter molecules
(usually a phase transfer agent) of opposing charge. The preparation of a MeLLF is very
simple; an aqueous colloid of electrostatically stabilised, i.e. charged, nanoparticles are
shaken with the corresponding promoter/phase transfer agent, dissolved in an organic solvent
with a suitably low miscibility with water such as chlorinated solvents. Shaking this two-
solution mix produces emulsion droplets with the colloidal metal particles assembled as a
film at the droplet surfaces. When the emulsion is left to settle, the droplets coalesce to form
a monolayer of colloidal particles at the final interface of the two immiscible solvents,
usually water and dichloromethane (DCM). Although the term ‘MeLLF’ implies that such a
monolayer can only be made only with metal nanoparticles, such monolayers have also been
formulated using non-metal and metal oxide nanoparticles, such as y-Fe2O3 [8], silica and
titanium dioxide [9]. The main obstacle of using MeLLFs for different applications is that
they are not robust and so cannot be used outside of the initial liquid-liquid interface at which
they are formed, which obviously places a severe constraint on how and where they can be
used.

Recently, this group has reported a method for preparing robust, flexible 2D MeLLF films
involving their deposition on a thin polymer film bed [10]. In these nanoparticle polymer
films, or ‘Surface-Exposed Nanoparticle’, i.e. SEN, plastic films, the nanoparticles are
partially embedded in the polymer film, usually polystyrene (PS), but other polymers have

been used [10]. Thus, Au- or Ag-SEN plastic films have been used to catalyse reactions or



promote the detection of analytes by SERS [10]. Despite the formation of interfacial
monolayers of metal oxide nanoparticles, no SEN plastic films made from such nanoparticles
have been reported to date. TiOz2-coated plastic films have been reported previously and are
usually prepared using techniques such as high-power impulse magnetron sputtering [11],
sol-gel deposition [12, 13] and polymer extrusion using photocatalytic powders [14]. The
former two processes produce clear films but can usually only be deposited on thick (>100
um) and therefore not very flexible plastic films either due to high local temperatures, as in
magnetron sputtering, or the need for a post-annealing step, as in sol-gel deposition. In
addition, an undercoating of silica is often required to prevent the photocatalyst from
degrading the polymer substrate and to provide the necessary adhesion for the TiO: film.

Thin films of nanoparticulate TiO2 are found in many commercial photocatalytic products,
such as self-cleaning glass [15], tiles [16], awning material [17], concrete [18] and paint [19].
Of these, the most well-known photocatalytic product is photocatalytic glass, an example of
which is Activi™, sold by Pilkington Glass-NSG. Activ'™ is made by chemical vapour
deposition, CVD, in which a gaseous TiO2 precursor is brought in contact with hot glass
(>450°C), whereupon the thermal decomposition of the precursor occurs on the surface of the
glass and results in the formation of a thin (ca. 15 nm thick) layer of anatase TiO2 bound to
the surface [20]. Activ'™, is readily available commercially and often used as a benchmark
with which to compare the performance of any new, nanoparticulate, thin TiO2 photocatalytic
films, including those on plastic films [21]. Thus, in this work we describe the first
preparation and characterisation of a TiO2-SEN thin plastic film (<<100 pm) and compare
and contrast its performance as a photocatalytic film, with that of a commercial
nanoparticulate film, namely Activ’™. Note, that unlike Activ’™ glass, the TiO2-SEN plastic
film is inexpensive, easy and simple to make, with no high-temperature annealing step; in
addition, the film itself is flexible. However, like Activi™ glass, it is optically clear and, as

we shall see, photocatalytically active.

2. Experimental Section

2.1. Materials

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich and used as
received. P25 TiO2 powder was supplied by Evonik, and comprises particles (fundamental
particle size: ca. 25-30 nm) which are a mixture of anatase and rutile phases (typically 70—

80% anatase), with a surface area of ca. 50 m?> g ' [22].



