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Abstract

The photocatalytic activity of Au modified titanium
dioxide was evaluated in the photodegradation of
the azo dye Acid Red 1 (AR1) under 254 nm
irradiation. Noble metal nanoparticles were
deposited on TiO, either through deposition-
precipitation (DP), or by immobilisation of preformed
metallic sols (polyvinylalcohol (PVA)/NaBH, or
tetrakis(hydroxymethyl)phosphonium chloride
(THPC)/NaOH systems). Gold nanoparticles on the
photocatalyst surface had dimensions of around 3-4
nm in diameter, as determined by HRTEM analysis,
and exhibited visible light plasmon absorption.
THPC Au[TiO, appears to be the most photoactive
amongst the photocatalysts with a 1 wt.% Au
loading, while among THPC samples with different
Au loadings (0.5-20.0 wt.%) the maximum
photoactivity was attained with 5 wt.% Au/TiO..
The higher AR1 photodegradation rate observed on
Au[TiO, at basic pH can be related to the higher
concentration of hydroxyl anions at the interface:
these are able to effectively scavenge
photoproduced valence band holes, possibly in
competition with Au® oxidation to Au*.
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Introduction

Photocatalysis on semiconductor oxides has been widely
investigated in recent years, mainly because of its high
potential for ensuring the complete destruction of organic
contaminants both in the aqueous and in the gas phase
(1). Titanium dioxide is by far the most extensively studied
photocatalytic material, thanks to its outstanding physical
properties, high resistance to dark and photoinduced
corrosion, easy availability and low cost. Upon photoinduced
band gap excitation, electrons are promoted in the
semiconductor conduction band and holes are consequently
generated in its valence band; such charge carriers
are able to reduce and oxidise many species adsorbed
on the semiconductor particles and to induce the oxidative
destruction of organics up to their overall mineralization, i.e.
conversion into CO,, H,0 and mineral acids. The high rate
of recombination between photogenerated electron/
hole pairs is a major rate-determining factor controlling
photocatalytic efficiency (2).

Noble metal deposition can improve the photocatalytic
efficiency of titanium dioxide, by increasing electron/hole
separation. For example, small platinum islands deposited on
the semiconductor surface have been shown to efficiently
compete with the undesired electron-hole recombination
reaction, favouring hole trapping and successive oxidation
reactions (3). This effect was attributed to electron capture
by Pt° rather than to a catalysed oxygen reduction by
conduction band electrons (4), i.e. the noble metal deposit
can act as a sink for photopromoted electrons (5). In fact,
because of the high electronegativity of metal nanoparticles,
the Fermi level can be shifted to negative potentials, with a
consequent increased accumulation of electrons. Thus, the
equilibration of the Fermi-level between the metal itself and
the semiconductor favours electron accumulation in the
composite metal/TiO, system (6).

The deposition of gold nanoparticles on the titanium
dioxide surface was explored in the present study as a means
of improving its photocatalytic activity. Three different
deposition methods were employed, in order to optimize
the deposition procedure. In addition to the well-known
deposition-precipitation (DP) technique, first used by Haruta
(7), the use of metal colloidal solutions was also examined
as a way of controlling the size of gold nanoparticles (8),
which can affect both the catalytic and photocatalytic
performance of AufTiO, systems. The various samples of
Au[TiO, photocatalysts were evaluated in the photocatalytic
degradation of the azo dye Acid Red 1 in the aqueous phase
under UV irradiation. The effect of the Au loading on the
TiO, was also investigated, to maximise the beneficial role
of gold on the processes occurring at the water-metal-
semiconductor interface. Finally, the effect of pH on the
photocatalytic activity of Au/TiO, was investigated to ascertain
if and how the reactivity of trapped holes at the water-metal-
semiconductor interface might be modified by alteration of
the photocatalyst surface speciation.
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Experimental section

Deposition of gold nanoparticles and

Au[TiO, characterisation

Gold foils of 99.9999% purity, purchased from Fluka,
poly-vinylalcohol (PVA, 98% hydrolysed, average M, 13 - 23 x
10%), tetrakis(hydroxymethyl)phosphonium chloride (THPC),
purchased either from Fluka or from Aldrich, and TiO, from
Degussa (P25; 25% rutile, 75% anatase, surface area 50 m?
g") were used for the preparation of Au/TiO, samples. NaOH
was 99.9% pure from Merck and was stored under nitrogen.

