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Abstract

Surface modification of rough, high-surface area, nanocrystalline titania thin-film photocatalysts was performed by gold depo
electron beam evaporation, with an attempt to enhance the decomposition reaction rate of industrial water pollutants. The mate
characterized and their photocatalytic activity was tested for methyl orange photodegradation. The surface deposition of gold
improves the photocatalytic efficiency of the titania films by the synergetic action on the charge separation process onto the semi
The most advantageous surface concentration of gold particles in the composite Au/TiO2 photocatalyst was found to be 0.8 µg cm−2, leading
to a two times faster degradation of methyl orange with respect to the rate obtained with the original TiO2 material. Higher surface loading
result in an efficiency decrease, and this can be understood in terms of an optimum gold particle size and surface characteristics a
semiconductor availability for light absorption and pollutant adsorption. No deactivation of the catalyst was observed after five co
photocatalytic experiments of new added pollutant.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis based on TiO2 is one of
the most active and the most promising advanced ox
tion processes (AOPs), as this semiconductor is a low-c
nontoxic, and stable material. It has been the focal poin
numerous investigations in recent years particularly bec
of its application on the quantitative destruction of unde
able chemical contaminants [1–3]. The applicability of
process depends on its operating cost and efficiency. In
case of aqueous powder dispersions, one significant d
back is the cost of separating TiO2 from the water after
treatment, by either sedimentation and/or ultrafiltration.
overcome this obstacle, recent investigations on TiO2 photo-
catalysis are oriented toward the photocatalyst immobil
tion in the form of thin films [4,5]. The photocatalyst im
mobilization/stabilization technique eliminates the majo
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-

of the problems encountered with slurries (particle agg
gation, need for filtration) and enables the developmen
self-cleaning and self-sterilizing surfaces [6].

Gold, dispersed as ultrafine particles and supported
metal oxides, exhibits an extraordinary high activity for lo
temperature catalytic combustion, partial oxidation of
drocarbons, hydrogenationof unsaturated hydrocarbons
reduction of nitrogen oxides [7–13]. A series of titani
metal composite nanoparticles (mainly noble metals
noble/transition metal ions) have been used in order to
crease the efficiency of the photocatalytic process [14–
Dawson and Kamat [17], by a laser flash photolysis stu
proved that there is an enhancement in the hole transf
gold-capped TiO2 nanoparticles; however, the authors o
tained only a 10–15% increase in photocatalytic efficie
in the case of the corresponding thin films [8] and rai
the question as to what extent do gold nanoparticles
prove the photocatalytic activity of TiO2 films. Recent in-
vestigations on gold titania nanocomposite particles s
that metal ion doping extended the response of the ph
catalyst into the visible; however, a significant decreas
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their photocatalytic performance under UV illumination [1
was observed. Looking for a plausible explanation, some
thors raised the question of the identity of the gold spe
(metal/metal ion), which might have an influence on the
tivity of the titania/gold photocatalyst [19]. It is now we
established that the catalytic properties of Au depend on
support, the preparation method, and particularly the sh
and size of the Au clusters [20]. On the other hand, it mus
pointed out that most of the literature on TiO2 photocataly-
sis are focused on the photocatalytic gold/titania colloids
only a few number deal with thin film surfaces [18,21–2
It is therefore a necessity to further explore and unders
the behavior of the gold-modified titania thin-film photoc
talysts.

This work aims to develop new composite immobiliz
photocatalysts of increased efficiency, consisting of g
particles deposited on rough high-surface-area nano
talline TiO2 thin films based on commercially available D
gussa P-25. Our intension is to modify the titania photoc
lysts in order to produce immobilized systems for furt
exploitation in continuous flow reactors. The new, modifi
catalyst is characterized by means of spectroscopy and
croscopy in order to elucidate the gold valence state, s
ture, and morphology. Effects of metal loading on the U
light photocatalytic activity are presented and discusse
terms of surface morphology. The gold-modified nanoc
talline titania thin-film photocatalyst has been tested to c
pare its photocatalytic efficiency to that of the nonmodifi
material. Subsequently, to evaluate the catalytic activity,
photodegradation of a well-known organic azo-dye me
orange (MO) is investigated as a simple model compo
under near-UV irradiation.