2.2. TiOz Dispersion

An opalescent dispersion of the P25 TiO2 nanoparticles particles P25 solutions was made
using a combined sonication-centrifugation process that has been reported elsewhere [23].
Briefly, in this method, P25 powder (1 g L) is dispersed in 0.01 M HCI (pH 2), and the
large, aggregated TiO2 particles broken up by exposure to 5 min of ultrasound delivered by a
tapered microtip Soniprobe (Lucas Dawe Ultrasonics). The resulting dispersion of TiOz is
then centrifuged three times at 2500 rpm for 20 minutes (Hermle Z200A Centrifuge), so as to
allow the removal of the remaining large, aggregated particles which formed a solid residue.
The resulting TiO2 colloid has a slight translucency and a pale brown/yellow colour, as
illustrated by the photograph in Figure S1. In this work, the loading of the TiO2 colloid was
determined as ca. 67 mg L. In contrast, a dispersion of the same loading with P25 powder is

opaque (see Figure S1), due to the higher proportion of highly scattering TiO2 aggregates.

2.3. TiO2 Surface-Exposed Nanoparticle (TiO2-SEN) Plastic Film

The method employed for producing the TiO2-SEN plastic film used through this work was
similar to that used for making MeLLF films, but with an organic-soluble polymer, such as
polystyrene, added to the system. The key synthetic steps are illustrated in the schematic in
Figure 1.
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Figure 1. Schematic illustration of the fabrication process of TiO: Surface-Exposed
Nanoparticle (TiO2-SEN) plastic film.




Briefly, 5 mL of the aqueous TiO2 dispersion were shaken with 1.2 mL of 10* M aqueous
solution of the promoter/phase transfer agent (sodium tetraphenylborate, NaTPB), to which
were added subsequently 3 mL of a 0.05 g mL™! solution of polystyrene (Molecular Weight =
192,000) in DCM and the whole biphasic mixture of solutions shaken vigorously. The pH of
the aqueous TiO2 dispersion was 2 and, since the pzc of P25 is ca. 5.9 [24], it follows that the
TiOz2 particles are positively charged, and so readily ion-pair with the lipophilic anions of the
phase transfer agent, NaTPB, which then collect at the water/DCM interface of the emulsion
droplets formed upon shaking the biphasic solution, as illustrated in Figure 1. The resulting
emulsion, generated by shaking, was transferred to a polypropylene 50 mm diameter Petri
dish and the mixture was gently swirled until a thin polymer layer formed on top of the
aqueous phase, due to the slow evaporation of the DCM. The lid of the Petri dish was then
lifted off slightly to accelerate the evaporation process and as the organic solvent evaporated,
the polystyrene layer thickened. Note: as indicated in Figure 1, as a consequence of this
evaporation process the TiO2 nanoparticles, initially gathered as a 2D monolayer at the water
DCM interface, and whilst still exposed on the aqueous side of the interface, slowly partially
embed themselves in the polymer film forming on the DCM side. After a couple of hours, all
the DCM had evaporated, and the transparent TiO2-coated PS film was cut out with a scalpel,
and water added to float off the plastic film. Once floated, it was then scooped out and placed
on a flat hydrophobic surface (to prevent film sticking) and allowed to dry further for at least
an hour. The TiO2-SEN plastic films were then stored in the dark under ambient conditions.
For comparison, a blank SEN plastic film (i.e. a thin PS film) was also made using this
method but with 5 mL of double distilled water replacing that of the P25 TiO2 colloid. Note
that unlike SEN films based on metal colloids, which are usually highly coloured, a TiO2-
SEN plastic film is clear and colourless and identical in appearance to that of a plain PS film

made using the same procedure.

2.4. Aqueous Solution Photocatalytic Oxidation and Reduction Tests

In this study the photocatalytic activities of the TiO2-SEN plastic film and a sample of
Activi™ glass were probed using a number of different aqueous solution test systems,
namely, (a) the photooxidation of: (i) 4-chlorophenol (4-CP) and (ii) methylene blue (MB) by
oxygen and (b) the photoreduction of resazurin by glycerol. In all cases these reactions were
studied using a 1 cm fluorescence cuvette as the reactor and UV-Vis spectrophotometry was
used as the method of monitoring reaction progress. In the case of the TiO2-SEN plastic film

a 1 cm? (8 mm x 12.5 mm) piece of the TiO2-SEN plastic film was fixed to the wall of the