PVA - stabilised gold sols were obtained from an aqueous
solution containing 100 mg I' of HAudl,, prepared by
dissolving 30 mg of gold in a minimum amount of a 3:1
(vol/vol) HCI/HNO, mixture. After removing HNO,, the auric
solution was diluted with distilled water and maintained
under vigorous stirring while adding a 2 wt.% PVA solution,
up to PVA/Au (wt/wt) = 0.64. A 0.1 M freshly prepared NaBH,
solution was then added up to NaBH,/Au (mol/mol) = 5, to
form a ruby red metallic sol (9).

Sols generated in the presence of the THPC/NaOH system
were prepared as reported elsewhere (10). A freshly prepared
0.05 M THPC aqueous solution was added to a 102 M NaOH
solution (THPC/Au (wt/wt) = 0.95). After a few minutesa 10° M
HAuCI, solution was added dropwise, forming a brown
metallic sol. A reference sample was prepared following
exactly the same procedure, apart from HAuCl, addition.

The stabilised Au nanoparticles were immobilised on TiO,
by simply dipping the oxide support in the various metal
dispersions, which were acidified up to pH 1.5 - 2 by addition
of 6 M H,SO,. The amount of TiO, powder was calculated so
as to have a final gold loading of 1.0 wt.% (PVA Au/TiO,), or
equalto 0.5,0.7, 1.0, 1.5, 5.0, 7.0, 10 and 20 wt.% (THPC Au/
TiO,). After 1 h the slurry was filtered and the total absorption
of gold was checked by ICP analysis of the filtrate. Before use,
the photocatalysts were thoroughly washed with distilled
water and then dried at 100°C for 2 h.

Alternatively, Au/TiO, photocatalyst samples were prepared
by the deposition-precipitation (DP) method (7). The TiO,
support was dispersed in water (approximately 10 ml/g
of support) and a 0.3 M NaOH solution was added to raise
the pH to 10. The required amount of gold (in the form of
HAudI, solution) was added dropwise under vigorous stirring
over a time interval of 2 h. The mixture was stirred for 30
min, centrifuged and washed with at least ten times its own
volume of distilled water. The reduction of the catalyst was
carried out by calcination at 400°C in air for 4 h.

The effect of Au deposition on the crystalline structure of
TiO, Degussa P25 was analysed by X-ray diffraction employing
a Philips PW 1820 powder diffractometer, operating at 40
kV and 40 mA, with Ni-filtered Cu Kot radiation (A = 1.5148
A). Electron micrographs of the samples were obtained by
a Jeol 2000EX microscope, as already reported (11). XPS
measurements were performed in an M-Probe Instrument
(SSI) equipped with a monochromatic Al-Ka source (1486.6
eV) with a 200 x 750 um spot size and a 25 eV pass energy.
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The Au 4f region around 84 eV was investigated in detail. The
accuracy of the reported binding energies can be estimated
tobe+0.2 eV. ALambda 19 Perkin-Elmer apparatus, equipped
with a RSA-PE-19 accessory for reflectance measurements,
was employed to collect DR UV-vis spectra.

Photocatalysis tests

Acid Red 1 (AR1, see Scheme 1) purchased from Aldrich,
was purified by repeated crystallisation fromm methanol and
its purity from organic contaminants verified by NMR analysis.
All other chemicals used in the photocatalytic experiments
were high purity Aldrich products and were employed as
received. Water purified by Milli-Q water system (Millipore)
was used throughout.

