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Thin films of titanium dioxide and titanium dioxide with incorporated gold and silver nanoparticles
were deposited onto glass microscope slides, steel and titanium foil coupons by two sol–gel dip-coating
methods. The film’s photocatalytic activity and ability to evolve oxygen in a sacrificial solution were
assessed. It was found that photocatalytic activity increased with film thickness (from 50 to 500 nm
thick samples) for the photocatalytic degradation of methylene blue in solution and resazurin redox dye
in an intelligent ink dye deposited on the surface. Contrastingly, an optimum film thickness of 200 nm
for both composite and pure films of titanium dioxide was found for water oxidation, using persulfate
(S2O82) as a sacrificial electron acceptor. The nanoparticle composite films showed significantly higher
activity in oxygen evolution studies compared with plain TiO2 films.

1. Introduction
The use of titanium dioxide for semiconductor sensitized photocatalysis and water splitting processes is a key topic of interest
in materials science.1 It was initially brought to prominence by
Fujishima et al.2 who showed how UV excited titania could
induce hydrogen production in a chemically biased system.3,4 A
lot of subsequent research focussed on making this process
function with sunlight rather than solely UV light for applications in clean hydrogen fuel energy formation, with a broad
range of semiconductors tested. However, the search still
continues in finding a method of sustainably producing hydrogen
fuel from the sunlight induced photochemically splitting water
with high conversion efficiency and commercially viable cost.5–13
The bulk of this research has focused on titanium dioxide as the
semiconductor catalyst, due primarily to the position of its
conduction and valence bands in relation to the redox potentials
for water reduction and oxidation respectively. The robust
physical, chemical and photochemical stability to numerous
reaction cycles makes TiO2 an even more attractive candidate for
commercial application.14–18 Nonetheless, the energy required to
photo-excite titanium dioxide (3.0–3.2 eV, rutile/anatase phase)
lies in the UV portion of the electromagnetic spectrum,
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representing just a fraction of the energy in sunlight (4% at sea
level). As a more significant portion of sunlight lies in the visible
region of the electromagnetic spectrum (43% at sea level)
researchers have investigated alternative materials that
command both suitable reduction potentials in addition to low
energy band gaps. Materials such as CdS (2.43 eV) and CdSe
(1.73 eV) have been proven to meet such requirements; however,
high propensities to photo-corrode make these materials poorer
candidates for long-lasting commercial applications than
TiO2.19–21 Great interest has therefore been undertaken in
making titania based catalysts better suited for sunlight watersplitting; one method being noble-metal composite formation.
There is also great interest in using titanium dioxide for selfcleaning surface applications.1,4,22 This research has been applied
commercially in the production of self-cleaning windows,
Pilkington Activ for example23 that is photo-activated using
sub-385 nm radiation.24 This titania coated glass exhibits both
photocatalytic and photo-induced super-hydrophilic properties
when photo-excited; photo-mineralising the organic surface
grime and forming a super-hydrophilic surface that encourages
water sheeting.25,26 One method of improving the photocatalytic
ability of TiO2 is by metal/metal oxide doping.27–30 Some studies
have shown that the surface loading of noble metal nanoparticles
onto the surface of semiconductors can also enhance the photocatalytic activity. It is understood that the noble metal particles
act as a reservoir or trap for photo-generated electrons and
mediates their interaction with the relevant surface absorbed
electron acceptor (such as oxygen in the photo-mineralisation of
organics).18,31
In this paper we report the sol–gel synthesis of a TiO2
composite embedded with Ag and Au nanoparticles. We present
This journal is ª The Royal Society of Chemistry 2011
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the novel synthesis of this material on titanium foil and steel
coupons for use as photo-diodes in the photo-driven oxidation of
water (with a persulfate bias). Films were also deposited on glass,
and tested for the photocatalytic activity against methylene blue
in an aqueous environment and the photo-reduction of a resazurin based ink coating. A range of films with varying thicknesses
were achieved by either modifying the withdrawal rate of
substrates when dip-coated in the sol–gel or by dipping and
annealing for several cycles. Pure TiO2 standards were formed
analogously; so that the possible improvement of the photocatalytic and water splitting properties in the composite films
could be compared. To our knowledge this is the first photocatalytic water splitting study in which the metal catalyst particles have been created at the same time as the sol–gel film in a one
pot synthesis. It is also the first study of the effect of film thickness on the efficiency of both photo-degradation and oxygen
evolution from water from an identical set of films. Interestingly,
it was found that films which were most effective in photooxidising water were not the most effective photocatalysts. In
fact, an optimum film thickness was discovered for water photooxidation (200 nm) and was explained by relating the photogenerated electron diffusion length to vectorial charge
separation.