2. Experimental

The pollutant used in this work was methyl oran
([4-[[(4-dimethylamino)phenyl]-azo]benzenesulfonic a
sodium salt] with the molecular formula [(CH3)2NC6H4N=
NC6H4SO3Na]) or acid orange 52. MO is very stable a
can be considered a typical azo-dye in the textile indu
The pollutant and all reagents utilized for the synthesis of
photocatalysts were of analytical grade from Fluka (Switz
land). Ultrapure water was obtained from a USF Purelab
(Germany) apparatus. O2 stream was of 99.999% purity.

Rough, high-surface-area nanocrystalline TiO2 thin films
were prepared on microscopy glass slides applying
doctor-blade procedure and used as the photocatalyst
strates [27]. In order to visualize only the gold particl
smooth and well-ordered nanostructured TiO2 films were
also fabricated by applying a combination of sol-gel a
spin-coating techniques [27,28]. Gold films were depos
by electron beam evaporation of a Au wire (ultrahigh
rity), under vacuum better than 6× 10−4 Pa, onto stationery
titania-coated microscopical slides, placed in parallel to
emitting surface. Quartz crystal monitor was used for c
-

-

-

trolling the deposition rate of 0.01 µg cm−2 s−1. By varying
the deposition time, various amounts of gold were depos
0.4, 0.8, 1.6, and 2.0 µg cm−2. The amount of Au, condense
at each point of the substrate was calculated from the cr
monitor data, by applying the method described in Ref. [2

UV–vis diffuse reflectance spectra were obtained wit
Hitachi U-4001 spectrophotometer equipped with an in
grating sphere. To elucidate the gold valence state, X
photoelectron spectroscopy (XPS) experiments were
ried out in an ultrahigh vacuum chamber equipped wit
hemispherical electron analyzer (SPECS LH-10) and a t
anode X-ray source, using the unmonochromatized Mgα

at 1253.6 eV and an analyzer pass energy of 97 eV.
structural properties of the photocatalysts were analy
with an X-ray diffractometer (Siemens D-500, Cu-Kα radi-
ation). To compare and complete the XPS results, Ra
spectroscopy (LABRAM from JOBIN-YVON spectromet
equipped with a microscope, CCD detection, and a 514.5
Argon laser line) was employed. Detailed surface ima
were obtained by means of a scanning electron micros
(SEM) with numerical image acquisition (LEICA S440
Carbon deposition has been performed to avoid probl
arising from surface charge effects. X-ray from the SE
microscope probe (at horizontal incidence beam) was
for the nondestructive qualitative and quantitative chem
analysis of the modified films. Surface morphology, rou
ness, and fractality of the gold/titania films were exa
ined with a Digital Instruments Nanoscope III atomic for
microscope (AFM), operating in the tapping mode (T
[27,30].

To evaluate the catalytic activity of the gold/TiO2 films,
photocatalysis experiments were carried out or round-
tomed photocatalytic Pyrex glass cells (cutoff wavelen
320 nm) and methyl orange was the model pollutant
destruction. The irradiation system is equipped with f
parallel F15W/T8 blacklight tubes (Sylvania GTE), whi
have maximum emission at 350 nm. The irradiance of
system was measured using an 28-0925 Ealing Rese
Radiometer-Photometer operating in conjunction with a
0982 silicon detector and a 28-0727 flat response filter
has been found to be of 71.7 µW cm−2. Aqueous solutions
of methyl orange (4 ml) were photolyzed in the prese
of modified TiO2 thin films (accurately cut in surface are
of 0.8 cm2) under magnetic stirring. All solutions were O2-
bubbled for 2 h prior to use in order to achieve dissol
oxygen saturation. Initial pollutant concentration was se
2.056×10−5 M. Spectrophotometrical analytical determin
tion was carried out at 466.5 nm (εMO = 25,100 M−1 cm−1).

3. Results and discussion

For the preparation of the nanocrystalline titania t
films, the doctor-blade technique can be easily employe
a fast and nonenergy-consumingprocedure for mass pro
tion, with good uniformity and reproducible properties [3
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After gold deposition, the photocatalyst color appears p
ple. Increasing the Au deposition time produces thic
and darker films at a gradient rate. Observation of the
with an optical microscope suggests that gold particles
widely spread on the surface without the formation of
lands. The resulting surface-modified photocatalysts pos
a solid structure on the glass substrate with a satisfac
scratch resistance and adherence. This is attributed to t
tania substrate deposition method.