The degradation runs were carried out in the 800 ml
reactor previously described (12), equipped with animmersion
Jelosil, model NSL15, 15 W low pressure mercury arc lamp,
emitting exclusively at 253.7 nm, with a 6.3 x 10 Einstein I
s7 radiation flow, as determined by ferrioxalate actinometry
(13). The reactor was magnetically stirred during the runs and
thermostated at (30£1)°C by continuous water recirculation
through an external glass jacket.

The irradiated aqueous suspensions contained 0.1 g I
of TiO, or AufTiO, and an initial AR1T concentration around
2.5 x10° M. Prior to AR1 addition, the aqueous suspensions
containing the photocatalysts were always sonicated for 30
min, employing an ultrasound source emitting at 20 kHz,
produced by Stimin (Italy).

The pH of the suspensions was monitored during the
photocatalytic runs by means of an Amel Instruments 334-B
pH-meter. A pH decrease was observed under so-called
natural pH conditions, i.e. when the initial pH of the AR1
aqueous suspensions was not adjusted, from an initial value
of 5.8 to a final value of ca. 4.4, as a consequence of the
production of stable acids (14). The effect of pH on the
rate of ART photocatalytic degradation rates was studied
by adjusting the initial pH by addition of small amounts of
concentrated NaOH and HCIO, solutions, which are known to
have negligible influence on the photocatalytic activity (15).

2-ml samples were periodically withdrawn from the
reactors and analysed, after removal of TiO, particles by
centrifugation at 3000 rpm for 30 min, employing an ALC

OH NHCOCH,

Q2

SO, Na

Scheme 1
Molecular structure of the azo dye Acid Red 1 (ART)
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Figure 1

Diffuse reflectance spectra of unmodified TiO, (solid line) and 5 wt.%
Au/TiO, THPC (dashed line)

4225 centrifuge (16). The cleavage of the azo bond of ART,
leading to its bleaching (also mentioned as AR1 degradation),
was monitored by spectrophotometric analysis at 531 nm
(maximum AR1 absorption, €= (3.13 £ 0.02) x 10* M cm™)
by means of a Perkin Elmer Lambda 16 spectrophotometer
(16). The mineralisation of the substrate was detected using
a total organic carbon (TOC) analyser (Shimadzu Instruments,
TOC-5000A). All runs were repeated at least twice, to check
their reproducibility.

ART adsorption was determined in aqueous suspensions
containing 1.0 g I of TiO, or Au modified TiO, and a 2.5x10°
M initial ART concentration. After continuous stirring for
24 h in the dark at 30°C, the photocatalyst was removed
by centrifugation and the aqueous phase was analysed
spectrophotometrically for AR1 residual content.

Results and discussion

Photocatalysts characterisation

Deposition-precipitation (DP) and two quite novel methods,
employed for the first time to prepare Au/TiO, photocatalysts
(17-21) and based on the reduction of HAudl,, either with
NaBH, in the presence of polyvinylalcohol (PVA) (11) or with the
tetrakis(hydroxymethyl)phosponium chloride (THPC)/NaOH
system (8), were employed to deposit gold nanoparticles on
the surface of titanium dioxide.

The deposition of gold nanoparticles on TiO, was confirmed
by the colour change of the modified oxide powder, turning
fromwhite into deep purple, a colour deriving fromthe surface
plasmon resonance of Au® islands (22). In fact, the diffuse
reflectance UV-vis spectra of unmodified TiO, and of 5 wt.%
Au/TiO, THPCshowninFigure Tindicate that, while unmodified
titanium dioxide reflects strongly at wavelengths above 400
nm, Au-modified TiO, exhibits a less evident absorption edge
at 400 nm, followed by the plasmon resonance absorption
of Au nanoparticles at longer wavelengths. Light absorption
by the deposited metal causes a collective oscillation of the
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Table 1: Comparison between 1 wt.% Au/TiO, prepared by the DR,
PVA and THPC method: diameter of gold nanoparticles, measured by
HRTEM analysis, and first order rate constants of AR1 photocatalytic
degradation

Sample d, (HRTEM) [ nm 10°x ks’
THPC 3.6 70x0.7
PVA 35 6.4+0.3
DP 4.2 6.0+0.2

free conduction band electrons of the gold nanoparticles as a
consequence of their optical excitation (23), a phenomenon
observed when the wavelength of the incident light far
exceeds the particle diameter (24). The plasmon resonance,
responsible for absorption in the visible region, does not
induce any photocatalytic activity of Au/TiO, under visible
light irradiation (21), because no holes are photoproduced
in the semiconductor valence band under absorption by the
metal nanoparticles deposited on the TiO, surface.

