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1. Introduction

ABSTRACT

Antimicrobial films containing silver nanoparticles on a titania substrate were prepared and shown to
have marked visible light photocatalytic properties. The films could be transformed from purple (silver
oxide) to orange (silver) by 254 nm, 365 nm or white light radiation and the process reversed when the
films were stored in air and in the dark. The films were characterized by XRD, Raman, AFM, SEM, EDX,
UV-Vis spectroscopy and XPS as well as tested for functionality using a range of techniques including
water contact angle measurement, the photo-destruction of stearic acid to a range of light sources and
antimicrobial activity against MRSA and Escherichia coli bacteria under hospital lighting conditions. XRD
and Raman indicated that the films were anatase, X-ray photoelectron measurements confirmed the
presence of silver loading on the titania surface and EDX showed silver doping in the TiO; layer. There
appears to be an interaction between the phonon resonance of the silver nanoparticles and the band
onset of the titania leading to significant visible light photo-oxidation of stearic acid as well as visible
light induced superhydrophilicity. Samples were tested for photo-degradation of stearic acid under three
different lighting conditions: UVA - 365 nm, white light (commonly found in UK hospitals) and UVA
filtered white light. The Ag oxide-titania films were seen to be active photocatalysts under visible light
conditions as well as displaying white light induced superhydrophilicity. These surfaces demonstrated
a 99.996% reduction in the number of viable E. coli bacteria due to the silver ion presence and a 99.99%
reduction in the number of MRSA bacteria due to the enhanced photocatalysis in a double pronged
approach to antimicrobial mechanisms consisting of a synergistic relationship between the photocatalyst
(TiO3) and the surface bound silver nanoparticles.

© 2011 Elsevier B.V. All rights reserved.

electron-hole pair that can migrate to the surface where photo-
generated holes oxidize any organic species and photo-generated

Titanium dioxide (TiO,) thin films are chemically stable, pos-
sess high refractive index, have excellent transmission in the infra
red and visible regions and are the most researched photocatalyst
[1-7]. They have found wide-spread commercial applications for
bathroom tiles, paving slabs, deodorizers in underground stations
and as self-cleaning windows such as Pilkington Activ’™ [8]. Tita-
nium dioxide films have the potential to provide clean, sustainable
and renewable energy as under the action of sunlight they can
form a working photodiode that can split water into oxygen and
hydrogen fuel [9-11]. These extraordinary functional properties
arise because titanium dioxide under UV-light generates a mobile
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electrons reduce oxygen to water mediated by oxygen radical for-
mations [1]. This enables the surface to photo-mineralize organic
material sensitized by the semiconductor, as well as making the
surface superhydrophilic.

Titanium dioxide is photo-stable and is exceptionally well
adhered to a range of ceramic substrates as well as being impervi-
ous to the majority of chemical attacks. One limitation of titanium
dioxide is that it requires sub 385 nm radiation (ca. 2% of the inci-
dent suns energy at sea level [12]) to function. A major research
effort has been directed to shifting the band onset into the visible.
This will enable better solar harvesting which could improve the
overall effectiveness of the photocatalyst and furthermore enable
a visible light activated surface that has potential in a healthcare
setting.

Healthcare-associated infections remain a reason for major con-
cern in western hospitals. The Center for Disease Control (CDC)
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has recently reported that healthcare-associated infections are in
the top ten leading causes of death in the United States [13,14].
An estimated 1.7 million infections annually are acquired in the
healthcare environment and these result in 99,000 deaths in Amer-
ica alone [15,16]. Figures for the UK are proportionally similar with
healthcare-associated bacterial infections recorded as a “significant
factor” in over 7500 death certificates in 2008 [17]. It is estimated
that healthcare-associated infections cost the UK tax payer ~£1bn
pa[18].

Photocatalytic films have received much attention in the litera-
ture for their ability to destroy bacteria such as Methicillin-resistant
Staphylococcus aureus (MRSA) and Escherichia coli (E. coli) which
are major contributors to hospital acquired infections [19-22]. The
mechanism by which semiconductors thin films act as antimicro-
bial coatings follows analogously from research on self-cleaning
films [2,23-25].

One important, yet hard to achieve feature of a photo-activated
antimicrobial thin film coating for application within a healthcare
environment is the ability to photo-degrade bacteria using indoor
lighting conditions. Demonstrating visible light photocatalysis on
arange of organic media and bacteria is therefore essential. Many
researchers are investigating visible light photocatalysts using tita-
nia as a base and modifying the structure using dopants; such
as metals [1,26,27], including silver [28-32] and anions such as
nitrogen [24,33-39], carbon [19] and sulfur [23,40-43]. Many com-
parative reviews are available in this area [1-3,20,21,44], yet no
consensus for the most effective dopant for visible light photo-
catalysis has yet been found. The use of such coatings for an
antimicrobial application has been demonstrated with variable
success and is yet to be unambiguously proven using visible light
[25,45-47].

Researchers have also been investigating the use of silver ions in
the search for antimicrobial surfaces. Silver ions can migrate from
the antimicrobial material surface into microbes with a high level of
toxicity thus effecting antimicrobial properties [21,48,49]. A range
of commercial products exist based on silver bactericidal effects
including ventilator tubing, catheters, clothing and surfaces [20].
The use of silver ions, though popular, may have serious cytotoxic
activity on host cells and inhibit the healing process, as shown by
arecent review into the use of silver compounds in the treatment
of burns [50].

In this paper a synergistic approach to surfaces exhibiting
antimicrobial activity due to both the inherent toxicity of silver
ions and photocatalysis under hospital lighting conditions using a
titania photocatalyst loaded with surface bound silver nanoparti-
cles is shown. The functional films were prepared using a sol-gel
method to coat glass microscope slides with the anatase polymorph
of titania before silver nanoparticles were generated on the surface
by UV photo-assisted reduction of silver nitrate solution. The films
showed marked photochromism and could be shuttled between sil-
ver oxide (purple) and silver (orange) using different light sources
and oxygen/air. From this work we show unambiguously that the
Ag-TiO, films are active visible light photocatalysts. The films were
also shown to be exceptionally potent at killing E. coli and MRSA;
organisms implicated in a significant number of hospital acquired
infections. Notably we found that the E. coli were killed directly
by the silver loading whereas the MRSA showed some silver resis-
tance and was more susceptible to the combination of light and
silver induced kill.

