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bstract

A series of titanium dioxide (TiO2/Ti) film electrodes were prepared from titanium (Ti) metal mesh by an improved anodic oxidation process
nd were further modified by photochemically depositing gold (Au) on the TiO2 film surface as Au–TiO2/Ti film electrodes. The morphological
haracteristics, crystal structure and photoelectroreactivity of both the TiO2/Ti and Au–TiO2/Ti electrodes were studied. The experiments confirmed
hat the gold modification of TiO2 film could enhance the efficiency of e−/h+ separation on the TiO2 conduction band and resulted in the higher
hotocatalytic (PC) and photoelectrocatalytic (PEC) activity under UV or visible illumination. To further enhance the TiO2 PEC reaction, a
eticulated vitreous carbon (RVC) electrode was applied in the same reaction system as the cathode to electrically generate H2O2 in the aqueous

olution. The experiments demonstrated that such a H2O2-assisted TiO2 PEC reaction system could achieve a much better performance of BPA
egradation in aqueous solution due to an interactive effect among TiO2, Au, and H2O2. It may have good potential for application in water and
astewater treatment in the future.
2006 Elsevier B.V. All rights reserved.
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. Introduction

As one sort of typical endocrine disrupting chemicals
EDCs), bisphenols are suspected to be able to affect the
ndocrine systems of human in various ways of causing an
dverse response or disrupting their health, growth, and repro-
uction [1]. Unfortunately, these EDCs cannot be degraded
nd removed completely by conventional biological degrada-
ion treatment. Consequently, advanced treatment technologies
re required to effectively eliminate these environmental pollu-
ants in drinking water sources and wastewater effluents [2,3].

TiO2-based photocatalysis has been extensively studied for
ater and wastewater treatment because of its non-toxicity, pho-

ochemical stability, and reasonable costs. In this technique, pho-
ocatalytic (PC) oxidation of organic substances can be normally

chieved with TiO2 catalysts under UV illumination. Further-
ore, photoelectrocatalytic (PEC) oxidation has proven to be
ore efficient than PC oxidation on a fixed TiO2 film by driv-
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ng the photogenerated electrons from TiO2 conduction band to
counter electrode via an external circuit [4–8]. In most PEC

xidation systems, a particulate TiO2 film electrode is usually
sed as the photoanode, while a counter electrode such as a
t electrode is used as the cathode. Unfortunately, the role of

he cathode beyond a counter electrode is usually disregarded
n this kind of PEC reaction systems. Actually, some further
dvantages of utilizing the cathode for generating useful oxidant
pecies such as hydrogen peroxide (H2O2) within the photore-
ctor could be realized, if the counter electrode is used as a
unctional cathode. In fact, the addition of H2O2 chemical as a
acrificial oxidant to scavenge the photo-induced TiO2 conduc-
ion band electrons (e−

CB) has been proven to be beneficial for
mproving the efficiency of PC oxidation in a TiO2 suspension
ystem by capturing the e−

CB to form the hydroxyl radical (•OH)
9,10]. Recent developments of electrochemistry have demon-
trated that H2O2 can be electrochemically generated on various
arbon electrodes, such as carbon felt, reticulated vitreous car-

on (RVC), graphite, activated carbon fiber, or carbon–PTFE
aterials.
In this study, while a TiO2 or Au-TiO2 film electrode was used

s the photoanode to degrade bisphenol A (BPA) as a model

mailto:cexzli@polyu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2006.05.074
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electrode. A 8-W medium-pressure mercury lamp (LZC-UVA-
365) was used as a UV light source (power: 8 W; light intensity:
0.68 mW cm−2; main emission: 365 nm) and a high-pressure
sodium vapor lamp was used as a visible light source (power:
Y.-B. Xie, X.-Z. Li / Journal of Haz

DC in aqueous solution under UV or visible illumination, a
VC electrode was applied as the cathode to generate H2O2
imultaneously.