Figure 2 shows the XRD patterns of unmodified TiO, and
of 1.0, 5.0 and 20 wt.% Au/TiO, THPC samples. Gold
deposition did not affect the anatase and rutile phases, which
can be easily distinguished by the peaks at ca. 26 = 25.4°
and 27.5°, respectively. The THPC as well as the PVA methods
implied gold deposition on TiO, at room temperature and
this guarantees the persistence of the optimal anatase to rutile
ratio of Degussa P25, without any structural modification
induced by thermal treatment. Au deposition was responsible
for new peaks typical of crystalline gold at ca. 26 = 38.5°
and 44° (25). Their intensity increased with Au loading,
the Au phase being hardly detectable in 1 wt.% Au, as
previously reported (26).

High resolution XPS spectra of the Au(4f) region of the
1 wt.% AufTiO, THPC sample, recorded before and after 3
h irradiation at 254 nm, are given in Figure 3. They exhibit
two peaks at binding energies (BE) of ca. 83.6 eV and 87.3
eV, originating from Au 4f, , and Au 4f, , electrons of Au(0),
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Figure 2
XRD patterns of unmodified TiO, and of T wt.%, 5 wt.% and 20 wt.%
Au/TiOZ THPC
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High resolution XPS scan of the Au (4f) region of T wt.% Au/TiO, THPC
(a) before irradiation and (b) after 3 h irradiation at 254 nm

respectively. Similar spectra have been recently reported
for THPC Au/TiO, samples, also exhibiting a shift to lower BE
compared to the Au reference (26). This has been attributed
to the increased fraction of surface atoms, which, being less
coordinated, exhibit reduced screening of the photoelectron
core hole. The small change in the peaks shape noticed after
irradiation (Figure 3) might be ascribed to the presence
of oxidised Au forms, as in similar Au/TiO, systems (27,28).
In fact, although most of the photogenerated holes are
generally scavenged by surface hydroxyl groups, a fraction
of them can react with metallic gold on the photocatalyst
surface, converting it into Au(l) and possibly then into Au(lll),
the oxidation potential of the holes photogenerated in the
semiconductor valence band (E,, ~ 2.5 V) being more positive
than that of metallic gold (E°(Au/Au’) = 1.76 V) (5).

The effect of gold deposition was also examined by
HRTEM analysis, yielding information on the dimension
andthedistribution of the Aunanoparticles on the TiO, surface.
Asreportedin Table 1,the mean diameter of gold nanoparticles
in 1T wt.% Au/TiO, varied between 3.5 and 4.2 nm, depending
on the preparation procedure, in agreement with previous
results for similar Au loadings (29). The preparative methods
employed using Au sols as starting materials guarantee
the maintenance of Au particle size in the deposition
step on the TiO, surface, as already verified on different
supports (11).
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Photocatalytic activity

Preliminary tests, performed to verify if gold nanoparticles
affect ART adsorption on the semiconductor, revealed that
ca. 28% of the azo dye (2.5 x 10° M) was adsorbed on the
unmodified titanium dioxide surface (1.0 g I) and only
ca. 17% on the Au modified surface (1.0 g I' of the 1 wt.%
AuTiO, DP sample). The iso-electric point of Au-modified
TiO, has been reported to shift to lower pH values (17) with
respect to unmodified TiO,, thus extending the pH region
where the photocatalyst surface is negatively charged. Of
course this inhibits the adsorption of negatively charged
compounds, such as the bisulfonic azo dye AR1. Moreover,
Au deposition can also alter TiO, surface speciation. Recent
DRIFTS studies indicated a substantial decrease of the surface
amount of ~OH groups in the presence of nanoscopic gold
particles, especially for high Au loadings (21).