2. Methods

Thin films of TiO, were prepared by a sol-gel preparation and
then post treated using silver nitrate to adhere silver nanoparti-
cles to the surface of the titania film. A dip-coating apparatus was
used to withdraw the substrate from the sol at a steady rate of

120cmmin~!. The deposited xerogel films were not mechanically
stable, and required sintering in order to properly adhere to the
substrate and to become crystalline. Hence, all films were annealed
in a furnace at 500 °C for 1 h (heating rate 10°Cmin~!, cooling rate
60°Cmin~1).

To prepare the sol, acetylacetone (2.5246 g, 0.02526 mol, Sigma
Aldrich, 99+%) was dissolved in butan-1-0l (32 cm?, 0.35 mol, Sigma
Aldrich, 99.4%) forming a clear and colourless solution. To this
solution, titanium n-butoxide (17.50 g, 0.05 mol, Fluka, 97.0%) was
added. The solution was stirred vigorously for an hour, before dis-
tilled water (3.64 ml, 0.20 mol), dissolved in isopropanol (9.05g,
0.15 mol, Fisher Scientific, analytical grade) was added. The sol
remained clear, but deepened in yellow colouration and was stirred
for a further hour. Finally acetonitrile (1.66 g, 0.04 mol, Fisons Sci-
entific equipment 99% min), was added to the solution, which was
then stirred for a final hour. The sol was allowed to age overnight
before being used for dip-coating. Samples of TiO, were prepared
with two dips in the sol retracting at a rate of 120 cm min~! with the
xerogel allowed to dry between each dip. The slides were heated in
a muffle furnace to 500 °C for 1 h (10°Cmin~1) and allowed to cool
slowly. Single cavity ground glass slides (Jencons) were used as the
substrate. Half of these slides were put aside in a dark drawer and
are referred to as sample TiO,.

Half of the slides were dipped in silver nitrate solution in
methanol (5 x 10~3 M made up from AgNOs;, Fisher Scientific) for
30s and withdrawn at 120 cm -min~! before being exposed to UV
radiation 254 nm for 1 h. Photodeposition occurs quickly (<30 min)
however an excess of time was used to remove the time of irradi-
ation as a variable and ensure that the films were fully clean and
activated prior to initial characterization. These microscope slides
are referred to as sample Ag-TiO,.

2.1. Characterization

X-ray diffraction was performed using a Bruker-Axs D8 (GADDS)
diffractometer, utilizing a large 2D area detector and a Cu X-ray
source, monochromated (K41 and K, ) fitted with a Gorbel mirror.
The instrumental setup allowed 34° in both 6 and w with a 0.01° res-
olution and 3-4 mm? of sample surface illuminated at any one time.
Multiple Debye-Scherrer cones were recorded simultaneously by
the area detector with two sections covering the 65° 26 range.
The Debye-Scherrer cones, once collected were integrated along
w to produce standard diffraction patterns of degrees 260 against
intensity. Scan data was collected for 1000 s periods to give suffi-
ciently resolved peaks for indexing. Raman was conducted using a
Renishaw inVia Raman microscope, between 100 and 1000 cm™!
Raman shift, and UV-visible-NIR; transmission and reflectance
measurements were achieved using a Perkin Elmer A950. Scan-
ning electron microscopy was performed using secondary electron
imaging on a JEOL 6301 field emission instrument. Atomic force
microscopy (AFM) was conducted on a Veeco Dimension 3100 in
air using a tapping operating mode and a silicon tipped cantilever.
Sample areas of 1 wm x 1 wm were analyzed for a plain titania and
surface nanoparticle silver deposited titania sample.

Samples were analyzed by XPS using the Kratos AXIS ULTRA
with a mono-chromated Al K, X-ray source (1486.6 eV) operated
at 10 mA emission current and 120kV anode potential —100W at
Nottingham University. Wide scans were run for 10 min and high
resolution scans for 5min on two to three areas per sample. The
ULTRA was used in FAT (fixed analyzer transmission) mode, with
pass energy of 80 eV for wide scans and pass energy 20 eV for high
resolution scans. The magnetic immersion lens system allowed the
area of analysis to be defined by apertures, the ‘slot’ aperture of
300 pm x 700 pm was used for all wide/survey scans and high res-
olution scans. The take-off angle for the photoelectron analyzer is
90° and acceptance angle of 30° (in magnetic lens modes).
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2.2. Functional testing

The self-cleaning properties of the thin films were assessed
using water contact angle measurements, the photo-destruction
of stearic acid and the antimicrobial effect on E. coli and MRSA
bacteria.

Water contact angle measurements were taken as an average of
5 measurements on a 8.6 .l deionised water droplet using FTA 1000
droplet analyzer. The drop was formed and dispensed by gravity
from the tip of a gauge 27 needle.

To measure the photo-oxidation of a stearic acid overlayer,
duplicate samples were housed in a dark drawer for 72 h prior to
being attached to an IR sample holder consisting of an aluminum
sheet with a circular hole in its center. The stearic acid over-layer
was applied from a saturated solution of stearic acid in methanol
and applied as a single drop by Pasteur pipette to the photocata-
lyst sample. The samples were then returned to a dark draw for
>72h prior to the initial reading at 0 h. The reason for this was to
have a standard starting point for all the samples. FTIR spectra were
obtained between 2800 and 3000 cm~! using a Perkin Elmer Spec-
trum RX1 FTIR spectrometer. Measurements were taken at 24h
intervals with the samples irradiated using the 4 different lighting
conditions.

The concentration of the stearic acid on the surface was
assessed using IR absorption spectroscopy. Stearic acid absorbs
at 2958cm~! (C-H Stretch CH3), 2923cm~! (symmetric C-H
stretch CH,), and 2853 cm~! (asymmetric C-H stretch CH,). The
peaks are then integrated to give an approximate concentra-
tion of stearic acid on the surface. 1Acm~! in the integrated
area between 2800 and 3000 cm~! corresponds to approximately
9.7 x 101> molecules cm~2 [51]. The rate of decay can then be mea-
sured by the decrease in concentration over time. The data is given
in terms of the raw IR data plotted to show the decrease in inte-
grated area.