2. Experimental
All of the chemicals used were purchased from Sigma–Aldrich
Chemical Co. The grades used were 99.5% propan-2-ol, 99.8%
butan-1-ol, 99% methanol, 99% acetylacetone, 99% acetonitrile,
99% silver nitrate, 99.9% hydrogen tetra-chloroaurate(III)
hydrate (auric acid), 98% tri-basic ammonium citrate, 97% titanium(IV) n-butoxide, and methylene blue solution 1% w/v. Ready
cleaned and polished low iron content microscope slides (76 
26 mm) were purchased from BDH. 0.5 mm thick steel sheets
were supplied by Corus that were cut into 25  25 mm coupons.
0.1 mm thick 99.6% Ti foil coupons (25  25 mm) were
purchased from Goodfellows.
2.1 Sol–gel synthesis
2.1.1 Synthesis of titanium dioxide precursor sol. Titanium
n-butoxide (17.08 g) was chelated with a mixture of acetylacetone
(2.51 g) and butan-1-ol (32 cm3), and stirred for 1 hour at room
temperature. The sol changed from colourless to a clear, golden
yellow during the first hour of stirring. After stirring for an hour,
the titanium n-butoxide precursor was hydrolysed by adding
distilled water (3.66 g) dissolved in propan-1-ol (9.04 g) and
stirred for a further hour. The colour of the solution slightly
intensified to a dark orange in the second hour of stirring.
Finally, acetonitrile (1.66 g) was added to the solution, and
stirred for one more hour, before being allowed to stand and age
overnight.
2.1.2 Synthesis of nanoparticle composite titanium dioxide
precursor sol. The gold nanoparticles were made by the Turkevich method.32 Auric acid (0.2063 g) was dissolved in distilled
water (25 cm3). Separately, tri-basic ammonium citrate (0.30 g)
was dissolved in distilled water (25 cm3). Distilled water (17 cm3)
was heated in a separate vessel. An aliquot (1.0 cm3) of the auric
This journal is ª The Royal Society of Chemistry 2011

acid solution was added to the distilled water when at 60  C. The
water was further heated until boiling, whereupon an aliquot
(2.0 cm3) of the citrate solution was added drop-wise to the
boiling solution over a 1 min period. The solution changed from
pale golden to dark blue, indicating the formation of the nanoparticle colloid. The solution was heated for a further 2 min
before being allowed to cool to room temperature. Once cooled,
the suspension (3.0 cm3) was diluted with propan-2-ol (9.03 g)
and added to the initial solution of titanium precursor sol (as
prepared in Section 2.1.1) to create a Au–titania sol precursor
solution. The solution was stirred for one more hour, then silver
nitrate (0.852 g) dissolved in acetonitrile (2.89 g) was added to the
sol, before leaving the solution to stir for a further hour, and
allowing the sol to stand and age overnight.
When the sol–gel solutions had aged overnight, three kinds of
substrate were dip-coated: (i) microscope slides (25 mm 
75 mm), (ii) steel coupons (25 mm  25 mm) and (iii) Ti foil
coupons (25 mm  25 mm).
2.2 Varying the thickness of films
All substrates were initially washed before coating: first in
methanol followed by distilled water and finally with propan-2ol. The substrates were then allowed to air-dry for 2 hours before
being mounted for dip-coating. Substrates were dip-coated in
two ways. The first series was made by varying the withdrawal
rate of the immersed substrate from the sols. The withdrawal
rates were varied from 2–600 cm min1. Substrates that were
quickly withdrawn from the sol were significantly thicker than
those withdrawn at slower speeds. After the films were deposited
onto the three substrate types for a range of withdrawal rates
they were annealed in a furnace, from room temperature to
550  C. The temperature was held at 550  C for an hour, before
the furnace was turned off. The door remained closed as the
samples were left to cool down to room temperature inside the
furnace overnight. The second series of films were made by
loading a number of coats. Substrates were dip-coated at a fixed
withdrawal rate of 120 cm min1 and then annealed at 550  C for
10 minutes before cooling to room temperature and repeating the
process. The number of coating-annealing cycles was varied to
produce films with a range of thicknesses. All samples were
annealed for 1 hour at 550  C at the final coating.
The two series of films formed on steel, Ti foil and glass
substrates showed a range of interference colours, indicating
films of varying thicknesses were achieved. An example image of
all the films formed on glass from the two sol–gel solutions, TiO2
and nAuAg–TiO2, is shown in Fig. 1.
2.3 Characterisation of films
Raman spectroscopy was carried out using a Renishaw Raman
System 1000 equipped with a HeNe laser. X-Ray diffraction
(XRD) analysis was conducted using a Bruker AXS D8
Discover. The mean crystallite size was determined from the
degree of line broadening and application of the Shearer equation. Scanning electron microscopy (SEM) was performed on
a Jeol JSM-6301F scanning electron microscope. Energy
dispersive X-ray (EDX) studies were conducted on a Hitachi
S570 and Wavelength dispersive X-ray (WDX) analyses were
J. Mater. Chem., 2011, 21, 6854–6863 | 6855
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standard, Pilkington Activ glass. The samples were placed in
direct contact with a MB solution of fixed volume (4.0 ml) and
concentration (1 mM). After equilibration, samples were exposed
to 365 nm UVA light to induce photocatalysis. The change in
MB concentration was measured at regular intervals using UVvisible spectroscopy, and the degradation rate determined.
Notably the solution was continuously stirred whilst irradiated.