cuvette using double-sided Sellotape. In the case of Pilkington Activ'™ glass, a small window
of 1 cm was cut into a cuvette and a piece of Activ’™ attached to the side so as to act as a
photocatalytic window. The reaction solution volume was always 3 mL and was always
stirred using a Teflon-coated crown shaped magnetic stirrer bar. The cuvette reactor was
placed inside a UV-Vis spectrophotometer so that the photocatalyst film was parallel to the
monitoring beam. This arrangement allowed the photocatalyst film under test to be irradiated
with UV light from the UV LED, which was placed perpendicular to the monitoring beam,
whilst monitoring any change in UV-Vis spectrum of the reaction solution at the same time.
The irradiance of the UV light shining on the film in this setup was typically 42 mW c¢cm™ and
was provided by a 365 nm UV LED, vide infra. A schematic illustration of the irradiation set

up is illustrated in Figure S2.

2.5. Ink Film Photocatalytic Tests

As well as aqueous photocatalytic systems, the photoactivity of the TiO2-SEN plastic film,
and that of a sample of Pilkington Activ'™, were assessed by monitoring the photoreduction
of the dyes: resazurin, Rz, and methylene blue, MB, in ink coatings. The Rz and MB inks
were made using the following formulation: 1.5 wt% aqueous hydroxyethylcellulose (HEC)
(MW = 250,000) solution, 0.1 g mL™! glycerol, 1 mg mL™! of dye (Rz or MB) and 20 mg of
polysorbate 20 (PS20). Each ink was spread onto the photocatalyst film under test using a K-
bar (#3) [25] to give a wet ink film of thickness 24 pum, which, when allowed to dry in the
dark (20 min), forms an ink film of thickness ca. 2.1 um, as determined by analysing the
interference fringes of a UV-Vis spectrum using the Swanepoel method [26]. Once dried,
these ink film coatings, on the photocatalytic films under test, were then irradiated with UVA
light (2 x 15 W BLB tubes, Amax emission: 352 nm, irradiance: 1.6 mW cm?) and the
photocatalytically-induced colour change in the film monitored wusing UV-Vis

spectrophotometry.

2.6. Methods

All UV-Vis spectrophotometry was performed using an Agilent Cary 60 UV-Vis
spectrophotometer. Digital images were taken using a Canon 1200D. FT-IR absorption
spectra were recorded using a Perkin Elmer Spectrum 1. Scanning Electron Microscopy was
carried out using a FEI Quanta FEG 250 on samples that were first sputter-coated with gold

using a Q150T sputter coater (Quorum Technologies). UVA irradiations were performed with



either a 365 nm LED (irradiance: 42 mW cm™?) from RS Components (829-0841, LZ1-
10UV00) or a Blak-Ray® XX-15 lamp housing, fitted with: 2 x 15 W BLB tubes, Amax
emission: 352 nm, irradiance: 1.6 mW cm (Cole-Parmer).
3. Results and Discussion

3.1. Characterisation

The UV-Vis spectrum of the TiO2-SEN plastic film, along with that of a PS film without
TiO2 and a sample of Activ™™, were recorded and the results are illustrated in Figure 2. In the
case of the TiO2-SEN plastic film, by comparing the UV-Vis spectrum with that of the PS
film only, the presence of TiO: is evident from the additional absorbance in the UV region, as
is the presence of the PS which has a peak at 260 nm, and which can also be seen in the UV
absorption spectrum of the PS only film. The UV absorption spectrum of the sample of
Activi™ also suggests the presence of TiO2, with its strong absorption in the UVA region,
although a significant component of this will, in fact, be due to the underlying 4 mm glass
support substrate. The photograph of the TiO2-SEN plastic film in Figure 2, held between
tweezers, helps to illustrate its striking optical clarity, which appears on a par to that of
Activi™ glass, and its delicate nature (at 2.5 um, it is > 16 times thinner than a human hair).