The light sources were set up in the lids of cardboard boxes and
suspended 25 cm above the surface of the samples.

The three lighting conditions were as follows.

I. UV - 8W UV 254 nm radiation.

II. White light source - 8 W GE lighting 3500 K. This light source is
commonly found in UK hospitals and has the emission spectrum
shown in Supplementary information Fig. S.1. The intensity of
the white light was measured and found to be 50001x at a dis-
tance of 20 cm from the light source. This can be compared to
the brightness recommended by the department of health for
different areas in UK healthcare environment. For example an
operating theatre should be between 10,000 and 100,0001x, a
pathology lab is 8000 Ix and general corridors are up to 100 1x.
Also light intensity measurements performed at the UCLH East-
man Dental Hospital have shown that a typical dental chair has
a light intensity reading of around 250 1x. Both the UV and vis-
ible light sources have been extensively used by us and other
groups [23]. An increase in light intensity should result in an
increase in photoactivity hence photocatalysts for example in
wards or hospitals corridors would work slower than those in
the test scenario while those in an operating theatre would work
faster.

III. Filtered white light source - in the filtered setup we use the
white light source, as before but with a sheet of Optivex™ film
as alight filter. This film has been designed for use as a UV shield
to preserve works of art and is deposited on a 3 mm thick piece
of Borosilicate glass. The filter was positioned 1 cm above the
samples and completely filled the box to the edges. The setup
was such that there was no chance of any light coming from any-
where and arriving at the samples not having passed through
the filter. The filter cuts off all radiation below 400 nm [52]. The

UV-visible transmission spectrum of the Optivex™ is shown in
Supplementary materials section, Fig. S.2.

2.3. Antimicrobial testing

Prior to antibacterial testing, duplicate samples of the Ag-TiO5,
TiO, and blank thin films were housed in a dark drawer for 72 h.
E. coli ATCC 25922 was stored at —80 °C in BHI broth supplemented
with 10% glycerol (Oxoid) and maintained by weekly subculture
onto 5% blood agar plates (Oxoid). A single colony was inoculated
into 10 ml nutrient broth (Oxoid) and incubated for 18 h at 37°C,
in an orbital shaker set at a speed of 200 rpm. A 1ml aliquot of
the resulting culture was removed, centrifuged at 12,000 rpm for
3 min and the pellet re-suspended in 1 ml fresh phosphate buffered
saline. A culture containing a final concentration of approximately
107 colony forming units mI~! (cfuml~1) was achieved by adding
330l of the washed bacterial suspension to 10 ml phosphate
buffered saline to produce an optical density at 600 nm of 0.05
absorbance units on a spectrophotometer (GE Healthcare).

A 50 pl droplet of E. coli was inoculated onto the sample, placed
within a moisture chamber to prevent droplet evaporation and
exposed to the white light source (hospital lighting conditions)
for 6 h (designated L+). As a control, duplicate samples were also
prepared, but incubated in a foil-encased moisture chamber to pre-
vent light penetration (designated L—). Bacteria were recovered by
sampling the surface with a cotton-tipped swab, before the swab
was placed in 1 ml phosphate buffered saline, vortexed and seri-
ally diluted tenfold. Duplicate 20 pl aliquots were plated out onto
MacConkey agar plates (Oxoid), spread and incubated aerobically at
37 °Cfor 24 h. The resultant colonies were counted to determine the
number of surviving colony forming units per ml. The experiment
was performed in duplicate on at least three separate occasions
to provide data which could be analyzed statistically, using the
Mann-Whitney'’s U test.

All microbiology was carried out against three different sub-
strates, plain glass microscope slides and microscope slides coated
in either pure titania or silver loaded titania. Two different con-
trolled lighting environments, i.e. light (white light source) and
dark were used. The same type of light source was used in these
experiments and was kept at a distance of 20 cm from the samples.

MRSA testing was carried out in exactly the same way but sub-
stituting the light resistant strain of MRSA (EMRSA-16) for the E. coli
bacteria. There are currently two epidemic strains of MRSA infect-
ing UK hospitals, EMRSA-15 and EMRSA-16. Of these two, tests
have shown EMRSA-16 to be the most tolerant to light and hence
EMRSA-16 was chosen for the experiments.

3. Results and discussion

TiO,, films were prepared using a sol-gel method by dip-coating
glass slides into a sol made from titanium n-butoxide, n-butanol,
isopropanol, acetonitrile and water, at room temperature. The films
were calcined at 500°C for 1h and allowed to cool to room tem-
perature over 12h. Half of the films were then post-treated by
dipping into a methanolic solution that contained silver nitrate.
These films were then irradiated for 1 h using 254 nm radiation to
generate orange coloured films that had silver nanoparticles bound
to the surface [53,54]. Attempts to produce control films containing
just the silver nanoparticles on the glass surface failed to produce
stable films making it impossible to use these control substrates.
The TiO, substrate plays an important role in the formation of the
nanoparticles which fail to adhere to the glass surface. In this paper
the sample names of TiO, and Ag-TiO, are used to refer to the
un-coated and nanoparticulate silver coated films. The films were
either stored in a clean, dark drawer for >72 h prior to any testing
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Fig. 1. Photograph showing the difference in colour between sample Ag-TiO, (pur-
ple on the left) and Ag-TiO,-UV (orange on the right). Note that the microscope slides
contained a 1 cm well cavity ca. 1 mm deep to make them suitable for microbiology
testing.

or were irradiated using UV 254 nm radiation to ensure optimum
cleanliness of the surface. In the latter case the sample references
are TiO,-UV and Ag-TiO,-UV respectively.