In order to identify the most suitable Au deposition method
for the preparation of efficient Au/TiO, photocatalysts, the
activity of the various 1 wt.% Au/TiO, samples, prepared using
the different methods, was first compared. Prior to their use
as photocatalysts, all PVA and THPC samples underwent a
pre-treatment step, consisting in a 3 h - long pre-irradiation
at 254 nm of their water suspensions in the absence of
substrate. In this way, the gold nanoparticle stabilisers, i.e.
polyvinylalcohol  or  tetrakis(hydroxymethyl)phosphonium
chloride, could be efficiently removed photocatalytically.
Indeed, both types of Au/TiO, photocatalysts exhibited a
much lower activity in AR1 photocatalytic degradation if
they were employed without any pre-treatment (see for
example Figure 4). Longer pre-irradiation did not improve
the photocatalytic activity of PVA and THPC samples. By
contrast, DP samples did not require any pre-irradiation
treatment, no organics having been used in their preparation.
Indeed, ART photodegradation on pre-irradiated DP Au/TiO,
proceeded at exactly the same rate as on not pre-treated DP
Au[TIO, (Figure 4).
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Figure 4

Effect of 3 h - long pre-irradiation at 254 nm of Au/TiO, (1 wt.%) on ART
photocatalytic degradation: DP (squares) and THPC (circles) as synthesised
(open symbols) and after 3 h — long pre-irradiation (full symbols)
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The first order rate constants of AR1 photocatalytic
degradation reported in Table 1 indicate THPC Au/TiO,
as the best performing photocatalyst, with the PVA and
DP photocatalyst samples being progressively less efficient,
in that order. Most probably, the lower activity of DP compared
to THPC and PVA Au/TiO, is derived from the calcination
step at 400°C, required for reducing Au(lll) to Au(0) only
in the DP preparation route. Calcination not only reduces
the surface area and the quantity of OH surface groups,
but, in the case of TiO,, may also induce some conversion
of the anatase phase into the rutile phase, which might be
less photoactive (1). Moreover, heat treatment may
also increase the gold particles size (30). Indeed, the
rate constant of AR1 photodegradation on a PVA Auf
TiO, sample, which had been calcined at 400°C, was ca.
25% lower than that obtained employing a non calcined
PVA sample.

The effect of the Au loading, deposited on the TiO, surface
through the most efficient THPC method, was investigated
in the 0.5 - 20 wt.% Au/TiO, range. The first order rate
constants of AR1 photocatalytic degradation are collected
in Table 2. An increase of the photocatalytic efficiency
was obtained by increasing the amount of gold up to 5 wt.%;
and in this range the rate constants of AR1 photodegradation
were equal to (0.5 wt.% AufTiO,) or higher (0.7, 1.0
and 5.0 wt.% Au/TiO,) than that obtained on titanium
dioxide containing no gold. Thus, low gold loadings are
not very effective in reducing the rate of recombination
between the conduction band electrons and the valence
band holes and a substantial increase of photoactivity can
be attained for Au loadings above 1 wt.%. In contrast, very
high Au loadings, e.g. 20 wt.% Au on TiO,, had a negative
effect on the photodegradation rate, mainly due to
lower substrate adsorption on the oxide surface and to
screening effects, with the metal deposits reducing the
direct absorption of light by titanium dioxide and thus
the photogeneration of charged species. Moreover, Au

Table 2: Effect of Au loading of Au/TiO, THPC photocatalysts on the
first order rate constants of AR1 photocatalytic degradation

Au loading | wt.% 10%x k[ s'
0 5.8+0.5
0.5 56+0.2
0.7 6.2+0.5
1.0 70+0.7
5.0 86+0.6
20 3.7+0.3
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Figure 5

Effect of Au loading on the photocatalytic mineralization of AR1:
unmodified TiO, (squares), 1 wt.% (circles) and 5 wt.% (triangles)
Au/TiO, THPC
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nanoparticles can also act as effective scavengers of
photogenerated holes (vide infra), inhibiting their reaction
with the substrate (19).