. Methodology

.1. Materials

BPA (2,2-bis(4-hydroxyphenyl)propane) chemical with ana-
ytical grade was purchased from Aldrich and used without
urther purification. Other chemicals including CH3OH, H2SO4,

3PO4, HF, NaF, H2O2, and H3AuCl6 were also purchased from
ldrich.
Titanium mesh was purchased from Goodfellow Cambridge

td. (purity: 99.6%; nominal aperture: 0.19 mm; wire diameter:
.23 mm; wires/inch: 60 × 60; open area: 20% twill weave) and
as used as raw material to prepare TiO2/Ti and Au-TiO2/Ti
esh electrodes.
The RVC foam produced by ERG Materials and Aerospace

orporation is a new open pore foam material composed
olely of vitreous carbon with large valid surface area and
ow electrical or fluid flow resistance (nominal density: 3%;
ulk density: 1.54 g cm−3; bulk resistivity: 0.05 � cm−1). In this
tudy, the RVC foam was cut into a piece of rectangle shape
10 mm × 40 mm × 5 mm) as the cathode.

A piece of platinum foil (surface area: 4.0 cm2 and purity:
9.99%) was purchased from Sigma–Aldrich Co. Ltd. and used
s a counter electrode.

.2. Preparation of TiO2/Ti and Au-TiO2/Ti mesh electrodes

TiO2/Ti meshes were first prepared by an improved
nodic oxidation method. In which, a piece of raw Ti mesh
50 mm × 10 mm × 0.5 mm) was firstly washed with dilute HF
cid and alcohol solutions, respectively, in a supersonic cleaner
nd then thoroughly rinsed with distilled water; the cleaned Ti
esh was placed in 100 mL of aqueous H2SO4 (1.5 M)–H3PO4

0.3 M)–H2O2 (0.3 M) solution and anodized using a direct-
urrent power supply (EPS 600, Electroophoresis Power Sup-
ly). The anodic oxidation process was conducted in two stages.
n the first stage, the galvanostatic anodic oxidation with a con-
tant current density of 60 mA cm−2 was maintained until a
esignated anode-to-cathode voltage of 180 V was reached. In
he second stage, the potentiostatic anodic oxidation with a con-
tant voltage of 180 V was kept along with a gradually decreased
urrent density from 60 to 12 mA cm−2. The whole anodic oxi-
ation process lasted for about 30 min. Subsequently, this fresh
iO2/Ti mesh was further electrolyzed in a NaF (0.03 M)–HF
0.03 M)–H2O2 (0.3 M) solution to remove few coexisting three-
alence-state titanium oxides and residual amorphous TiO2 at a
onstant voltage of 80 V and a current density of 60 mA cm−2

or 5 min. After rinsing with distilled water and dried in an oven
t 378 K for 4 h, a product TiO2/Ti mesh was obtained.
The Au-TiO2/Ti meshes were also prepared using the above
iO2/Ti mesh by photoreduction of gold ion with the following
rocedure: The anodized TiO2/Ti mesh was placed in a cylindri-
al quartz cell containing 15 mL of a mixture solution (0.01 mM
s Materials B138 (2006) 526–533 527

AuCl4, 0.25 M CH3OH) with pH 3.2. The above solution was
ontinuously aerated using nitrogen gas and irradiated by an
-W meddle-pressure mercury lamp for 6 h. During the pho-
oreduction reaction, Au3+ was mostly reduced to Au along
ith thimbleful Au2+ and Au+, and deposited on the surface
f TiO2/Ti mesh, in which methanol acted as a hole-scavenger
o accelerate the reaction rate. The resulting Au-TiO2/Ti mesh
as washed with distilled water and dried in the oven at 378 K

or 24 h.

.3. Characterization of TiO2/Ti and Au-TiO2/Ti mesh
lectrodes

To study the surface morphology, average pore size, pore
istribution and elements composition of the prepared TiO2/Ti
nd Au-TiO2/Ti meshes, scanning electron microscope (SEM
EO Stereoscan 440) equipped with an energy dispersive X-ray

EDX) analyzer was used.
To determine the crystal phase composition, X-ray diffrac-

ion (XRD) measurement was carried out using a diffractometer
Philips PW3020) fitted with a graphite monochromator, in
hich an accelerating voltage of 40 kV and a current of 30 mA
ere applied to produce Cu K� radiation at a wavelength of
.15418 nm, and the samples were scanned at a step size of 0.05◦
nd a counting time of 1 s per step in the range of 2θ = 10–90◦.