Fig. 1 illustrates the visible (i) and near-UV (ii) re
flectance spectra of untreated doctor blade (Degussa
TiO2) and the corresponding Au/TiO2-modified thin films.
The addition of gold induces significant changes to the s
trum of TiO2 films: a gradient decrease of the reflectan
around 545 nm is attributed to the surface plasmon r
nance and indicates enhanced visible photon capture a
visible region. This absorption is ascribed to a collective
cillation of the free conduction band electrons of the g
particles in response to optical excitation [32,33]. The b
is strongly dependent on the shape and the size of the

Fig. 1. Reflectance spectra of an untreated Degussa P25 TiO2 film and
of composite Au/TiO2 films with Au surface loads of 0.4 µg cm−2 (a),
0.8 µg cm−2 (b), 1.6 µg cm−2 (c), and 2.0 µg cm−2 (d). Upper diagram (i)
represents the wide range spectra while the lower one (ii) zooms in the
diation region (350 nm).
s

-

clusters [34], becomes broad for cluster sizes greate
50 nm (see microscopy characterization section) and t
to cover the visible region (Fig. 1i). It must also be poin
out that gold deposition results in an important shift of
absorption edge to higher wavelengths (Fig. 1ii). Such an
sorption edge red shift for the gold modified titania mater
depends directly on the Au load.

To elucidate both the chemical oxidation state of the g
particles and the nature of titanium species, X-ray photoe
tron spectroscopy (XPS) experiments were performed.
binding energy of the Ti(2p) electrons was 459.5 eV, leav
no doubt for the extensive existence of TiIV O2. Fig. 2 shows
the XP spectra of the Au(4f) electrons for various quanti
of gold, which have been deposited on thin films of TiO2.
Au coverages as determined by XPS measurements var
tween 0.04 monolayers and 0.15 monolayers (Table 1).
quantitative analysis was based on layer formation of Au

Fig. 2. Au(4f) XPS spectra for the gold/titania films. (a) 2.0 µg cm−2

Au/TiO2, (b) 1.6 µg cm−2 Au/TiO2, (c) 0.8 µg cm−2 Au/TiO2, and
(d) 0.4 µg cm−2 Au/TiO2.

Table 1
Metal surface coverage as determined from XPS results

(µg cm−2 Au on TiO2) 0.4 0.8 1.6 2.0

Surface coverageΦA 0.037 0.066 0.139 0.14

Au surface area (cm2) 14.8 26.4 55.6 58.8

The gold surface area (in cm2) corresponding to film samples of 0.8 cm2 in
geometric area (of 400 cm2 in real surface extension) is also given.
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TiO2 according to the equations [35]

(1)IB = I∞
B

[
1− ΦA + ΦA exp

(−dA/λ
(EB)
A cosθ

)]
,

(2)IA = I∞
A ΦA

[
1− exp

(−dA/λ
(EB)
A cosθ

)]
,

whereλEA
AB andλ

EB
AB are the mean free paths of the photoel

trons with kinetic energiesEA andEB in the solid compose
of the mixture of A and B.I∞

A and I∞
B are the intensitie

of clean A and B materials.ΦA is the coverage of the de
posited material A. The ratioI∞

A /I∞
B is constant forθ = 0.

Using the gold coverage, as determined by the XPS m
surements, and taking into account that the roughness f
(real surface area to geometric surface area ratio) of a
tor blade titania film is about 500 [36], the Au surface a
was estimated for the different Au/TiO2 catalysts (sample
of 0.8 cm2 in geometric surface area and 400 cm2 in real
surface extension) and the results have been incorpora
Table 1.

The binding energy of the Au(4f ) spectra was correc
with respect to the binding energy of Ti(2p3/2) photoelec-
trons, which was considered at 495.5 eV for the TiO2 [35].
The shift toward lower binding energies as compared
metallic Au can be due to the negative charging of the
nanoparticles because of the charge transfer from the2
substrate. The negative charging of the Au nanoparticles
be understood because of the large difference in the w
function of Au (5.42 eV) and TiO2 (4.7 eV); thus, electron
transfer is facilitated from lower (TiO2) to higher (Au) work-
function [37]. The phenomenon as expected is more inte
for lower Au loadings most probably due to the smaller p
ticle size.