Fig. 1 Top down digital photograph of the array of TiO2 and nAuAg–
TiO2 thin-films on glass made from System 1, where the withdrawal rate
when dip-coated in the sol–gel was varied in order to achieve films of
varying thicknesses. A range of interference colours were observed,
indicative of varying thickness across both sets of films.

undertaken using a Philips ESEM. UV-visible spectroscopy was
carried out using a PerkinElmer Lambda 25 UV/VIS spectrometer. The 254 nm UVC and 365 nm UVA irradiation were
supplied from Vilber Lourmat VL-208G 8W and VL-208BLB
8W lamps respectively. From a distance of 15 cm, the lamp
powers were 1 800 mW cm2 for the 254 nm lamp and 1 300 mW
cm2 for the 365 nm lamp.
2.4 Functional characterisation of films
2.3.1 Water droplet contact angle change in UV light. From
the second series of films, whereby a number of dip-coats and
calcinations were applied in forming thicker films; the three 20
coat nAuAg–TiO2 films on glass, steel and titanium were
assessed. All samples were initially irradiated with 254 nm UVC
light for 1 hour to ensure that any organic contaminant on the
sample surface was degraded. Samples were then placed in the
dark for 72 hours in order to allow the surface to revert to its
initial hydrophobic state. A 1 ml water droplet was then placed on
the surface of the film and the diameter of the spread measured.
The sample was irradiated with 365 nm UVA light for a set
period of time, before a fresh droplet was applied to the surface
and measured. This testing process was repeated at regular
intervals over 2 hours. The contact angle the droplet made with
the surface was then calculated computationally from the
measured spreads.25
2.3.2 Electrical conductivity. This was measured using a twopoint probe. The two probes were held 2 mm apart at an
approximate 45 angle to the surface. The coating on glass was
highly resistive, and beyond the capacity of the probe to be
measured. However, the coatings on steel and Ti foil both
showed electrical conductivity. This was explained by current
leaking through shrink-cracks formed in the film through
annealing that penetrated through to the conductive metal
substrates.

2.3.4 Resazurin intelligent ink test. The photocatalytic
activity of the films was also qualitatively measured using
a resazurin-based intelligent ink.42,43 The first series of films, dipcoated on glass with various withdrawal speeds, were arranged in
the order of thickness when mounted onto glass supports. The
intelligent ink was then spray-coated evenly over the surface of
the thin-films. The arrays were subsequently irradiated under
365 nm UVA light in-between regular intervals of flat-bed digital
scanning. As the photocatalyst photo-reduced the redox dye in
the intelligent ink from resazurin to resorufin to bleached intermediates, the ink changed colour from royal blue to pink to
colourless. The time taken for the colour changes to occur,
quantified by a colour extraction program, indicated the relative
photoactivity of the films. If a film rapidly turned the ink pink
and then colourless, it was highly photoactive, and if it took
longer, it was less photoactive.
2.3.5 Oxygen evolution studies. To test the potential application of these films in water splitting devices, one half of the
splitting reaction was examined, the oxidation of oxygen anions
to the gas. An aqueous sacrificial solution consisting of 0.1 M
NaOH and 0.01 M Na2S2O8 was used. The change in voltage was
measured using a Rank Brothers electrode system.44 By initially
purging the system with O2, and then N2 gas, the voltages for
purely saturated (maximum oxygenated water) and unsaturated
(zero oxygen water) solutions were measured. When the photocatalyst was excited by 365 nm UVA light, O2 formed and
induced a change in measured voltage. The changes in voltage
during the photo-reaction could then relate to rates of oxygen
evolution, as the voltage increased towards saturation (where the
level of water saturated by O2 is known to be 40 mg L1 at 298 K,
1 atm). For a blank test, no change in voltage was observed. Any
change in voltage was attributed solely to the photocatalytic
evolution of O2 from the aqueous sacrificial solution. To aid the
water splitting process, all samples were sputtered with Pt on the
reverse side of the sample (the side not irradiated with UVA
light). This enhanced the rate of oxygen formation and was
explained by more efficient charge separation of photo-excitations and reduction of the sacrificial electron acceptor (SEA) at
Pt sites. A comparative experiment for a reverse Pt sputtered film
and non-sputtered film showed that the increase of water
oxidation increased by a factor of four.