Both TiO; and Ag-TiO, films were tested for adherence to the
microscope slide substrate using a variety of materials. In all cases
the films were resistant to scratching by finger nails, HB pencil, 2H
pencil and a steel scalpel but were scratched easily by a diamond
tip pencil. Neither of the film sets TiO, or Ag-TiO, were lifted by the
application of Scotch tape. The films were stable when soaked for
2 hinmethanol, acetone, distilled water, 2 M HCl but were dissolved
in 2M NaOH.

3.1. Characterization

The TiO, films were colourless in appearance and translucent.
There was however a slight sheen on the glass making it obvi-
ous where the film was on the microscope slide. The Ag-TiO,
films as made were uniformly orange in colour and transparent
(Fig. 1). After storage in dark for >72h the films were purple in
colour (Fig. 1). UV irradiation (10 min, 254 nm, 8 W lamp) or being
left under indoor lighting conditions for an extended period (1 h),
turned the Ag-TiO, films orange while the TiO, films were visu-
ally unchanged. The orange colour remained indefinitely if left
out in the lit room (standard indoor lighting) but slowly returned
to purple on placement in the dark over 72h. This observation
indicates that a reversible photo-induced change is occurring lead-
ing to the colour change. Colour analysis showed Lab* colours for
the two films corresponding to Ag-TiO, (purple): L*=79.2, a*=6.4
and b*=-11.6 with a dominant wavelength at 444.1 nm and Ag-
TiO,-UV (orange): L*=75.7, a*=10.3 and b*=—4.8 and a dominant
wavelength at 528.2 nm. The dominant wavelength has been red
shifted with the shift from purple to orange in the presence of UV
radiation.

It was previously demonstrated that the photochromic effect
was due to a change in oxidation state of the silver particles from
metallic to silver oxide [53,55]. UV or indeed visible light was seen

to induce the metallic state (orange films) while storage in the dark
induces the oxide state (purple films). UV-irradiation of TiO, is
known to excite electrons from the valance band into the conduc-
tion band leaving behind an electron hole in the valance band. In
pre-dark stored silver doped titania system, the excited electrons
then react with oxidized silver species reducing them down to sil-
ver atoms [56], changing the colour of the film. The silver oxide
nanoparticles were shown to change from less coloured oxide to
more coloured metal, displaying photochromism [53,54,56,57]. The
silver nanoparticles on the surface of the Ag-TiO, films have an
enhanced colouration due to a surface plasmon resonance which
is a function of the particle size, shape and local refractive index
[58,59]. In this case, the irradiated orange surface is in fact the
surface containing the silver nanoparticles with the duller purple
surface containing the oxidized species. If left in the dark but in
the presence of oxygen the silver nanoparticles will revert to the
purple colour as they oxidize.

i . hv+TiOy
Silver oxide (purple) =
air

Silver (orange) + Oxygen

This hypothesis was not only verified by evidence from the liter-
ature on related TiO, with surface embedded silver nanoparticles
[57,60] but also backed up by us in an in-house experiment using
Schlenk flasks. Purple and orange samples were sealed in sepa-
rate Schlenk flasks and evacuated. The separate transformation was
then attempted in vacuum. The purple sample was irradiated and
observed to turn orange and the orange samples were stored in the
dark for 72 h and observed to remain orange. This indicates that the
backward reaction, silver (orange) to silver oxide (purple) is depen-
dent on oxygen but the forward reaction is only photo-dependent,
as shown in the equation above.

AFM was used to observe the particles on the surface of the Ag-
TiO,. Fig. 2 shows the particles of silver oxide that coat the surface
without obscuring the entire TiO, surface. The range of particle
diameters is between 50 and 150 nm. The underlying surface can
be seen in the TiO, sample with a much lower degree of roughness
(Fig. 2b). Surface roughness (Rq) values were: 10.2 nm=Ag-TiO,
and 1.97 nm =TiO,. Surface coverage of silver nanoparticles on the
titania surface was estimated at 64% from height information in
AFM images. Given the median and standard deviation in heights
of crystallites observed in the non-coated sample, it was taken that
anything larger than the median height plus one standard deviation
of this value in the silver nanoparticle sample was given rise to the
presence of a silver nanoparticle.

X-ray diffraction of both Ag-TiO, and TiO,, films showed promi-
nent reflections at 25.3, 38.6 and 48.1° 26 that correspond to the
anatase structure of TiO,. Notably the thin silver oxide surface-layer
in Ag-TiO; could not be seen by XRD. Raman spectroscopy (Fig. 3)
showed the presence of the anatase structure in both TiO, and Ag-
TiO, with no contribution from the rutile phase. Anatase is often
observed as the majority phase when TiO, is sintered at 500 °C for
short periods, in this case 1 h. Rutile becomes dominant at higher
temperatures or when TiO, is sintered for longer periods and at
higher temperatures [7].

Sample Ag-TiO, hereonrefers to a sample that has been stored in
adarkdrawer for 72 h and is therefore purple in colour and contains
silver oxide on the surface unless specifically stated otherwise.

Scanning electron microscopy (SEM) images of the TiO, films
shows a clean smooth surface to the film with deep cracks observed
frequently throughout. The film is extremely well adhered to the
microscope slide substrate but has cracked in places, due to con-
traction of the dip-coated xerogel during the sintering process.
Where they have cracked the break is clean and propagates until a
boundary is encountered, Fig. 4. The edges are smooth and regular
and the thickness can be estimated to be ca. 200 nm.



C.W. Dunnill et al. / Journal of Photochemistry and Photobiology A: Chemistry 220 (2011) 113-123 117

Fig. 2. Two-dimensional AFM images with three dimensional surface inset for; (a) the silver oxide nanoparticles on top of the titania substrate Ag-TiO,, (b) the uncoated

TiO,.
250000 —Tio2
— Ag-TiO2
200000 4 ¢ Anatase
® Rutile
[ ] * 0 * [ K 4
© 150000+
c
100000 A
50000
100 200 300 400 500 600 700 800 900 1000

cm-1

Fig. 3. Raman spectroscopy of samples TiO, and Ag-TiO, showing the anatase
phases of TiO,.