The deconvoluted Au(4f ) peaks (Figs. 2c and 2d) at
Au loadings (0.4 and 0.8 µg cm−2) show that Au nanopar
ticles are partially oxidized. The peak at 82.15 ± 0.1 eV
is attributed to metallic Au while the peak at 84.05 ±
0.1 eV is situated 1.9 eV toward higher binding energy a
corresponds either to the oxide (Au2O3) or oxyhydroxide
(AuOOH) chemical state of Au particles [37]. This beha
ior can be due to the spillover of O2− or OH− from the
TiO2 support all over the gold particles [38]. Subramania
al. [18] working on gold-capped TiO2 nanocomposite part
cles postulate that photogenerated holes (Evb ∼ 2.5 V SCE
are capable of oxidizing noble metals [e.g.,E0(Au/Au+) =
1.76 V] present at the interface. Although most of the p
togenerated holes are scavenged by the surface hyd
groups, a small fraction of these holes may participate in
oxidation of Au0 at the TiO2 interface [19]. It is worth not-
ing that at the lowest Au loading (Fig. 2d) where the part
size is smallest the detected amount of the oxidation sta
Au is highest, indicating the effect of the particle size on
oxygen or hydroxide affinity of Au particles.

The X-ray diffraction profiles (not shown) suggest th
the gold particles are not crystallized on TiO2 surfaces. After
prolonged deposition time (Au load of 2.0 µg cm−2), a very
weak peak at 2θ = 44.14◦ is observed, revealing the pre
ence of a metallic gold phase [39]. A more intense p
r
-

n

l

f

Table 2
X-ray analysis (SEM) on gold-modified TiO2 samples

Sample Typical Wt% At.%

Au load Ti-L Au-M Ti-L Au-M

Au Degussa P25 TiO2 0.4 µg cm−2 89.99 1.72 85.19 0.40
Au Degussa P25 TiO2 0.8 µg cm−2 90.28 4.61 89.38 1.11
Au Degussa P25 TiO2 1.6 µg cm−2 90.36 7.89 94.74 2.01
Au Degussa P25 TiO2 2.0 µg cm−2 83.53 13.67 90.69 3.61
Au Sol-gel TiO2 0.4 µg cm−2 26.94 1.17 13.06 0.12
Au Sol-gel TiO2 0.8 µg cm−2 25.99 2.93 11.33 0.31
Au Sol-gel TiO2 1.6 µg cm−2 24.93 12.06 12.20 1.43
Au Sol-gel TiO2 2.0 µg cm−2 26.25 11.69 12.85 1.39

was expected at 38.2◦ for Au0, nevertheless titanium dioxid
XRD pattern overlaps this reflection. On the contrary, a w
organized crystal structure from titania particles is obser
for the films. The anatase reflections dominate in the re
tion patterns but rutile is also present [40], as the orig
material (TiO2 Degussa P25) contains both phases (∼ 75%
anatase and∼ 25% rutile). The strongest peak at 2θ = 25.2◦
is representative for (101) anatase phase reflections, w
by applying the Scherrer formula, the TiO2 crystallites size
can be estimated at 23 nm.

To estimate the Au/Ti atomic concentration ratio on th
surface of Au/TiO2 films, X-ray chemical analysis (by us
ing a SEM microscope) was performed on 5× 5-mm sur-
faces. The results (Table 2) clearly show that by increa
the deposition time solution, the corresponding gold we
percentage increases. An increased gold to titanium
(Au/Ti) for the sol-gel films is observed, which is attribut
to the lower TiO2 content of the corresponding films. A
tually, these films are very thin compared to the doc
blade-manufactured films and possess a flat surface
Microscopy). In general, similar results to the Au cont
increase trend were observed on both the Doctor-blade
sol-gel films, thus confirming our hypothesis that the cho
of the titania substrate does not affect the gold depos
process.

Raman spectroscopy was applied to unambiguously
criminate the local order characteristics of the films. T
technique (nondestructive) is capable of elucidating the p
tocatalyst structural complexity as peaks from each mat
are clearly separated in frequency, and therefore the ph
are easily distinguishable. Laser power output was set
and 10 mW. The Raman spectra with the assigned vibra
modes [41] for the TiO2 samples at both laser intensities a
shown in Fig. 3. A well-resolved TiO2 Raman peak is ob
served at 145± 2 cm−1 for all the films examined. Thi
peak is attributed to the mainEg anatase vibration mode
Furthermore, vibration peaks at 195± 3 cm−1 (Eg, weak),
397±1 cm−1 (B1g), 517±2 cm−1 (A1g), and 638±2 cm−1