3
2.3.3 Methylene blue dye cell test. The quantitative rate of
photocatalysis of samples was assessed by measuring the photocatalytic degradation (molecules destroyed cm2 s1) of
methylene blue solution (MB).33,41 From the second series of
films, the 2 coat nAuAg–TiO2 films on steel and titanium
substrates were tested, in addition to a commercially available
6856 | J. Mater. Chem., 2011, 21, 6854–6863

Results and discussion

3.1 Film synthesis and characterisation
Two series of films were made by a sol–gel dip coating process of
two sols, titanium dioxide (TiO2) and titanium dioxide embedded
with silver/gold nanoparticles (herein denoted nAuAg–TiO2).
The two series of each film type were made by either (i) varying
This journal is ª The Royal Society of Chemistry 2011
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the withdrawal speed of the substrate from solution from 2–
600 cm min1 and annealing (System 1) or (ii) dipping and
annealing for a number cycles at a constant withdrawal speed
(System 2). Three different types of substrate were coated: glass,
steel and titanium foil. The films showed interference colours due
to variations in film thickness, as shown in Fig. 1.
3.1.1 Raman spectroscopy. Raman spectroscopy showed the
sole presence of titania in all the films synthesised in this study.
Fig. 2 shows an example Raman spectrum for a 5 coat
nAuAg–TiO2 film on Ti foil (System 2). A prominent peak at
144 cm1 with additional smaller peaks at 197 cm1, 320 cm1,
399 cm1 and 515 cm1 related to the anatase phase and peaks at
245 cm1, 357 cm1 and 560 cm1 were attributed to the presence
of rutile, labelled A ¼ anatase and R ¼ rutile in Fig. 2. The
anatase peaks were far more intense than those of rutile. For
nAuAg–TiO2 thin-films, a separate gold or silver metallic/oxide
phase was not observed. Given their notoriety as poor Raman
scatterers, their presence was not expected to be observed by this
method, especially given their low concentrations in the original
sol–gel.
By comparing the relative intensities of anatase and rutile
peaks for all films, a similar ratio was consistently observed,
whether composite or pure TiO2 and across the range of thicknesses. A quantitative indication of the relative concentrations of
the two phases can be calculated from comparisons with preformulated anatase–rutile powders.34 The anatase : rutile ratio
was thus determined to be 3 : 1 for all films made in this study.
It has also been demonstrated that peak broadening in Raman
spectra indicates the degree of crystallinity, where sharper peaks
arise from larger crystallites.46 No significant variation in the
peak widths observed for samples deposited by System 1 (varied
withdrawal rate) when compared to System 2 (several cycles of
dip-coats and annealing stages at a constant withdrawal rate).
This showed that the brief annealing stage (10 min) for samples
made by System 2 did not alter the overall crystallinity of films.
3.1.2 X-Ray diffraction, XRD. All films made in this study
were confirmed to be titania by XRD analysis. Both peaks
 c ¼ 9.504 A)
 and rutile
relating to anatase (I41/amdz, a ¼ 3.782 A,
 c ¼ 2.984 A)
 phases were observed. No
(P42/mnm, a ¼ 4.624 A,

Fig. 2 Raman spectrum of a 5 coat nAuAg–TiO2 sample deposited on
titanium foil made from System 2, involving 5 cycles of dip-coats and
annealing stages. Labels A and R correspond to anatase and rutile
vibrational modes respectively.

This journal is ª The Royal Society of Chemistry 2011

separate phases for the gold or silver nanoparticles embedded
within nAuAg–TiO2 thin-films were observed. Given their low
concentration, in addition to the low particle diameters, it was
likely that any presence would be swamped by peaks relating to
the host titania matrix.
Fig. 3 shows the XRD pattern of nAuAg–TiO2 deposited on Ti
foil at a withdrawal rate of 120 cm1. Peaks labelled A and R
describe anatase and rutile diffractions respectively. From the
relative intensities of each phase, the ratio of anatase : rutile was
estimated to be 2 : 1. Peaks labelled Ti are due to diffractions
from the underlying titanium foil substrate.
The crystallite size as assessed from line broadening was very
consistent across films of different thicknesses, and also across
 from
the range of substrates used and noted to be ca. 400 A
Scherrer calculations. No significant increase in the degree of
crystallinity for samples was seen for samples made from System
2, where repeated calcinations took place. As annealing stages
never increased above a 550  C threshold, the consistency in
crystallinity was not surprising, where previously temperatures
greater than 650  C were required for appreciable increases in
crystallinity to be observed.47 Combining Raman and XRD
evidence, any observed enhancement in the functional properties
tested could not be attributed to changes in crystallinity. Interestingly, the chemical vapour deposition (CVD) growth of titanium dioxide on titania foil was shown to have a strong surface
directing effect, resulting in the growth of films that are
predominantly in the rutile phase of TiO2.35–39 The sol–gel
synthesis used in this study resulted in a mixture of anatase and
rutile phases, with the majority of the film forming the anatase
phase.
3.1.3 Scanning electron microscopy, SEM. SEM images of
the TiO2 and nAuAg–TiO2 films were taken for all three
substrate coatings. The samples were viewed at high resolution
from both top and side. Under high magnification, samples were
generally flat and uniform with the exception of shrink cracking,
inherent of sol–gel annealed thin-films. Example images are
displayed in Fig. 4 of a nAuAg–TiO2 sample withdrawn at a rate
of 120 cm min1 (System 1) at successive magnifications.