The organic nature of the support substrate in the TiO2-SEN plastic film, namely
polystyrene, i.e. PS, raises the concern that the PS is likely to be readily photo-oxidised by
the TiO2 particles when the TiO2-SEN plastic film is exposed to ultra-bandgap irradiation.
This feature would be an obvious flaw in this new material, although some in-built slow

photodegradation, might be attractive for some applications.
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Figure 2. (a) UV-Vis spectra of a TiO2-SEN plastic film (black), Pilkington Activ’™ glass
(blue) and a blank polystyrene (red). (b) Photograph of a TiO2-SEN plastic film held by a set
of tweezers over a printed sheet to illustrate its clarity.

However, PS is quite difficult to oxidise, even by semiconductor photocatalysis, and other
work carried out on the TiO2-SEN plastic film, using FTIR spectroscopy to monitor the PS,
revealed no change in the PS part of the TiO2-SEN plastic film after 1 week of continuous
UVA irradiation (365 nm LED, irradiance: 42 mW cm™). Indeed, the film remained crystal
clear throughout the prolonged irradiation and retained its original photocatalytic activity, as
assessed using the Rz ink test. Thus, the TiO2-SEN plastic film appears a relatively stable
photocatalytic material, as was also demonstrated in some of the photocatalyst tests, vide
infra.

Scanning Electron Microscopy was used to examine the surfaces of the TiO2-SEN plastic
film, Activi’™ and blank (no TiO2) PS film and the results of this work are illustrated in
Figure 3. In the TiO2-SEN plastic film, the nanoparticles form a surface-exposed monolayer
that is partially embedded in the PS on the one side, but not on the other (Figure S3); the
latter SEM was in fact identical in appearance to that of the ‘blank’ PS film illustrated in
Figure 3(d). The amount of TiOz in a 100 cm? sheet of the TiO2-SEN plastic film, determined



by burning off the polystyrene in a crucible and weighing the residue, was 520 pug, making
the loading of TiO2-SEN plastic film ca. 5.2 ug cm, which equates to ca. 0.92% of the mass
of the film. SEM measurements of film thickness (see Figure 3(b)) for a typical TiO2-SEN
plastic film revealed an average value of ca. 2.5 pm. A close inspection of the SEM for the
Ti02-SEN plastic film i.e. Figure 3(a), revealed an average particle size of 25.3 £ 5.4 nm.
Similarly, the same analysis of the classic cobblestone appearance [21] of the surface of the

sample of Activ'™, see Figure 3(c), revealed an average particle size of 30.2 + 2.7 nm.

Figure 3. SEM images of a TiO2-SEN plastic film, both (a) plan view of the surface and (b) a
tilted view of a cut edge, (c) Pilkington Activ’™ glass and (d) a blank SEN film (i.e. PS only
—no TiO2). Scale bar for all images is 1 um.

3.2. 4-Chlorophenol Degradation Test

One of the most commonly studied solution-based systems for testing new and established
photocatalytic materials is the photooxidation of 4-chlorophenol (4-CP) in the presence of
oxygen, mediated by TiO2[27, 28], i.e.

*FEFEE}E
CaHyCIOH + 20y —= 6C0; ~2H,0+HC (1)
Ti0,



The complete photocatalytic mineralisation of 4-CP by P25 has been well established [ref].
However, since in this work only the disappearance of 4-CP, and any UV/Visible absorbing
intermediate species, is observed, it is more correct to refer to this test as the photo-oxidation
or destruction of 4-CP, rather than its mineralisation.

4-CP is an ideal test pollutant of UVA absorbing semiconductor photocatalysts, such as
TiOz2, in that it does not absorb much, if at all, in this wavelength region (Amax absorption 4-
CP = 225 and 280 nm) and so is relatively stable in air-saturated aqueous solution when
irradiated with UVA radiation. Although this test is most commonly used to probe the
activities of dispersions of photocatalytic powders, which have high surface areas, in this
work we use it to probe the activity of the TiO2-SEN plastic film and Activ™, which will
have much lower surface areas and so will have a relatively low photoactivity. However, the
likely slow rate of destruction of 4-CP exhibited by either film should not pose too much of a
problem given the blank (i.e. no photocatalyst coated film) is likely to show little ability to
destroy 4-CP.