(Eg) are present in the spectra of all samples, indicating
for the substrate, anatase nanoparticles are the predom
species. However, the rutile phase is observed as a b
peak at 448± 1 cm−1, originating from the mixed-phas
original material (Degussa P25 TiO2). The relative intensity
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Fig. 3. Raman spectra of gold-modified doctor-blade Degussa P252
film. Dotted lines represent 1 mW laser output; solid lines represent 10

of the Raman bands was modified upon prolonged gold
position and strong laser irradiation. The most character
example is the spectrum of the 2.0 µg cm−2 Au/TiO2 thin
film where the intensity of the rutile peaks at 438 cm−1 (Eg)
and 621 cm−1 (A1g) increase dramatically. A broad band
254 cm−1 is assigned as disorder or second-order scatte
of the rutile phase [42]. As a consequence, it is assumed
rutile phase content increases after laser irradiation in p
ence of Au. This phenomenon is most obvious by increa
the laser output. It is known that transition metal impurit
catalyze phase transformation of TiO2 upon heating [43]. To
the best of our knowledge, anatase-to-rutile phase tran
mation is not reported under laser irradiation and/or hea
in the presence of gold particles. This observation is
rently under examination.
t

An important point raised by recent works on the sub
is to what extent do gold particles improve the photocatal
activity of TiO2 films. To evaluate the UV photocatalyt
activity of OTE/TiO2/Au film electrodes toward acid or
ange 7, Kamat and co-workers [8] used the decrease in
dye absorbance band at 480 nm, reflecting the disapp
ance of the dye. The increase in the degradation rate
OTE/TiO2/Au was only about 10–15% greater than the o
obtained with OTE/TiO2 film. In our case, the film’s activity
was evaluated through photocatalysis experiments that
place in aqueous solutions of methyl orange. The pollu
solution was first photolyzed in the absence of photoc
lyst to examine its stability. In that case, the experime
results verify that the azo-dye is not decomposed even
long-time irradiation. The photocatalytic activity was th
expressed as the percentage pollutant disappearance.
experimental set was repeated three times. The results
reproducible within narrow limits (� 4%) and the mean
value was selected.

Preliminary tests confirmed that the crucial parame
that strongly influences the films photocatalytic activity
the amount of the deposited gold (surface load). The res
show that by gold deposition on the titania substrate,
photocatalytic efficiency increases. In Table 3, the decom
sition percentage for the MO solution’s decolorization c
responding to 1 h illumination, in the presence of the gol
modified titania films, is reported. The corresponding p
formance of the original nonsupported doctor-blade tita
films is also given for comparison. A maximum (72%) is o
served for the titania films modified with 0.8 µg cm−2 gold,
which is twice the corresponding MO degradation perce
age obtained with pure titania. Further increase of the
load results in a considerable efficiency decrease; how
it is important to note that the efficiency of the gold-modifi
materials remains always higher than the nonmodified c
lysts. The above behavior is in excellent agreement with
reflectance spectra (Fig. 1) and can be roughly explaine
the amount of absorbed photons. In fact, the absorbance
ues of the film photocatalysts follow the same tendency w
the photocatalytic efficiency, in the region of the lamp em
sion spectrum.

Fig. 4 presents the MO photodegradation kinetics
permits a direct comparison of the performance of the g
modified photocatalyst to the nonsupported material.
der the experimental conditions used, the photocata
curves follow first-order reaction kinetics. It is well e
Table 3
Kinetic parameters and photocatalytic efficiency (%) of the titania films toward MO photodegradation

TiO2 Au/TiO2 Au/TiO2 Au/TiO2 Au/TiO2
0.4 µg cm−2 0.8 µg cm−2 1.6 µg cm−2 2.0 µg cm−2

MO degradation (%) (after 1 h illumination) 34.95 53.41 72.11 55.45 49.34
Time to complete decolorization (h) 5.5 3.5 2.5 3.2 4.1
Decomposition rate constants (min−1) 0.0103 0.0157 0.0241 0.0191 0.0150
Photonic efficiency (Φλ)* 0.084 0.128 0.197 0.156 0.123

* Determined as the ratio of the number of molecules converted to the number of incident photons, atλ = 350 nm.
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Fig. 4. Decomposition kinetics of MO (4 ml of 1.9 × 10−5 M, initial
pH 9.2) in the presence of a Degussa P25 TiO2 film (", a), Au/TiO2
0.4 µg cm−2 (Q, b), Au/TiO2 0.8 µg cm−2 (2, c), Au/TiO2 1.6 µg cm−2

(P, d), Au/TiO2 2.0 µg cm−2 (1, e) photocatalysts.

tablished [44] that photocatalysis experiments follow
Langmuir–Hinshelwood model, where the reaction rateR is
proportional to the surface coverageθ ,