Fig. 3 XRD diffraction pattern for nAuAg–TiO2 deposited on titanium
foil at a withdrawal rate of 120 cm min1 (System 1). Peaks labelled A and
R represent diffractions from anatase and rutile phases respectively.
Peaks labelled Ti represent diffractions from the underlying titanium foil
substrate.
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Fig. 4 SEM images of nAuAg–TiO2 deposited on titanium foil at a withdrawal rate of 120 cm min1 (System 1). Images show the film at successive
magnifications where 1 ¼ 200, 2 ¼ 400, 3 ¼ 800, 4 ¼ 2 500, 5 ¼ 5000, 6 ¼ 10 000, 7 ¼ 20 000, 8 ¼ 30 000, 9 ¼ 100 000 magnification. The
scale-bars indicate the width of each image in microns.

Side on SEM was carried out on the same film, and can be seen
in Fig. 5. The bulk of each image towards the bottom right corner
is the titanium foil substrate on which the film lies. Cracks were
observed in top-down SEM images; however it appears that not
all of the film fragments are entirely flat. Due to shrink cracking
of the sol upon annealing, individual plates of film were formed
on the surface. Some are curved at the edges, and not in total
contact with the substrate. The same effect has been seen on
samples of the same coating on microscope slides as well as steel
coupons. This is likely due to significant difference in the thermal
expansion coefficient between the metal oxide and the substrate.
Side-on SEM images were taken from a tilted position to
determine the thickness of films. Fig. 6 shows four separate
images taken from across the nAuAg–TiO2 sample withdrawn at
Fig. 6 Tilted SEM images of nAuAg–TiO2 deposited on titanium foil at
a withdrawal rate of 120 cm min1 (System 1). Images show the film tilted
where 1 ¼ 20 000 and 2, 3, 4 ¼ 70 000 magnification. The scale-bars
indicate the width of each image in microns.

a rate of 120 cm min1 (System 1) on titanium foil. Images 2–4 in
fig. 6 display the very fine microstructure of the surface and edges
of the plate-like structures. SEM showed the presence of bright
spots throughout the film of 1 micron or larger in nAuAg–TiO2
films, corresponding to metal islands.

Fig. 5 Side on SEM images of nAuAg–TiO2 deposited on titanium foil
at a withdrawal rate of 120 cm min1 (System 1). Images show the film
side on where 1 ¼ 430, 2 ¼ 800, 3 ¼ 1 000, 4 ¼ 2 000 magnification. The scale-bars indicate the width of each image in microns.

6858 | J. Mater. Chem., 2011, 21, 6854–6863

3.1.4 Energy-dispersive X-ray analysis, EDX. EDX was used
to analyse the composition of the thin-films produced on all
substrates. The results shown in Fig. 7 represent a nAuAg–TiO2
sample withdrawn at a rate of 120 cm min1 (System 1) on a steel
coupon. First, the film was analysed over a wide area to identify
the average components within the film. The results normally
show a composition mixture of the substrate and the thin-film
coating as the EDX beam penetrates several microns deep into
the sample. An image of an analysed area is shown (Fig. 7(a)),
with the results identifying Fe and Cr within the steel substrate.
This journal is ª The Royal Society of Chemistry 2011
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delamination on the trailing edges of the thickest films deposited
onto microscope slides by System 1 (600 cm min1 withdrawal
rate), but the bulk of the film remained firmly stuck to the
substrate. Nonetheless, the corresponding films on steel and
titanium did not delaminate in this manner. All films were tested
for robustness by scratch tests. All of the coatings were able to
withstand being brushed with tissue, Wypall blue roll, paper,
brass and a steel scalpel; however, they were all easily scratched
by a diamond pencil.
3.1.7 Water droplet contact angle change in UV light. The
contact angle of a 1 ml water droplet placed on the surface of
nAuAg–TiO2 films (a withdrawal rate of 120 cm1—System 1)
was measured for films deposited on glass, titanium and steel.
The change in contact angle when exposed to 365 nm UVA
irradiation was measured at regular intervals. A bar chart of the
corresponding contact angles are shown in Fig. 8. It can be seen
that all films displayed photo-induced superhydrophilicity,25,26 as
the contact angle reduces with increased UVA irradiations to
below 5 . However, the film deposited on glass showed the most
rapid transition to a super-hydrophilic state.