In this work, 3 mL of a 2.5 x 10* M solution of 4-CP in 0.01 M HClO4 were added to the
quartz cuvette ‘reaction vessel’, with a ‘window’ of the photocatalyst film under test set in its
side (Figure S2). In order to minimise evaporation loss, and yet still ensure the dispersion was
fully aerated, the reaction solution was continuously purged with air that had been previously
saturated with water, i.e. with a RH value of 100%. The change in the UV-Vis absorption
spectrum of the 4-CP reaction solution was monitored as a function of irradiation time for the
Ti02-SEN plastic film and the results of this work are illustrated in Figure 4. The spectral
changes show that with prolonged (96 h) UV irradiation the 4-CP in solution is completely
degraded. The removal of the 4-CP is best represented by a plot of the absorbance of the 4-
CP reaction solution at 225 nm, i.e. Abs(225 nm), as a function of irradiation time, which is
illustrated in the insert diagram in Figure 4, for the TiO2-SEN plastic film, blank (just PS)
film and the Activ™ glass. These plots show that although slow, the TiO2-SEN plastic film is
much more active than Activ’™ in promotingthe photo-oxidation of 4-CP, which in turn is
much more effective at 4-CP removal than the blank film. The slow kinetics of both
photocatalytic films is due to their low surface areas and the multi-electron (26 ¢ per 4-CP

molecule) nature of reaction (1).

10



Abs (225 nm)

o = g
o L U N

w
£
< T T T

1 24 48 72 96

Irradiation Time /h
0.5
0 T T T T
200 250 350 400

300
Wavelength /nm

Figure 4. Typical UV-Vis spectra of the degradation of a 2.5 x 10 M solution of 4-CP in the
presence of a TiO2-SEN plastic film irradiated with 365 nm light (Intensity = 42 mW cm)
over 96 hours in 4 hour intervals. Inset diagram: Plots of the absorbance (at 225 nm) of the 4-
CP solution in the presence of: a 1 cm? area of a TiO2-SEN plastic film (solid line),
Pilkington Activi™ glass (dashed line) and a blank polystyrene film (dotted line) under UV
irradiation (365 nm, 42 mW cm™), as a function of irradiation time.

A brief analysis of the decay kinetics exhibited by the two films (i.e. TiO2-SEN plastic film
and Activ™), as illustrated by the insert diagram in Figure 4, suggest that they are first order
with respect to 4-CP, with first order rate constant, ki, values of (22.2 + 0.2) x 10~ and (12.7
£ 0.2) x 107 h'! for a TiO2-SEN plastic film and Activ™, respectively. The observation of
first order decay kinetics for the photo-oxidation of 4-CP is common and usually attributed to
the low ‘dark’ absorption of 4-CP onto TiO2, so that the surface concentration of 4-CP is
directly proportional to the concentration of 4-CP in the bulk of solution [24].

The long irradiation times needed in this work to affect the complete destruction of the 4-
CP, might be expected to expose any tendency in the TiO2-SEN plastic film to destroy the
underlying PS which binds the TiO:2 nanoparticles to its surface. In order to probe this
potential problem, a TiO2-SEN plastic film was used repeatedly to photocatalysethe photo-
oxidation of 4-CP. The results of this work are illustrated in Figure 5, by a series of Abs(225
nm) vs irradiation time decay curves and reveal that the TiO2-SEN plastic film retains its
photoactivity through at least 4 complete cycles of the reaction, with ki values of 0.023,
0.026, 0.028 and 0.024 h' for the 4 consecutive runs, suggesting that the polystyrene
embedding material is refractory and that the TiO2-SEN plastic films photocatalytically and
physically robust.

11
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Figure 5. Max absorbance of a 4-CP solution in the presence of a TiO2-SEN plastic film
under UV irradiation (365 nm, 42 mW cm?). Every 4 days, the solution was replaced with
fresh 2.5 x 10* M 4-CP solution.