(3)R = −dC/dt = krθ = krKC/(1+ KC),

wherekr is the reaction rate constant,K is the adsorption co
efficient of the reactant, andC is the reactant concentratio
WhenC is very small, theKC product is negligible with re
spect to unity so that Eq. (3) describes a first-order kine
The integration of Eq. (3) with the limit condition that at t
start of irradiation,t = 0, the concentration is the initial on
C = C0, gives

(4)− ln(C/C0) = k′t,

wherek′ is the apparent first-order reaction constant.
netic parameters resulting from the application of Eq.
percentage of degradation after 1 h of illumination and t
for complete decolorization are summarized in Table 3
is obvious that the gold-modified materials are more e
cient photocatalysts compared to the pure titania Deg
P25 film, presenting higher degradation percentages and
constants for the decomposition of MO. In fact, in the
sence of gold deposition, titania films decompose MO w
a rate constant of 0.0103 min−1. At low concentrations o
gold we observe an increase in the efficiency of the photo
idation process. For a gold surface loading of 0.8 µg cm−2,
we obtained an enhancement of 230% in the reaction
constant. By further increasing the gold concentration,
reaction rate decreases and this can be attributed to th
ability of the photogenerated holes to reach the interfac
well as to an increased absorption of the gold [24]. Comp
pollutant decolorization was also faster and was achie
after 2.5 h of illumination in the case of the 0.8 µg cm−2

Au/TiO2 material, while for the titania film the process to
more than 5 h.
e

-

Rough, high-surface-area nanocrystalline titania fi
show an amazing ability to efficiently capture photo
throughout a thick semiconducting network acting in
“sponge”-like way [16]. One must take also into account t
in the case of a heterogeneous photocatalytic process w
TiO2 thin film catalyst, adsorption on the photocatalyst t
ically takes place. The apparent increase in photocata
activity of the modified Au/TiO2 films in comparison with
TiO2 may be due to their unique textural characteristics
a matter of fact, in such a composite material, photoc
lysis is not a simple surface process. The resulting cata
presents a composite surface which functions both as
tons capturing sponge and as gold-promoted substrate
surface coverage and the diameter of the nanoparticle
essential parameters to take into account [45] and it is
established that small metal islands deposited on the2
surface provide a favorable geometry for facilitating the
terfacial charge transfer under UV irradiation [24].

The photocatalytic behavior can be explained on the
sis of surface characteristics. It is well known that the g
synergetic effect in a catalytic procedure is closely rela
to the size and shape of the surface particles [20]. To
ter understand the differences between the Au/TiO2 films
and express this in terms of surface parameters, we
undertaken the characterization of their texture and morp
ogy, by both scanning electron microscopy and atomic fo
microscopy. The SEM image (not shown) confirms that
doctor-blade titania substrate presents a porous, spong
network of high roughness and complexity which res
in a high-surface-area titania film, extremely efficient
the photodegradation of organic compounds [16]. On s
high roughness titanium dioxide morphology, it is imp
sible to visualize the gold particles (we note that SEM
ray analysis and XPS measurements confirmed the pres
of gold onto the titania substrate). Despite the importa
of the surface roughness for the efficiency of the photo
alytic process, the existence of an irregular and porous T2
substrate makes a “natural screening” and creates an i
mountable problem to the gold particles imaging.

In order to overcome the above problem, the gold de
sition procedure was performed on very thin (∼ 300 nm in
thickness) and flat titanium dioxide films prepared via a
gel technique [16]. On relatively smooth modified surfac
the use of SEM and AFM permitted a direct observation
the gold particles. It is important to note that the gold pa
cles are well distributed over the titania sol-gel films in
examined concentration range (Fig. 5). Their surface den
(number of particles per surface unit) and average grain
ameter depends on the gold deposition time. Increasing
deposition time of gold results in an enhancement over
particle’s diameter. This is better and directly illustrated
Fig. 6, which shows the corresponding AFM 5× 5-µm2 sur-
face plots (three-dimensional representations). The rele
surface parameters such as grain diameter, roughness
tal dimension, and height of surface features [16,46–48
reported on Table 4. Once again, we can confirm that
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Fig. 5. SEM pictures of gold-modified sol-gel TiO2 films: Au/TiO2
0.4 µg cm−2 (a, b), Au/TiO2 2.0 µg cm−2 (c, d).