Fig. 7 EDX elemental analysis and the corresponding SEM images for
(a) a wide area analysis and (b) a close up analysis of a silver agglomerate
within a nAuAg–TiO2 deposited on a steel coupon at a withdrawal rate of
120 cm min1 (System 1).

The other major peaks were identified as Ti, Au and Ag. Taking
a closer look at the film surface, silver agglomerates27 were
observed protruding from the smooth surface of the film (Fig. 7
(b)). These agglomerations were found regularly across the
surface of all composite thin-films. It is thought that the
enhancement in activity of the nAuAg–TiO2 film, when
compared with plain TiO2, is due to the increased charge separation of the electrons and holes. As the metallic agglomerations
act as reservoirs for electric charge, the rate of recombination of
photo-generated species would be reduced.

3.1.7 UV-visible spectroscopy. UV-visible spectroscopy was
used to determine the thickness of films on glass and metals by
analysing the interference patterns from transmittance/reflectance spectra. An example reflectance spectrum over the 200–
2500 nm range is shown in Fig. 9 for a 2 coat nAuAg–TiO2 film
deposited on titanium (System 2).40 The positions of maxima and
minima were used in determining the film thickness by the
Swanepoel method. In this instance, the thickness of the film
formed from two cycles of dip-coating and annealing stages was
determined to be 240 nm, which closely correlates to the thickness obtained by side-on SEM of 250 nm. The thickness
increased with multiple dip-coats or speed of substrate withdrawal from the sol (ESI†, Fig. S1 and S2 respectively) for all film
types and substrates. The most constant increase in thickness was
observed for System 2, the method in which the samples were
annealed between repeated dips. These showed an aggregate
increase in film thickness of 120 nm per dip and anneal cycle.
The process of varying the withdrawal rate enabled films from 40

3.1.5 Wavelength-dispersive X-ray diffraction, WDX. WDX
analysis was performed on a sample of nAuAg–TiO2 sample
withdrawn at a rate of 120 cm min1 (System 1) deposited on
glass. Au was this time observed with an average concentration
of 0.45 atom%. This was possibly not observed by EDX analysis
due to the tendency for heavy peak overlap. Nevertheless, this
level of detected gold was far below the 2 atom% inserted in the
original sol. Similarly, Ag was observed at a similarly low
concentration of 0.30 atom% incorporation. By analysing individual islands with WDX spot analysis, each metallic island was
found to consist almost entirely of either silver or gold. The gold
and silver islands did not form alloys. This was a consequence of
the synthetic method where the Ag and Au nanoparticles were
made independently and separately introduced into the sol.
3.1.6 Test for adhesion and robustness. All TiO2 and nAuAg–
TiO2 films on all substrates were tested for their adhesion using
the Scotch tape test. All films of all thicknesses adhered well to
the substrate, and were not removed. There was a little
This journal is ª The Royal Society of Chemistry 2011

Fig. 8 Change in water droplet contact angle upon exposure to 365 nm
UVA light for set irradiation periods for a nAuAg–TiO2 film made at
a withdrawal rate of 120 cm min1 (System 1) on the three substrates:
glass, titanium and steel.
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Fig. 9 UV-visible reflectance spectrum for a 2 coat nAuAg–TiO2 thinfilm deposited on titanium foil (System 2). The positions of the respective
maxima and minima were used in deriving the thickness of the film
through the Swanepoel method.

to 250 nm in thickness to be obtained. The film thickness was
directly proportional to the withdrawal rate. Very similar trends
in varying thickness were observed on steel and titanium coupons
for each deposition method; however the thickness of films on the
metal coupons was slightly greater than that of their respective
glass deposited counterpart.
3.2 Tests for photocatalytic properties
3.2.1 Degradation of methylene blue. The 5 coat nAuAg–TiO2
films deposited on steel and titanium (System 2) were tested
against a commercially available standard Activ glass (TiO2
anatase). The results are shown in Fig. 10. It was observed that
Activ degraded methylene blue with a rate constant of
0.0016 s1. The coating on steel showed a marginally greater rate
constant of 0.0022 s1; however the coating on titanium foil
showed the most significant rate constant of 0.0071 s1. This
showed the film on titanium foil was around four times more
potent than Pilkington Activ in destroying methylene blue at
UVA wavelengths.
3.2.2 Resazurin based intelligent ink test. The photocatalytic
activity of the films was also qualitatively measured using a blue
intelligent ink.42 The experiment entailed the coating of films in
an even layer of ink and monitoring the photo-induced reaction
through a series of digital photographs. Fig. 11 shows a chronological series of images for both TiO2 and nAuAg–TiO2 thin-