In the case of Ag-TiO, the films appear identical to the TiO,
but with the addition of nanoparticles on the surface (b). The film
thicknesses were seen to be ca. 200 nm from side on SEM and the
particles of Ag,0 are evenly spread over the entire surface with
higher concentrations in and around the cracks. EDX shows a 1:2
elemental ratio of Ti:O for both samples with the particles on the
surface of Ag-TiO, showing silver content. The silver content was
close to the resolution of the machine at around 0.5 at.% however
the results show that there is silver doped into the layer of TiO; to
<0.5 at.% indicating that doping has been achieved.

XPS analysis showed the presence of silver, oxygen and tita-
nium in both Ag-TiO, and UV-Ag-TiO, samples. The silver 3d 5/2

UCLSEX

15K

peak was noted at 368.0 eV with a shift of 0.3 eV between the two
samples Ag-TiO, and UV-Ag-TiO,. This was however, not signifi-
cantly above the error associated with the measurements so as to
be significant in determining the difference between silver states
on the different samples. The XPS shifts in silver are significantly
close together to hinder determination of the different oxidation
states [57]. Observation of the silver oxidation state by XPS without
exciting the TiO, to form the silver proved unobtainable. Peak area
calculations from the XPS show that the silver is present, ~6.3 at.%
at the surface. XPS analysis is complicated in this system as the
incident X-rays seem to promote the oxide to elemental silver on
the surface that is under analysis yielding false positive readings
for silver rather than silver oxide. X-Ray radiation promotes the
change from purple to orange making it very difficult to observe
the purple phase using this technique with long scans. Many of the
scans showed the presence of silver metal regardless of storage in
the dark. The instability of the films is shown in Supplementary
material, Fig. S.3. where a shift in Auger electron position is noted
to lower energy, i.e. oxide to elemental silver during the course of
the experiment.

UV-visible-IR spectroscopy was carried out using the same
films prepared on both glass and quartz substrates. Quartz has a
better observation window in the UV-visible region and enabled a
better measurement of the band onset using a Tauc plot without
the interference of the underlying glass band. The UV-visible-NIR
spectroscopy Transmission results are given in Fig. 5 and show
that samples TiO, and Ag-TiO, are almost the same with a small
decrease in transmission due to the silver ions on the surface and a
minimal red shift in the position of the absorption when compar-
ing Ag-TiO; to TiO,. The features in the visible region are due to
reflection effects rather than absorption and allow us to calculate

1&mm

Fig. 4. SEM electron micrographs of (a) TiO, and (b) Ag-TiO,. Both images show the plate like structure to the films and the presence of particles on the silver enhanced

samples.
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Fig.5. Results for the UV-visible-IR spectrometry using quartz slides. Inset is a close
up of the shift in absorption band onset for the different samples.

the thickness of the film coating using the Swanepoel method [61].
Quartz is seen to have no features above 190 nm.

With use of the Swanepoel method [61] the thickness of the
films from reflectance data were estimated to be 196 nm in the
case of TiO, and 211 nm in the case of Ag-TiO,, indicating that the
silver has very little effect on the film thickness with both being in
the region of 200 nm as measured by side on SEM.

Tauc plots, were used to estimate the band onset from the
UV-visible-IR absorption data for the two samples deposited on
quartz. A Tauc plot is a plot of (a x hv)'/2 against energy where “a”
is the absorbance of the material [62,63]. Tauc plots are recognized
as a reliable method of estimating the band onset for these types
of materials. The data shows a minimal shift in band onset towards
the lower energy radiation with the incorporation of silver on the
surface of the TiO, substrates (3.2 eV for TiO, to 2.8 eV for silver
coated Ag-TiO,). In the absence of particle size modification this
change in band onset suggests the presence of silver doping into
the TiO, structure, and ties with the 0.5at.% seen by EDX in the
sample bulk. The function of the silver is to promote the electron
transfer from the valance band to the conduction band within the
TiO; [31]. Band onsets of as low as 2.6 eV have been reported from
the doping of TiO, with silver [31]. It is also likely that the silver
oxide present has an effect of mixing the band onsets, adding a fea-
ture to the curve in the vertical region. This is seen in the blue line
in the inset of Fig. 5. AgO has an optical band onset ~1 eV [64] and
Ag>0 has a band gap ~1.45eV [65] in both cases the band gap is
dependent of particle and film size and morphology.

3.2. Functional testing

The films were tested for their functional properties using water
contact angle measurements and the photo-oxidation of stearic
acid under three different lighting conditions.

Water contact angle measurements were taken both on a pre-
irradiated film (UVC - 254 nm, 30 min) and on a film that had been
stored in the dark for >72 h. The superhydrophilicity arises as a
result of the production of a hydroxylated surface [66]. 254 nm UV-
light was used to pre-clean and activate all the films after the initial
water contact angle measurement to ensure that the films were
clean and that the surface was fully hydroxylated (Table 1).

The exposure to UV light had no effect on the glass microscope
slides that were used as the substrate however it did have a pro-
nounced effect on the water contact angle of both the functional
thin films. The microscope slide had a comparatively low water
contact angle. Glass would be typically expected to have a water
contact angle of about 70°, the low water contact angle of the micro-
scope slide indicated that the surface was very clean [66]. These
slides were pre-cleaned and medically sterile as supplied. TiO,

Table 1

Results from the water contact angle measurements: “UV” indicates that the surface
hasbeenirradiated under 254 nm for 30 min prior to the measurements taking place.
All measurements are accurate to +2°.

Sample name Water contact angle

Microscope slide 25(2)
Microscope slide - UV 24 (2)
TiO, 64 (2)
TiO,-UV 8(2)
Ag-TiO, 60(2)
Ag-TiO,-UV 8(2)y

became superhydrophilic with a water contact angle changing from
64° to 8°. TiO, would be expected to have a significant water con-
tact angle reduction upon irradiation leading to super hydrophilic
properties [1,2,67]. In the case of the silver enhanced films, the
hydrophilicity is markedly changed in much the same way as noted
for TiO,. The nanoparticles on the surface contribute to surface
roughness which should enhance either the superhydrophilic or
hydrophobic properties [68,69] though this effect seems to have
been insignificant. No significant difference in the surface wetting
properties occurred after silver loading; even though a 64% surface
coverage was observed.