The photocatalytic degradation of organic water
pollutants, such as AR1, notoriously produces intermediate
species, whose toxicity may be higher than that of the
starting compound. Thus, the extent of mineralization, i.e.
the effective conversion of organic compounds into CO,,
H,O and mineral acids, should always be checked. Figure 5
gives the AR1 photomineralization profiles in unmodified
TiO, and in 1 and 5 wt.% AufTiO, THPC suspensions, as
monitored by total organic carbon (TOC) analysis. Of course,
AR1 photomineralization proceeded at a much lower
rate than AR1 photodegradation; in fact, as shown in Figure
5, a 50% reduction of the TOC content was attained after
a ca. 5-fold longer irradiation time, respect to the irradiation
time required to halve the ART initial concentration. On
the other hand, the Au loading of TiO, had the same effect
in AR1 photodegradation and photomineralization, this
latter proceeding on 5 wt.% Au/TiO, at a higher rate than
on 1 wt.% AufTiO,, which behaved only slightly better
than unmodified TiO,. Thus, the beneficial effect of Au
nanoparticles deposition on TiO, is not specific for the
photocatalytic degradation of AR1, but it was confirmed

(=]
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0 500 1000 1500 2000 2500 3000
time s
Figure 6

Effect of pH on AR1 photocatalytic degradation in 1 wt.% Au/TiO, THPC
suspensions: pH 3 (diamonds), pH 4 (squares), natural pH (circles) and
PH 9.6 (triangles)
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also for the photocatalytic degradation of its mineralization
by-products.

Finally, the effect of pH on the rate of AR1 photocatalytic
degradation was also investigated in the presence of 1
wt.% Au[TIiO, THPC. The results obtained in the 3 - 10 pH
range, given in Figure 6, should be considered in comparison
with the pH-dependence of the rate of AR1 photocatalytic
degradation on unmodified TiO,, exhibiting a maximum
under so-called natural pH conditions (31), i.e. for an
initial pH of 5.8, corresponding to optimal conditions for
electrostatic interaction between the negatively charged
AR1 molecule and the positively charged TiO, surface.
Lower rates were measured under 254 nm irradiation
either at lower or at higher pH, the rate constant of AR1
photocatalytic degradation on TiO, at pH 9.6 being more
than 20% lower than that measured at natural pH, in line
with the results of AR1 photocatalytic degradation on TiO,
under longer wavelength irradiation (31). Surprisingly, ART
photodegradation on Au/TiO, proceeded significantly faster
at pH 9.6 (Figure 6), i.e. the photocatalytic activity of Au-
modified titanium dioxide increases with increasing the OH"
concentration in the aqueous phase.

There is indirect evidence of a reaction occurring between
the surface metallic gold and the valence band holes. In
fact, in the presence of a high concentration of hydroxide,
hydroxy! radicals can be generated more easily by reaction
with valence band holes (32). Under such conditions the
hydroxide anions in the aqueous phase can compensate
for the smaller concentration of hydroxyl groups on the
Au modified surface (21) and act as effective scavengers
for photoproduced holes. Thus, the higher photocatalytic
degradation rates obtained under these conditions are a
consequence of the lower probability that valence band holes
oxidise Au® to Au*, which will act as a recombination centre,
in contact with conduction band electrons. The beneficial
effect of gold deposition on TiO, thus seems to be strictly
related to the minimisation of the reaction between metallic
Au and photogenerated holes.

Conclusions

The deposition of nanosized gold particles on the TiO, surface
may increase the photocatalytic activity of the semiconductor
oxide, by increasing the efficiency of charge separation of the
light-generated electron-hole pairs. The best photocatalytic
activity was attained with THPC Au/TiO,, after a pre-irradiation
step to remove the colloidal stabiliser. Optimal Au loadings
should be employed (5 wt.% Au on TiO, in the present case),
possibly depending on the adsorption properties of the
substrate, for ensuring optimal charge separation without
excessive light screening effects of the TiO, particles.
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