Fig. 10 Rate of degradation of methylene blue in solution for 5 coat
nAuAg–TiO2 films (System 2) deposited on steel and titanium, labelled
Steel and titanium respectively. A commercial standard, Activ glass,
was also tested, labelled Activ. The rate constant (s1) is quoted for each
experiment.
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films made in System 1 (withdrawal rate variation). The slides at
0 min show the array (from thinnest to thickest—left to right)
with a spray coated layer of intelligent ink. After 10 min irradiation, the second thickest film is already converting the resazurin
redox dye within the ink (royal blue) to resorufin (pink). This
remains the leader in fully converting the ink to bleached intermediates, with each consecutively thin-film following after some
time. It is noted that the rate of thin-film photocatalysts is
dependent on the film thickness. This is intuitive as a thicker film
will absorb more light yielding a greater number of photo-excitations. In this experiment, a similar trend is observed whereby
thicker films are more active. It is also worthy of note that glass
blanks coated on each end of the array did not change colour for
the duration of the entire photocatalysis experiment, indicating
colour changes were due solely to the photocatalytic process as
well as the UVA lone stability of the ink. When comparing the
two sets of films, TiO2 and nAuAg–TiO2, we can see at 10 min
irradiation the composite films are degrading the ink at a faster
rate than their pure counterpart. For films coated at a withdrawal rate of 5 cm min1 or more, this trend remained consistent
for the remainder of the experiment, indicating the composite
films were slightly more active photocatalysts.
Fig. 12 shows images of an analogous experiment; however
this time performed of films made from System 2 (several dipcoats and annealing cycles). Films from 1–5 coats are tested for
the two film types, TiO2 and nAuAg–TiO2. The thicker coatings
again show a more active rate of photocatalysis than thinner
coatings. However, the TiO2 films degrade the ink slightly faster
than the composite. It should be noted that the thickest films in
this array (4 and 5 coats) took far less time to convert the ink
layer pink and then colourless than any film from the array of
System 1 made films. This was attributed to the fact that these
thin-film coatings were nearly twice as thick (>400 nm) as the
most active film in the System 1 array (220 nm). The disparity
in the activity of composite thin-films and doped thin films in
these photocatalysis experiments was minimal. It was therefore
concluded that the composite thin-films synthesised in this study
were not conclusively any more active photocatalysts than plain
anatase under UVA lighting.
3.3 Photo-oxidation of water—potential water splitting
application
Initially, single coat TiO2 and nAuAg–TiO2 thin-films (System 2)
deposited on glass, titanium and steel were tested for the photooxidation of water and liberation of O2. It was found that films
deposited on glass were unable to evolve significant levels of O2;
however films deposited on either of the metal substrates (titanium or steel) showed superior rates. The full ranges of thicknesses (System 1 and 2) were subsequently investigated for films
deposited on all substrates: steel, titanium and glass. All samples
were sputtered with Pt on the reverse side of substrates.
Compared with pure TiO2 films, nAuAg–TiO2 proved to be
a more active water photo-oxidant.
Fig. 13 shows the results of the water photo-oxidation tests
against varying thicknesses for nAuAg–TiO2 films deposited on
the three substrates. Series A and B refer to Systems 2 and 1
respectively. From Fig. 13 one can see that films deposited on the
titanium substrates produced the greatest levels of oxygen in each
This journal is ª The Royal Society of Chemistry 2011
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Fig. 11 A series of digital images of the photo-reduction of a resazurin based ink layer by 365 nm UVA light for both TiO2 and nAuAg–TiO2 film sets
deposited by System 1. Film thickness increases from left to right, where a greater thickness purports a greater activity. Little variation in activity
between TiO2 and nAuAg–TiO2 was observed.

Fig. 12 A series of digital images of the photo-reduction of a resazurin
based ink layer by 365 nm UVA light for both TiO2 and nAuAg–TiO2
film sets deposited by System 2. Film thickness increases from left to
right, where a greater thickness purports a greater activity. Little variation in activity between TiO2 and nAuAg–TiO2 was observed.

series across the board; with the exception of a steel substrate
coated film of 100 nm thickness in System 1 (Fig. 13(B)). Both
systems for making these films show an optimum thickness of
approximately 200 nm where the highest levels of oxygen were
produced. This is in contrast to photocatalysis studies (Fig. 11
and 12), where thicker films showed to be more active photocatalysts in the photo-reduction of resazurin dye. This shows us
that the two processes, photocatalysis and photo-diode oxidation
of water, operate through contrasting mechanisms, even though
they are both reliant on initial photo-excitations to proceed.
Composite TiO2 films embedded with gold and silver nanoparticles outperformed their corresponding pure TiO2 counterpart when tested for the liberation of oxygen through the
photo-oxidation of water. It is suggested that these embedded
metal nanoparticles might act as electron reservoirs, decreasing
the probability of a photo-generated electron to recombine with
a photo-generated hole. As shown in the EDX image in Fig. 7,
metallic islands were present in sol agglomerates, forming clusters on the cracked surface of composite films. It was previously
suggested that the separate gold and silver islands dispersed
throughout the material can better stabilise photo-excitations
when acting in conjunction rather than alone.48 It is also believed,
This journal is ª The Royal Society of Chemistry 2011