It is important to note from the earlier observations that there is
likely a significant difference in the surface of the silver enhanced
samples, i.e. Ag-TiO, has silver oxide particles while Ag-TiO,-UV
has silver nanoparticles. It does appear however that the presence
of either of the nanoparticles has no effect on the hydrophilicity.
When irradiated with visible light using the Optivex™ filter, the
water contact angle measurements of the Ag-TiO, samples gave a
water contact angle of 8°, while the TiO films irradiated under the
same conditions remained at 60°. This demonstrated that the Ag-
TiO, becomes superhydrophilic with visible light irradiation while
using the TiO, film did not. This is to the best of our belief, the first
example of unambiguous visible light induced superhydrophilicity
in thin films.

The photoactivity of the films was quantified using the photo-
oxidation of stearic acid under three different lighting conditions, a
254 nm UV light source, a white light source commonly found in UK
hospitals [70] and the same light source with a UV filter to absorb
any stray high energy photons. Figs. S.4,S.5 and 6 show the decreas-
ing concentration of stearic acid on the surface of the three different
samples over time using three different irradiation sources. The
raw data shown in the supplementary material is summarised in
Table 2, and shows that different photoactivity is observed for the
different samples under the different lighting conditions.

In all cases there was no appreciable change in concentra-
tion of stearic acid observed on the blank microscope slides
during the irradiation. In contrast TiO, and Ag-TiO, both show
significant destruction with almost all the stearic acid photo-
oxidized within 24h when using UVC (254 nm) light. Mills and
Wang has shown that a reliable quantification for the stearic
acid decrease over time can be calculated from the integrated
area of the IR spectrum [51]. 1 unit of integration between 2700
and 3000cm~!~9.7 x 10'> moleculescm~2 [51]. This equates to
give a rate of ~1.1 x 10'* moleculescm=—2h-! for both TiO, and
Ag-TiO,; with equivalent rates observed within the accuracy of
the experiment. Under UV conditions the silver neither improved
not worsened the self-cleaning photoactivity of the TiO,. Using
a white light source commonly found in UK healthcare environ-
ments [70] (GE lighting 2D fluorescent GR10g-835 white, 28 W),
TiO, shows a minimal reduction while Ag-TiO, however showed a
significant reduction in stearic acid concentration. Using the con-
version outlined by Mills and Wang [51] rates of destruction of
~1.6 x 10'* and ~4.2 x 10" molecules cm~2 h~! again for samples
TiO, and Ag-TiO, respectively were observed. N-doped TiO, sam-
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Table 2
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The number of molecules of stearic acid photo-oxidized during the irradiation by the different light sources. Rates are given as moleculescm=2 h-1.

UV-254nm -29h

White light - 96 h

White light with Optivex™ filter - 500 h

Molecules oxidized Rate Molecules oxidized Rate Molecules oxidized Rate
TiO, 3.32x 1016 1.14x 10" 1.49 x 10'° 1.55x 10 1.49 x 10 2.99 x 101
Ag-TiO, 3.30x 10'6 1.14x 10" 4.05x10'6 422 x 10" 3.12x 10'6 6.25 x 1013
ples prepared by APCVD were previously seen to show a destruction
of ~1.4 x 10" molecules cm~2 h~1 [24,25]. S-doped samples again
017 - prepared by APCVD [23,24] were shown to have comparable rates
of destruction with ~1.8 x 1016 molecules cm~2 destroyed in 168 h
0.15 and a corresponding rate of ~1.1 x 1014 molecules cm=2 h~! again
0.13 using the same lighting conditions. The silver enhanced TiO, sam-
011 ple Ag-TiO, is therefore >3 times more efficient than both the
IS N-doped TiO, and S-doped TiO, samples prepared by APCVD anal-
g 009 ogously tested under hospital lighting conditions. The silver coated
§ 0.07 samples are found to significantly outperform the pure titania by
0.05 more than a factor of two, using visible light, but when under UV
’ lighting the rates were comparable. This implies that surface sil-
0.03 ver doping does not induce as much electron hole re-combination
0.01 of photoelectron-hole pairs as observed in N and S doped titania
[71]. These rates are noted as being less than that observed for the
-0.01 ‘ ‘ ‘ ‘ UV irradiation but are however significantly high as rates of stearic
3000 2950 2900 2850 2800 . . 1 -
Wavenumber cm-1 acid photo-degradation under white light conditions.
With a band onset of 3.2 eV the anatase sample, TiO,, should
show no activity in the absence of UV light (<385 nm) indicating
013 r that there may be a small amount of higher energy photons released
041 from the 2D fluorescent bulb light source. The emission spectrum
' for the bulb, Fig. S.1 shows no emission below 410 nm however the
0.09 spectral data was only supplied down to 380 nm [70]. It has been
c noticed in the past that older the white light sources can give good
2 0.07 performance for white light photocatalysis which is believed to be
2 due to the handling of the white light sources. As the bulbs are
< 0.05 handled the phosphor coating on the inside of the fluorescent tube
can become unstuck from the surface allowing for the leaking of a
0.03 very small fraction of higher energy radiation to escape. This would
0.01 increase the UV component and give the appearance of better white
light photocatalysis; a “False Positive Result”.
-0.01 : : : : To counter this, the experiment was run with a piece of
3000 2950 2900 2850 2800 Optivex™ glass placed in between the sample and the same light
Wavenumber cm-1 source as used above. Optivex™ glass is commonly used to pre-
serve precious artwork from the damage caused by UV light and
absorbs virtually all radiation below 400 nm. The UV-Vis spectrum
0.09 for a sample of Optivex™ coated glass is shown in Supplementary
material Fig. S.2 clearly indicating that at wavelengths below
400 nm there is almost no transmission.
0.07 The photo-oxidation of stearic acid using filtered white light on
IS the TiO, and Ag-TiO, films is now seriously impeded as shown in
% 0.05 Fig. 6.Sample TiO, has negligible degradation, indicating that white
§ light results shown in Fig. S.5 are due to stray high energy photons
0.03 A <400nm in wavelength, and highlighting the validity of using
the filter for true visible light photocatalytic observations. Under
0.01 these conditions, A >400, sample Ag-TiO, retains activity and is
200x as effective at destroying stearic acid than the control TiO,
001 Table 2. These films are therefore clearly active with incident radi-