.4. Photoreactor setup and experimental procedures

A bench-scale photo-electro-reactor system was used in this
tudy and its configuration is shown in Fig. 1, which is a cylindri-
al quartz cell with three-electrode configuration. The TiO2/Ti
r Au-TiO2/Ti electrode was placed at the lower position of
he reactor as the photoanode to receive light irradiation from
ottom and the RVC or Pt electrode was placed at one side of
ell wall nearby an air diffuser as the cathode. In addition, a
aturated calomel electrode (SCE) was used as the reference
Fig. 1. Schematic diagram of the photoreaction equipment.
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10 W; light intensity: 48.9 mW cm−2; emission: 450–650 nm).
he electrical potential and current applied on the electrodes
ere regulated by a potentiostat–galvanostat. In all experiments,

he H2O2 generation on the RVC electrode was controlled with
n electrical current rather than a potential.

Aqueous BPA solution was prepared with an initial con-
entration of 11.2 mg L−1 and 0.01 M Na2SO4 as supporting
lectrolyte to increase its conductivity similar to that of sewage
n Hong Kong. Thirty milliliters of such a BPA solution was
sed in each experiment. When the oxidation experiments were
onducted, air was continuously aerated into the solution at a
ow rate of 120 mL min−1. The initial pH value was found to
e 6.17 and was not controlled during the reaction. The samples
ere collected from the reaction solution at regular intervals for

nalyses.

.5. Analytical methods

BPA concentration was determined by high performance
iquid chromatography, which includes a high pressure pump
Spectrasystem HPLC P4000), a UV detector (UV 6000LP),
nd an auto sampler (AS3000), in which an Atlantis d-C18 col-
mn (150 mm × 4.6 mm i.d., 5 �m beads) was employed with
mobile phase of acetonitrile/water (7/3, v/v) at a flow rate of
.8 mL min−1 and BPA concentration was determined at 278 nm
y the UV detector.

The H2O2 concentration was determined according to the
pectrum absorption of the H2O2 and K2Ti(C2O4)3 in 2 M
2SO4 solution at 397 nm by using a UV–vis spectrophotometer

Spectronic, GENISIS-2) [11].

. Results and discussion

.1. SEM and EDX analyses

To study the surface morphology of the TiO2 and Au-
iO2 films, SEM measurements were performed and their SEM

mages are shown in Fig. 2. It can be seen that both types of films
ad smooth surfaces with similar micro-sized porous structures.
ctually, as TiO2 was formed by anodic oxidation, the TiO2
lm was firmly distributed on the surface of the Ti mesh with a
ood mechanical bonding strength. The mean size of individual
icropores was determined to be about 260 nm (see Fig. 2A).

n the anodic oxidation process, titanium metal (Ti0) could be
nitially oxidized into different titanium oxides with a mixture of
alence states such as Ti3+ as Ti2O3 and Ti4+ as TiO2, depending
n the electrical potential applied and also the characteristics of
lectrolyte in the acidic solution [12]. At a high electrical poten-
ial of 180 V, TiO2 could be mainly formed by electrolytic oxi-
ation reaction along with oxygen molecules generated by elec-
rolyzing H2O (2H2O − 4e− → O2 + 4H+). Moreover, there also
s an equilibrium reaction between the anodic oxidation reaction

o form TiO2 (Ti + 2H2O → TiO2 + 4H+) and the electrolytic
issolution reaction to release titanium ions from the TiO2 film
nto the bulk solution (TiO2 + H2O + H+ → [Ti(OH)3]+). Dur-
ng the high-voltage anodization, the thermal energy dissipation

c
t
a
a

ig. 2. SEM images of (A) TiO2/Ti and (B) Au-TiO2/Ti mesh electrodes.

n the barrier oxide layer became considerably insufficient in
he reaction electrolytes. Significant increase of the microstrain
tress would cause the electrical breakdown of barrier oxide
ayer and form small cracks and veins among the crystallites
ormed in the sparking discharge region. Due to much more
xcessive oxides production at titanium metal-oxide interface
han TiO2 dissolution at the pore bottom of oxide–electrolyte
nterface, only interconnected TiO2 thick-film with microporous
tructure could be finally formed on the Ti metal surface [13].

oreover, Fig. 2B showed clearly that a lot of well-distributed
articulates appeared on the surface of Au-TiO2 film, those are
ttributed to the gold particulates deposited on the TiO2 layer
s clusters. Due to the existence of these gold particulates, the
urface of Au-TiO2/Ti mesh became much rougher than that of
ure TiO2/Ti mesh. It is generally believed that if a catalyst has
rougher or more porous structure on its surface, it might be
ore beneficial to adsorb organic substances from its aqueous

olution. The SEM image showed that these gold particulates
ad a broad range of size (10–100 nm) and well spread out both
utside and inside the microspores.