Fig. 13 Rate of O2 evolution (105 V s1) in a sacrificial system versus
film thickness for a set of nAuAg–TiO2 films prepared by either (A)
repeated cycles of dip-coats and annealing stages (System 2) or (B)
varying the withdrawal rate from sol for a single dip-coat (System 1).

due to the relatively high electronegativity of silver and gold
compared to the TiO2 bulk, photo-excited electrons are attracted
to these metallic islands. The electrons held at these sites, away
from concomitantly generated positive holes, inhibit electron–
hole recombination and increase the efficiency of photocatalysis
per photo-absorption.
Nonetheless, no significant increase in activity was observed
between TiO2 films and the composite in intelligent ink tests. This
is because the intelligent ink functions via a mechanism in which
photo-excited electrons reduce the redox dye. By placing an
excess of glycerol within the ink as well, which acts as a sacrificial
electron donor, photo-generated holes are scavenged. This in fact
stabilises photo-excited electrons from recombining, encouraging the photo-reduction reaction process from occurring.
J. Mater. Chem., 2011, 21, 6854–6863 | 6861
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Given the ink system alone, in a sense, stabilises photo-excited
electrons from recombining by scavenging holes; the mechanism
by which gold and silver nanoparticles stabilise photo-excited
electrons would not create as substantial a benefit. It can therefore be concluded that for the intelligent ink system, any benefit
in photo-excited charge stabilisation would be significantly
reduced; yielding the similar photocatalytic rates observed for
nAuAg–TiO2 and TiO2 films tested in this study.
Further photocatalysis results show that the thickest films had
the greatest propensity to photo-degrade the resazurin dye. This
was simply attributed to the fact that thicker films absorb
a greater portion of incoming light, thereby generating a greater
number of electrons and holes. However, a distinct optimum film
thickness for the photo-oxidation of water in a sacrificial system
was contrastingly observed. Both TiO2 and nAuAg–TiO2
systems showed that a thickness of 200 nm film was the
optimum for water oxidation. It is probable that the diffusion
length of the photo-generated electron45 is such that the activity
of the photocatalyst is optimised at a film thickness of 200 nm
for the electron to reach the underlying substrate without
recombination with a positive hole. The platinum sputtered on
the reverse-side of the steel/titanium coupon increased the
effectiveness of water-splitting four-fold. This was attributed to
the metal acting as an electron sink, increasing the level of charge
separation in photo-excitation processes and further hindering
recombination. It is likely that the higher rate of O2 evolution for
the nAuAg–TiO2 film is due to a further enhanced level of charge
separation within the photocatalyst film (and not due to
substrate effects) due to the presence of Ag and Au islands
embedded throughout the film.

4. Conclusion
Titanium dioxide and composite titanium dioxide gold/silver
nanoparticulate films of different thicknesses were created by
sol–gel dip-coating using two different deposition methods on
microscope slides, steel coupons and titanium foil coupons. All
films displayed photo-induced superhydrophilicity under 365 nm
UVA light. A trend for increasing photocatalytic activity with
increasing film thickness was observed, where thicker films were
better photocatalysts in both resazurin reduction and methylene
blue oxidation reactions. Contrastingly, the ability of films to
liberate O2 from the photo-oxidation of water with a sacrificial
persulfate bias showed that films of 200 nm thickness consistently showed the highest rate. It is therefore proposed that
titania based photo-diode systems require an optimum thickness
level of 200 nm for enhanced water-splitting capabilities. On
the underside of metal (titanium/steel) coated substrates, photogenerated electrons can travel through the film to the substrate
where reduction processes can occur. By platinising the
substrate, a four-fold increase in activity was observed as the
noble metal acted as a better electron sink. However, photoexcited electrons in thicker films would be required to travel
a greater distance on average to the back end of the film; thereby
making recombination processes more likely. Therefore, an
optimum level where the best balance between the increased
number of photo-absorptions due to increased film thickness and
the short distance to the platinised reverse side was plausible.
TiO2 films embedded with silver and gold nanoparticles
6862 | J. Mater. Chem., 2011, 21, 6854–6863

outperformed pure TiO2 in the water photo-oxidation tests. The
enhancement of activity of TiO2 by the introduction of noble
metal dopants can be explained in part by a charge separation
model in which the clusters of silver and gold behave as electron
reservoirs that further inhibit recombination processes from
occurring and drive surface oxidation through protection of
concomitant electron holes.
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