size and frequency of metal particles over the semicon
tor surface strongly depend on the preparation condit
and especially on the gold deposition time and finally
Au load. In fact, it is important to note that the values
the majority of the surface parameters present a stan
increase, by extending the gold coverage on the titania
face. The “irregular” behavior of the fractal dimension c
be attributed to the existence of two different groups of g
features. A network of well-distributed small particles e
ists underneath a group of distinct larger “rock” aggrega
(Fig. 6b). The coexistence of gold particles of both sm
and large size is at the origin of the observed enhancem
in the photodecomposition of MO reaction rate constan
can be easily understood that the complexity and featu
frequency of such a surface is not expected to be extrem
high but on the contrary, this is consistent with a low frac
dimension value. However, it is important to note that t
material (0.8 µg cm−2) presents the highest photocataly
activity. By increasing the gold surface loading, the size
gold particles significantly increases and this seriously
fects (decreases) the photocatalytic reaction rate.

In heterogeneous photocatalysis, the photonic efficie
Φλ, can be used to describe the number of molecules
verted relative to the total number of photon incidents
t

Fig. 6. 3D AFM surface plots for gold/titania sol-gel films: Au/TiO2
0.4 µg cm−2 (a), Au/TiO2 0.8 µg cm−2 (b), Au/TiO2 1.6 µg cm−2 (c),
Au/TiO2 2.0 µg cm−2 (d). Note the difference on thez range of the
Au/TiO2 0.4 µg cm−2 film.

the reactor. This corresponds to the so-called “apparen
lower limits of the actual quantum yield and it is based on
assumption that all the incident photons are absorbed b
photocatalyst (the solid photocatalyst surface in our ca
By taking into account the decomposition rate consta
a pollutant initial concentration of 2.056× 10−5 M and
a light irradiance of 71.7 µW cm−2, the corresponding pho
tonic efficiency values,Φλ, were calculated atλ = 350 nm
and reported in Table 3. However, it must be taken into
count that the above calculatedΦλ values are not stadard
ized, as the number of absorbed photons is experimen
difficult to access.

Catalysts are in general metastable materials. This m
that in time their properties change, often accompanied
deactivation. The deposition of a noble metal on semic
ductor nanoparticles is in general beneficial for maximiz
the efficiency of photocatalytic reactions. However, any
terioration of the metal of the metal/semiconductor interf
during the long-term operation of the photocatalyst is lik
to limit the benefits of metal deposition. Over the long-te
UV irradiation, semiconductor metal composite films exh
a decrease in photocatalytic performance [19]. The obse
deterioration of the catalytic property has been attribute
the possibility of oxidation of the metal by the photogen
e

Table 4
Average grain diameter, roughness, fractal dimension, and surface parameters for gold deposition on TiO2 films (from AFM analysis)

Typical Au surface concentration 0.4 µg cm−2 0.8 µg cm−2 1.6 µg cm−2 2.0 µg cm−2

Average particle diameter (nm) 50 76 740 1120
Roughness Rms (nm) 29.9 72.94 113.93 120.38
Fractal dimension (Df ) 2.37 2.15 2.39 2.34
Max of height distribution (nm) 38.2 148.16 157.2 194.5

Rms, the standard deviation of thez values,z being the total height range analyzed. Fractal dimensionDf (3 � Df � 2), parameter which accounts for th
geometric surface complexity and reflects the scaling behavior. It has been calculated by using the V423r3 algorithm [16,46–48].
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effi-
ated holes and/or surface hydroxyl radicals. The oxidatio
gold by the photogenerated holes and reduction of gold
by conduction band electrons compete to decide the ultim
fate of the interface. In our case, no noticeable differen
were observed in the UV–vis absorption spectra of the p
tocatalysts before and after the photocatalytic experime
This excludes the possibility of further transformation of
Au/TiO2 interface (oxidation of Au intercalation of Au+
into TiO2), during photocatalysis.

The strength and reproducibility of the photocatalytic
tivity on the gold-supported TiO2 doctor-blade films were
examined in order to check their potential use in pr
tical systems. Thus, the immobilized Au/TiO2 film sur-
face (0.8 µg cm2) was used in five consecutive irradiati
experiments—cycles of new added pollutant substrate q
tities (the same photocatalyst with renewed pollutant s
tion). The photocatalyst was very stable and did not lo
activity with repeated uses, as the decomposition kine
of MO did not show any dependence on the cycle nu
ber. Each experiment included 1 h of illumination and
produced well the initial results (reaction rate constant
decomposition percentage of MO pollutant) within 2–4
On the other hand, it must be pointed out that no loss o
tivity of the photocatalyst was observed during storage
several days in the dark, both under argon atmosphere
in MO solution. The obtained results make further resea
on the subject very encouraging. This work opens the po
bility of developing more efficient composite photocataly
in the form of porous and high-surface-area inorganic
ide matrices doped with different other metal additives (
Ru, Ag). In this direction, the use of TiO2 precursors with
long-range particle-size distribution may produce films w
high surface development and increased efficiency in l
harvesting.