Furthermore, both the TiO2/Ti and Au-TiO2/Ti mesh elec-
rodes were analyzed by EDX and the results about the elemental

omposition of two samples are shown in Fig. 3. It can be seen
hat while the TiO2 mesh showed two main peaks of Ti element
t 4.51 and 4.92 keV (as Ti K� line) and one peak of O element
t 0.52 keV (as O K� line), the Au-TiO2/Ti mesh showed other
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versus SCE for the TiO2/Ti electrode and 1.82 V versus SCE for
ig. 3. Energy dispersive X-ray spectra of (A) TiO2/Ti and (B) Au-TiO2/Ti mesh
lectrodes.

ve new peaks attributable to Au element at 1.75, 2.18, 2.93 (as
u M� line), 9.71 (as Au L� line), and 11.52 keV (as Au L�

ine), respectively [14]. These results confirmed the Au deposi-
ion on the TiO2 film by the photoreduction reaction. In addition,
n approximate ratio of Au/Ti was estimated by the peak area
f different metal elements to be about 0.76 at.% (atom percent
f Au in TiO2).

.2. XRD analysis

To study the crystal structure of catalysts, three meshes (Ti,
iO2/Ti and Au-TiO2) were examined by XRD and their XRD

atterns are shown in Fig. 4. The results showed two charac-
eristic diffraction peaks of anatase occurred at 2θ = 25.4◦ for
1 0 1) plane and 2θ = 48.1◦ for (2 0 0) plane, respectively, and
emonstrated that both the TiO2/Ti and Au-TiO2/Ti meshes were

Fig. 4. XRD patterns of the TiO2/Ti and Au-TiO2/Ti mesh electrodes.
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nly predominated by anatase with a similar crystal structure.
ince the anodic oxidation process was conducted in two stages
galvanostatic anodization and potentiostatical anodization), it
s believed that the galvanostatic anodization with a high current
ensity and a low voltage could initially oxidize titanium into
itanium oxides and form amorphous TiO2, then the subsequent
otentiostatical anodization at a high voltage and a low current
ensity led to crystallize TiO2 into a more regular phase structure
nd eventually achieved the crystallization process. It is believed
hat the crystalline transformation from amorphous to anatase is
ssociated with local exothermic heat caused by the sparking
ischarge, since the anodic voltage of 180 V is much higher
han the sparking voltage of TiO2 (about 80–100 V). Therefore,
his anodic oxidation process could achieve the most crystalliza-
ion of TiO2 without a post calcination process. Meanwhile, the
rystalline transformation from anatase to rutile has also been
estrained because H3PO4 electrolyte could well contribute ther-
al transmittance in the local sparking region of TiO2 barrier

ayer [15]. Therefore, the different conditions used in the anodic
xidation process such as electrical potential, current density,
nd electrolyte composition would influence the degree of crys-
allization and the microstructure of TiO2 film significantly.

.3. Voltammetry property

To investigate the electrochemical properties of the TiO2/Ti
nd Au-TiO2/Ti meshes, a set of cyclic voltammetry measure-
ents was carried out in a standard three-electrode assembly,
hich consists of a TiO2/Ti or Au-TiO2/Ti electrode as the anode

working electrode), a Pt foil as the cathode (counter electrode)
nd a SCE electrode. In the tests, the linear sweep voltammetry
as recorded at a scanning step of 10 mV s−1 and the results of

yclic voltammetry are shown in Fig. 5. It was found that the
ritical potential of water oxidation was determined to be 2.84 V
he Au-TiO2/Ti electrode, respectively. Both potentials are more
ositive than the theoretical value (2H2O − 4e− → O2 + 4H+,
0 = 0.987 V versus SCE), due to an effect of over-potential on

ig. 5. Cyclic voltammetry curves of TiO2/Ti and Au-TiO2/Ti mesh electrodes
n 0.01 M Na2SO4 electrolyte solution.