2900
Wavenumber cm-1

3000 2950 2850 2800

Fig. 6. Raw data showing the photo-oxidation of stearic acid molecules on the sur-
face of the three samples over 500 h using a white light source typically found in UK
hospitals and a sheet of Optivex™ coated glass. This is to our knowledge the first
unequivocal evidence of visible light photocatalytic destruction of Stearic acid. Lines
times are in order of height. The three samples are: (a) blank microscope slide; (b)
pure titania; (c) silver enhanced titania. In all cases, the area under the curve indi-
cates the amount of stearic acid on the surface and the heights of the lines represent
time with the highest peaks corresponding to the shortest irradiation time.

ation of wavelength above 400 nm. The activity is lower than that
observed under the unshielded white light source which is due to
a combination of the loss in intensity of visible light from the ~80%
transmission through the Optivex™ glass and due the loss of the
UV part of the spectrum as measured by UV-Vis transmission spec-
tra and confirmed by lux readings at 20 cm from the light source
(16,0001x vs. 13,000 Ix).

The results now conclusively suggest that the sample Ag-TiO,
is indeed displaying visible light driven photo-oxidation of stearic
acid using the sample TiO, as a control to account for any stray
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photons of higher energy. To our knowledge this is the first unam-
biguous display of visible light photocatalysis.

Table 2 clearly shows that there is significant photo-chemical
activity associated with samples TiO, and Ag-TiO, under both UV
and white lighting conditions. Under UV irradiation both photocat-
alysts performed the same with a highly significant improvement
on the blank slide. In contrast, when the incident light energy was
restricted, i.e. a light source that contained visible light with no
UV-component, the silver coated samples become far more effec-
tive than the pure titania showing photo-activity with more than
two hundred times the oxidizing potential of the surface during the
96 h experiment when compared to the pure TiO, sample. In both
cases there were significant reductions in photo-activity between
the UV and the white light source, which is to be expected given the
differences in the intensity outputs for the two sources. Under hos-
pital lighting conditions there will likely be an equilibrium between
the silver nanoparticles on the surface of the titanium, and the sil-
ver oxide in sample Ag-TiO,. Oxidation reactions will be occurring
at the same time as photo-reduction of the silver oxide by the TiO-.
The reactive oxygen species in the photo-reduction will then be
free to take part in the photo-oxidation of the stearic acid. How-
ever pure TiO, would not be as significantly photo-activated by the
light source, as very little of the radiation will be below the 385 nm
threshold that is required to excite an electron from the valance
band into the conduction band of TiO,. Therefore a reduction in
activity under the white light conditions should be observed. This is
clearly not happening, indicating that the surface silver is interact-
ing with the TiO, and allowing it to absorb lower energy light more
efficiently than TiO, on its own. This could be in the form of a cou-
pling between the plasmon resonance from the silver nanoparticles
and the band structure of the TiO,. It might therefore be possible to
enhance the properties of a photocatalyst by tuning the particle size
of the silver applied to its surface. The surface plasmon resonance
effect (controlled by the particle size) could couple to the pho-
tocatalyst’s intrinsic band onset properties and lead to enhanced
photocatalysis at low energy. This is similar to that observed when
the plasmon resonance of gold particles couples to the absorption
of a dye leading to dye-sensitized enhanced properties [72].

In the case of the UV irradiation the TiO, is saturated with UV
light so no change in activity would be expected from the addition
of the silver nanoparticles to the surface. All light photons will be
higher in energy than both the band onset and the light needed
to excite the surface plasmon effects hence no enhancement is
observed due to the presence of silver on the surface.

3.3. Microbiological testing

The samples were tested for their inherent antimicrobial effects
using both E. coli and an epidemic strain of MRSA, EMRSA-16.
Both of these organisms represent significant problems for west-
ern healthcare environments and the control of their reproduction
is seen as key to tackling the issues of infection rates within our
hospitals [20]. Fig. 7 shows the results from experiments using
EMRSA-16, a light tolerant strain of MRSA after 12 h incubation in
the presence of white light. A significantly enhanced kill is present
only with the results representing the experimental conditions of
light and the silver active surface (Ag*/L*). This is indicative of
the silver particles enhancing the light activated surface’s pho-
tocatalytic properties and the TiO, enhancing the silvers toxic
properties, evidence of a synergistic relationship between the two
destructive routes. Ag-TiO, without the light (Ag*L~) and TiO,
(Ag~L7)onitsown (Ag~L~/Ag—L*)show negligible kill. The EMRSA-
16 strain used is light tolerant, and appears unaffected by the silver
ions in the dark. MRSA is known to be highly susceptible to destruc-
tion from light activated antimicrobial surfaces so is not resistant
to photocatalytically produced radicals from the TiO,. It is there-
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Fig. 7. Microbiology data (EMRSA-16) showing the three different samples under
the 2 different conditions of testing, light on (L+, hospital lighting conditions) and
light off (L—) for 12 h using. The first 2 data sets are from blank microscope slides,
Un, the next 2 data sets are the pure titania, TiO, and the final 2 data sets are from
sample Ag-TiO,, Median values are displayed in colony forming units present on
the test slides after 12 h of incubation at room temperature and are represented by
the thick horizontal line. The base and top of each box represents the 25% and 75%
quartiles respectively, and the error bars, the 10% and 90% percentiles. The detection
limit of the assay is also shown.

fore possible to conclude that the photoinduced destruction is due
to radical production in the TiO, from the white light photocat-
alytic effects induced by the silver. These radicals however require
the silver to be present as they are formed from white light. The
fact that the TiO, on its own shows negligible kill in the presence
of white light indicates that firstly our white light source has neg-
ligible quantities of UV light and secondly that the photoactivity
observed in the more active sample is due to an enhanced photo-
catalytic effect. It is however possible that the TiO, with the silver
is promoting the photo-assisted release of silver ions which in turn
are killing the bacteria. It is not easy to determine if the kill is due to
the direct photodegradation, i.e. radical production, or if photoas-
sisted silver ion release Kkills the organism. EMRSA-16 was found
to be more tolerant to light than the EMRSA-15 strain and similar
if not enhanced results, i.e. greater kills in all light experiments,
would be expected in identical experiments using EMRSA-15.