3.3. Methylene Blue ISO Test

As noted earlier, the photooxidative mineralisation of 4-chlorophenol is not a common test
for new and existing photocatalytic films, but rather of powders. In order to assess the
photocatalytic activity of a photocatalytic film, it is more common to employ a dye, usually
methylene blue, MB, dissolved in solution. Indeed, the photocatalysed oxidative bleaching of
MB is the basis of a well-established ISO test (ISO: 10678:2010 [29]) for assessing self-
cleaning activity. In the case of MB, the overall photocatalysed oxidative mineralisation can

be summarised as follows:

f?b* = E}’E
CHysIN38C1 -+ i—‘ 0, —= HCl+H,80, +3HNOQ; + 1600, + 6H,0  (2)
- TiCx,

Once again, the complete photocatalytic mineralisation of MB by P25 has been well
established [ref]. However, since in this work only the disappearance of MB, and any
UV/Visible absorbing intermediate species, is observed, it is more correct to refer to this test

as the photo-oxidation or bleaching of MB, rather than its mineralisation.

This reaction is a particularly popular test of photocatalytic activity in that the photocatalyst
bleaches the dye and so produces a very striking change in colour. In addition, because MB
absorbs little in the UVA region, it is very suitable for assessing the activities of UVA

absorbing photocatalysts, such as TiOz. It is not, however, suitable for assessing the activity

12



of visible light absorbing photocatalysts, as noted in the MB ISO test [29] and elsewhere
[30].

Thus, in this work the photocatalytic ‘self-cleaning’ activity of the TiO2-SEN plastic film
was tested using a modified version of the MB ISO test [29] in which 3 mL of a 10 uM
aqueous solution of MB were placed in the quartz cuvette ‘photoreactor’ used previously in
the 4-CP study, and aerated continuously using humid air. The UV-Vis absorption spectrum
of the MB in the reaction solution was then monitored as a function of irradiation time and

the results of this work are illustrated in Figure 6.
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Figure 6. Typical UV-Vis absorption spectral changes of a MB solution (10 uM) in a quartz
cuvette with a TiO2-SEN plastic film recorded as a function of UVA (365 nm) irradiation
time (42 mW cm™), where the spectra were recorded every 5 min. The insert diagram shows
the change of absorbance due to MB at 665 nm, Abs(665 nm), recorded under the same
experimental conditions as the main diagram, for the TiO2-SEN plastic film (solid line),
Pilkington Activi™ glass (dashed line) and a blank polystyrene film (dotted line), as a
function of irradiation.

The change in UV-Vis absorption spectrum illustrated in Figure 6 shows that the TiO2-SEN
plastic film is able to photocatalyse bleaching of MB, and the most likely eventual
photomineralisation of MB via reaction (2). The same experiment was carried out using
Activi™ and a blank (PS only) film and a plot of the decay curves generated, in the form of
absorbance due to MB at 665 nm, i.e. Abs(665 nm), as a function of irradiation time, are
illustrated in the insert plot in Figure 6. Once again, a brief analysis of the decay kinetics
exhibited by the two films (i.e. TiO2-SEN plastic film and Activ'™), suggest that they are first

order with respect to the concentration of MB, with first order rate constant, ki, values of 0.61
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+ 0.01 and 0.20 + 0.01 h™! for TiO2-SEN plastic film and Activ™ respectively. The blank

polystyrene film as expected did not oxidise MB and thus showed no photoactivity.

3.4. Rz/Glycerol Photocatalytic Test

So far, the above tests have focused on assessing the photoactivity of the TiO2-SEN plastic
film and Activ’™ using traditional photooxidation (of 4-CP or MB) tests. However, recent
work carried out by this group [31, 32] suggests that it is also possible to assess the
photocatalytic activity of a powder or a film via the photoreduction of a dye, thereby
producing a rapid, striking and easily monitored colour change, and concomitant oxidation of
a sacrificial electron donor, such as glycerol. One of the most common examples of the latter
reaction employs Resazurin, Rz, as the (blue) dye, since it can be reduced photocatalytically
to pink Resorufin, Rf, in the presence of a sacrificial electron donor, SED, such as glycerol.
Although more commonly used in ink form [32, 33], Rz has been used recently as an aqueous
solution to assess the photocatalytic activities of a number of different UV and visible-
absorbing semiconductor photocatalyst powders pressed as discs [34]. The overall reaction

can be summarised as follows:

fw = E}f;
Rz + Glveerol —— Rf+ Glyceraldehyde 3)
Tick,
Blue Pink

Thus, in this work, 3 mL of a 20 uM aqueous solution of Resazurin (Rz) with 10 wt%
glycerol were placed in the quartz cuvette ‘photoreactor’, used previously in the 4-CP study
(see Figure S2 in supplementary information), with a TiO2-SEN plastic film in place as one
of the ‘windows’, and purged with Ar before being sealed. As before, the UV-Vis absorption
spectrum of the Rz in the reaction solution was monitored as a function of irradiation time
(42 mW cm™) and the results of this work are illustrated in Figure 7. The photo-induced
changes in absorption spectra, show that, with increasing UV irradiation time, the absorbance
at 602 nm (due to Rz) decreases while, at the same time, the absorbance at 585 nm (due to
Rf) increases. These observations are consistent with the TiO2-SEN plastic film
photocatalysing reaction (3), as are the colours of the reaction solution recorded

photographically: before, during and after irradiation, which are also illustrated in Figure 7.
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Figure 7. Typical UV-Vis absorption spectral changes of a Rz solution (20 M) in a quartz
cuvette with a TiO2-SEN plastic film recorded as a function of UVA (365 nm) irradiation
time (42 mW cm), where the spectra were recorded every 5 min. The insert diagram shows
the measured absorbance due to Rz at 602 nm, Abs(602 nm), recorded under the same
experimental conditions as the main diagram, for the TiO2-SEN plastic film (solid line),
Pilkington Activ’™ glass (dashed line) and a blank polystyrene film (dotted line), as a
function of irradiation time. Photographs of the reaction solution before, during and after
UVA irradiation are also illustrated.

As before, a brief analysis of the decay kinetics exhibited by the two films (i.e. TiO2-SEN
plastic film and Activ'™), suggest that they are first order with respect to the concentration of
Rz, with first order rate constant, ki, values of 2.17 + 0.04 and 0.68 + 0.004 h!. The blank
polystyrene film, as expected, did not reduce the Rz and thus showed no photoactivity.

The above work shows that the TiO2-SEN plastic film is, like Activi™, able to
photocatalyse: (i) the oxidation of 4-CP, i.e. reaction (1), and MB, i.e. reaction (2), by oxygen
and (ii) the photoreduction of Rz, i.e. reaction (3), by glycerol. The calculated values of ki for
these three reactions for the two films, along with the values of the activity ratio, R, where R

= ki(TiO2-SEN)/ki(Activ™), are given in Table 1.
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Table 1. First order rate constants, k1 and R values for the TiO2-SEN plastic film and Activi™
samples when used to mediate the photooxidation of 4-CP and MB, as well as the
photoreduction of Rz.

First order rate constant, k; (h™)

4-CP MB Rz
(Reaction (1)) (Reaction (2)) (Reaction (3))
TiO2-SEN (222+0.2)x 10 0.61 £0.01 2.17+0.04
ActiviM (12.7+0.2)x 107 0.20+0.01 0.68 + 0.004
R 1.75 3.05 3.19

From the values of R in Table 1, it appears that in all cases the TiO2-SEN plastic film

appears more active than Activ™ glass, and typically by 2-3 times.

3.6. Rz Ink Test

The most commonly used photocatalytic activity indicator ink (paii), used for testing
photocatalytic films, contains Rz and glycerol as the key reaction ingredients and
hydroxyethyl cellulose as a polymeric encapsulating agent. This Rz ink works in the same
way as the Rz/glycerol solution experiment reported above, i.e. via reaction (3). However, in
contrast to the Rz solution test, the Rz ink is very easily applied, quick to respond and easy to
assess. As a result, it, and other paii’s, are proving increasingly popular as a quick method for
assessing the photocatalytic activities of surfaces [35-42].

In this work the Rz ink was used to assess the activities of the TiO2-SEN plastic film,
Activ’™ and blank (PS only) film. The colour change is identical to that illustrated in Figure 7
for the Rz solution, and so the change in absorbance due to the Rz, Abs(608 nm), was
monitored as a function of irradiation time (irradiance = 1.6 mW cm) for all three films and
the results of this work are illustrated in Figure 8. Not surprisingly perhaps, the TiO2-SEN
plastic film appeared more active than the sample of Activ™™ glass (R = 2.2) and the blank
(PS) film exhibited no photocatalytic activity.
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Figure 8. Max absorption of an Rz ink film on a TiO2-SEN plastic film (solid line),
Pilkington Activ'™ (dashed line) and a blank polystyrene film (dotted line) vs. time of UVA
irradiation (352 nm, 1.6 mW cm™).