On the basis of the activity measurements and struc
characterization of the photocatalysts, a reaction mecha
involving the participation of the gold metal particles is p
posed. Illumination of the TiO2 films by photons of energ
greater than the band gap energy (Eg = 3.2 eV) creates pair
of electrons (e−) and holes (h+) following the reaction:

(5)TiO2 + hν → TiO2 (e−, h+).

In the valence band, the photogenerated holes migrate t
interface and react with OH− adsorbed onto the TiO2 to cre-
ate hydroxyl radicals (·OH):

(6)(TiO2). . .OH− + h+ → ·OH.

In the conduction band the photoinduced electrons r
with electron acceptors such as oxygen-creating oxygen
icals (O2·−) [46,47]. These radicals (·OH, O2·−) present
extremely strong oxidizing properties and are able to dec
pose the MO pollutant through a reaction involving seve
sulfonated intermediates together with the formation of
inorganic final products (SO42−, NO3

−, NH4
+) [49], carbon

dioxide and water:
.

-

d

l

e

-

·OH/O2·− + MO → (sulfonated intermediates)

→ SO4
2− + NO3

− + NH4
+

(7)+ CO2 + H2O.

In the case of the gold/titania composite photocatalys
it has recently been shown that both the presence of Au
and Au0 species at the TiO2 interface is beneficial for th
photocatalytic process at low concentration levels (hig
loadings have a negative effect) [18]. The observed enha
ment has been attributed to two distinct mechanisms: to
electron scavenging by Au(III) ions which suppresses
charge recombination process, and to the interfacial ch
transfer at the semiconductor interface promoted by
metal (Au0) particles. A number of the conduction ba
electrons can be attracted by the metal particles due to
difference in the work function between gold and titania
and Li [11] proposed that the presence of Au(0) on TiO2 sur-
faces favors the migration of photoproducedelectron to g
thus improving the electron/hole separation. On the o
hand, one could assume that the metal-semiconductor
tact is not ohmic but has a Schottky barrier character. As
sult, electrons excited by illumination move to the metal s
face through the conduction band, driven by an electric fi
and the light-induced charge separation becomes easier
Such an efficient electron “capture” improves the charge
aration process and avoids electron-hole pair recombina
Consequently, the photocatalytic efficiency increases [
The above mechanism is consistent with the highest ph
catalytic activity observed for the gold-modified films w
respect to nonsupported titania. It is also compatible w
the relative increase in the photocatalytic efficiency obse
for the composite catalysts corresponding to low gold c
tents and justifies the relative activity decrease observe
the case of gold loadings higher than an optimum value
fact, it is well understood that as the gold particles aggre
and their diameter increases, the photoinduced electron
tracted by the gold particles are not in close proximity of
holes and can therefore be efficiently separated. How
one must have in mind that the heterogeneous photoca
sis is a surface process and the gold-supported catalysts
different surface characteristics. This results in difference
the total titania surface area exposed to the light beam
that available for pollutant adsorption. An antagonism
tween the gold synergetic action following the mechan
described above and a natural screening resulting from
presence of gold excess on the titania surface cannot b
cluded. The optimum gold surface loading (0.8 µg cm−2)
corresponds to a titania surface partially covered (estim
Au surface of 26.4 cm2, leading to a surface coverage of le
than 10%) by relatively small size metal particles. Furt
increase of the gold concentration results in metal parti
of higher size which both reduce the available space on
semiconductor for pollutant adsorption and light absorpt
Therefore, a significant decrease of the photocatalytic
ciency was observed at higher gold loadings.
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4. Conclusions

Nanocrystalline titanium dioxide films developed on m
croscope glass slides were modified by gold deposit
characterized, and successfully tested for the photocata
degradation of the pollutant methyl orange. Titania pho
catalysts with gold surface coverage of 0.8 µg cm−2 were
the most active and remained stable after several phot
alytic cycles of new added pollutant. The improvement in
photocatalytic efficiency of titania films by gold ions dep
sition is more than 100%. This enhancement is attribute
the action of Au particles, which play a key role by attra
ing conduction band photoelectrons and preventing elect
hole recombination.
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