Experiments using E. coli, a microbe that is reputed as being one
of the hardest to destroy using light activated surfaces was easily
dispatched using these surfaces. Both silver containing conditions
resulted in a total kill within 6h of the 12h experiment, hence
the data presented in Fig. 8 is for 6 h rather than 12 h. A 99.996%
(4.41ogo cfu/coating) decrease in the number of viable bacteria
was observed on the Ag-TiO, films incubated under white light
for 6 h, compared with the TiO, films incubated under the same
light conditions for the same time period. This shows that there is
a significant enhancement in the killing of E. coli (p <0.001) due to
the presence of the silver ions when comparing Ag-TiO, and TiO,
under white light conditions. A similar decrease in the bacterial
number was demonstrated when the viable counts from Ag-TiO,
incubated in the absence of light were compared with the viable
counts from TiO, incubated in the absence of light, indicating that
the observed effect was independent of white light exposure. This
is highly indicative of high toxicity of the silver ions, rather than a
light induced effect.

No significant difference in bacterial numbers was observed on
the TiO, thin films incubated in the dark compared with those
exposed to white light for 6 h, indicating that the white light did
not activate the TiO, thin films as the white light source contained
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Fig. 8. Microbiology data showing the three different samples under the 2 different
conditions of testing, light on (L+, hospital lighting conditions) and light off (L—) for
6 h. The first 2 data sets are from blank microscope slides, Un, the next 2 data sets
are sample TiO; and the final 2 data sets are from sample Ag-TiO,.

no UV component. Additionally, no significant decrease in bacte-
rial count was observed on the blank microscope slides exposed
to white light (when compared to those incubated in the absence
of white light), demonstrating that the white light did not have
an inhibitory effect on the viability of E. coli. All other conditions
resulted in negligible Kkill.

These results indicate that E. coli is killed effectively by the silver
as comparable data were seen in both Ag*L* and Ag*L~ samples
(i.e. the sample Ag-TiO, kills E. coli in both the light and the dark),
whereas for EMRSA-16 the kill was significantly enhanced by the
light.

4. Conclusions

The addition of surface bound silver/silver oxide nanoparticles
has been shown to significantly enhance the activity of a TiO, pho-
tocatalyst, for a number of its functional properties. Structurally the
samples were found to be the anatase structure of TiO, with sur-
face bound silver containing nanoparticles. The silver was observed
as either silver oxide or pure silver depending on the state of the
underlying TiO; film. Storage in the dark but in air led to partial oxi-
dation of silver to silver oxide nanoparticles while irradiation under
UV light reduced the silver oxide to silver on the surface. These thin
films display photochromic behaviour as a colour change between
purple, oxide and orange, silver metal.

The silver nanoparticles caused a shift in the band onset allow-
ing the harvesting of lower energy photons and the occurrence
of white light induced photocatalysis. This was attributed to an
interaction between the surface plasmon resonance effects of the
silver nanoparticles and the band properties of the TiO, leading to
enhanced photocatalysis under conditions where the quantity of
UV-light is significantly reduced, such as those found indoors.

It has been possible to show the presence of visible light pho-
tocatalysis using a light source commonly found in UK hospitals
and a piece of Optivex™ glass as a UV filter. A TiO, photocatalyst
was used as a control to detect the presence of any UV pass-
ing through the filter. Any UV-radiation incident on the samples
would have led to some form of photoactivity on the TiO, sample
over the time scale leading to a difference in the raw data traces
between the TiO, and the blank samples. The fact that the stearic
acid photo-oxidation results for these two samples are the same in

appearance means that there is no leakage of UV-light in the light
source and setup. The presence of photocatalysis from the silver
enhanced samples under these conditions can therefore reliably be
considered to be due to light of energy within the visible spectrum
(A >400 nm). These silver containing films prepared by sol-gel syn-
thesis exhibit the up to 4 times the rate of photo-oxidation of stearic
acid under white lighting conditions compared to those seen from
APCVD synthesis of N-doped and S-doped TiO, reported previously
[23-25,43].

The Ag-TiO, films have proved to be exceptional visible light
photocatalysts under visible light, even in the presence of a UV
filter. This is the first example of unambiguous visible light photo-
catalysis and photo-induced super hydrophilicity along side a TiO,
control that shows no activation.

The silver enhanced samples show real promise in the field of
self-cleaning coatings and could have significant applications in US
and UK healthcare environments. The silver enhanced samples, Ag-
TiO, showed a 4.4 log¢ kill or indeed (99.996% reduction) of E. coli
bacteria during the 6 h of the experiment making these samples
highly efficient as antimicrobial agents. In the presence of light the
Ag-TiO, samples showed a 3.5 log kill with a light resistant strain of
MRSA. It is however likely that the killing effect on E. coli is hugely
enhanced as aresult of the presence of the silver rather than purely
the TiO,. The MRSA as shown in Fig. 7 is killed due to the light
activated surface, most probably enhanced by the presence of the
silver nanoparticles.

This double pronged approach involving a photocatalyst and
silver is beneficial over just the photocatalyst and indeed just
the silver as the photocatalytic surface adds a degree of adher-
ence to the substrate allowing the silver ions to bond better to
the surface. The enhancement of silver activation allows less sil-
ver to be used which will have cost implications given the high
cost of precious metals. The synergistic effect allows more bacteria
to be killed in a shorter time period and allows for the multi-
directional mechanism of action making these a more potent killer
of all bacteria types. This is important as different bacteria have
different susceptibility to the different anti-microbial approaches.
MRSA for instance is relatively easily deactivated using light acti-
vated anti-microbial surfaces but is more resistant to silver ions.
Conversely E. coli is hard to deactivate using a light activated
anti-microbial agent but is highly susceptible to silver ions. The
duel approach therefore provides a multi-functional surface that is
effective against more types of bacteria and therefore more effec-
tive across the board.
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