A quick comparison of the decay profiles illustrated in Figure 7 and Figure 8 for what is
ostensibly the same reaction, i.e. reaction (3), but in aqueous solution and the other in an ink,
reveals a significant (26 times) decrease in reaction time, despite the fact that the irradiances
used (42 ¢f. 1.6 mW cm? for solution and ink, respectively) would be expected to greatly
favour the solution experiment. However, the ink film is much thinner and the Rz much more
concentrated in the ink compared to that of the Rz solution, i.e. 2.1 um ¢f. 1 cm and 42 mM
cf. 20 uM, and both of these conditions contribute to the much faster kinetics of the ink film
and the popularity of the Rz paii test, which is just about to become as photocatalytic ISO test
[43].

3.7. MB Ink Test
Much like the Rz/glycerol ink, a MB/glycerol ink can be used to probe photocatalytic
activity in a substrate [44]. In this case the key reaction is:

EFFH‘ = E]‘.TE
MB -+ glveergl ——= LMB -+ glveeraldehyde 4)
Ti0,

where, LMB is colourless leuco-methylene blue. However, unlike the photocatalysed
reduction of Rz, to Rf, via reaction (3), that of MB is reversible, in that oxygen, if present, is

able to re-oxidise the LMB to form MB, i.e.

LMB + 10, —= MB +H,0 (5)
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Thus, in this work the MB ink was used to coat the TiO2-SEN plastic film and was then
irradiated with UVA light (1.6 mW cm) in air. The absorbance due to the MB, Abs(665
nm), was then monitored as a function of irradiation time over a series of 3 light and dark
cycles, and the results of this work are illustrated in Figure 9. These results show that the MB
ink was bleached completely by the TiO2-SEN plastic film within three minutes UVA
irradiation, even though the film was in air, as the MB is photocatalytically reduced to LMB
via reaction (4). In the dark, still in air, the LMB was then more slowly re-oxidised to MB in
10 minutes, via reaction (5). As illustrated by the results in Figure 9, this process could be

repeated several times with little evidence of deterioration in performance.
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Figure 9. Response-recovery plot of an MB ink on a TiO2-SEN plastic film when irradiated
with UVA light (352 nm, 1.6 mW cm™). Sections of the film before and after each alternation
of light and dark are placed at the respective points along the line.

Similar results were observed for the Activ’™ glass and the blank film showed no sign of

any photocatalytic activity.

4. Conclusions

Very thin (2.5 um) Surface-Exposed Nanoparticle (SEN) plastic films were successfully
made from TiO2 P25 powder that are optically transparent, robust and flexible. Scanning
electron microscopy shows that the TiO2 nanoparticles (25.3 + 5.4 nm) exist on just one side
of the plastic film and are partially exposed to the ambient environment, while also partially
embedded in the PS film; there are no nanoparticles on the other side. Various photocatalytic

tests using 4-chlorophenol, methylene blue and resazurin in solution, as well as two ink tests
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(Rz and MB), show that the TiO2-SEN plastic film is significantly (factor 2 or 3) more
photoactive than a sample of Pilkington Activ'™, which has a similar optical clarity and a thin
(15 nm) coating of photocatalytically-active TiO2, which underpins its 'self-cleaning'
subriquet. This is the first example of the preparation and testing of photocatalytic TiO2
surface-exposed nanoparticle plastic films and, to our knowledge the production of so very
thin, photocatalytically active plastic films. The photocatalytic activity and stability of these
films is significant and suggests that they may find a more widespread use. The method of
making such films is very simple and inexpensive and generic, thereby opening up the
possibility of making SEN plastic films of other established and new photocatalytic materials.
The method of production is new and so ease of scale up and possible manufacture is yet to

be established.

Appendix A: Supplementary Information
The Supporting Information is available free of charge.

Digital image of a centrifuged P25 dispersion and a P25 dispersion of the same resulting

loading. Irradiation setup schematic. SEM image of both sides of a TiO2-SEN plastic film.
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