5 ardous Materials B138 (2006) 526–533

t
A
w
t
r
e
h
s
t
c
t

3

s
c

O

I
e
c

Q

w
r

Q

w
A
t

w
a
i
2

r
c
e
b
s
a

c
a
c
a
c
v
s
t
e

Fig. 6. H2O2 cumulating concentration in Pt-RVC electrochemical system for
oxygen reduction reaction (curves a–c) and TiO2-RVC photoelectrocatalysis
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he TiO2/Ti and Au-TiO2/Ti semiconductor electrodes. Since the
u-TiO2/Ti electrode had a relatively lower critical potential of
ater oxidation than the TiO2/Ti electrode, it might indicate

hat the Au-TiO2/Ti electrode could conduct the H2O cleaving
eaction more accessibly to produce oxygen than the TiO2/Ti
lectrode. Furthermore, the Au-TiO2/Ti electrode generated a
igher polarization current than the TiO2/Ti electrode at the
ame anodic potentials. It means that the more feasible electron-
ransfer process could occur on the Au-TiO2/Ti electrode, which
ould ultimately promote the electro-hole pair (e−/h+) separa-
ion during the PEC reaction.

.4. H2O2 generation on the RVC cathode

H2O2 can be electrically generated from oxygen in aqueous
olution by an electrochemical reduction reaction on the carbon
athode:

2 + 2H+ + 2e− → H2O2, E0 = 0.695 V versus NHE

(1)

f it is assumed that this electrochemical reaction achieved an
fficiency of 100%, a theoretical amount of the H2O2 generation
ould be calculated using the following two equations:

= I × t (2)

here Q is total quantity of electricity in coulombs (C); t the
eaction time (s) and I is current intensity (A):

= 2n × NA × e = 2n × (6.02 × 1023) × (1.60 × 10−19)

(3)

here n is the moles of electrogenerated H2O2 (mol); NA the
vogadro’s constant (6.02 × 1023 molecules/mole); e the elec-

ron charge (1.60 × 10−19 C).
According the above equations, it can be calculated that

hen the current intensity on the RVC cathode was 0.5 1.0,
nd 1.5 mA, the theoretical cumulative concentration of H2O2
n 30 mL solution after 180 min reaction was 0.905, 1.809, and
.714 mM, respectively.

In general, such a H2O2 electrogeneration reaction mainly
elies on several factors including the electrode material, applied
urrent density, the oxygen coverage on the cathode, pH, and
lectrolyte concentration. To investigate the interactive effects
etween H2O2 electrogeneration and consumption reaction, two
ets of experiments were carried out in aqueous solution with
nd without BPA, respectively.

The first set of experiments using the RVC electrode as the
athode and the Pt electrode as the anode was conducted in
queous solution without BPA under the same experimental
onditions by applying different current intensity (0.5, 1.0,
nd 1.5 mA). Each experiment lasted for 240 min and the
umulative H2O2 concentration (CH2O2 ) in aqueous solution

ersus electrolyzing time (t) was obtained and the results are
hown in Fig. 6 (curves a–c). The experiments demonstrated
hat the CH2O2 in the solution increased quickly along with the
lectrolyzing time in the initial period and further gradually

w

T

ystem for BPA degradation reaction (curves d–f) under different cathode current
ondition (RVC cathode as a working cathode, Pt or TiO2/Ti as an anode and
CE as a reference electrode).

ncreased with a lower growth rate to eventually reach its
aximum value. It can be concluded that the higher current

ensity applied on the RVC cathode achieved the higher
H2O2 in the solution. To determine a relationship between
H2O2 and t, it is assumed that the generation rate of H2O2
oncentration is proportional to the current intensity (I) applied
n the cathode as the first-order reaction ( dc

dt
= kI) and an

xponential model, C = aI(1 − ekt) was applied to fit the
xperimental data. It can be seen that the proposed model fitted
he data very well in all experiments. If the apparent current
fficiency (ACE) under this experimental condition is defined as
CE = �(H2O2)experimental value/�(H2O2)theoretical value × 100%,
CE can be determined to be 35.5%, 34.8% and 35.8%, for the
pplied current intensity at 0.5, 1.0, and 1.5 mA (corresponding
urrent density = 40, 80 and 120 �A cm−2 on the RVC cathode),
espectively.

The second set of experiments using the TiO2 anode and the
VC cathode was conducted in aqueous BPA solution under UV

llumination to investigate the H2O2 concentration during BPA
egradation reaction. Each experiment also lasted for 240 min
nd the experimental results about H2O2 concentration versus
xperimental time were obtained and also fitted by the exponen-
ial model as shown in Fig. 6 (curves d–f). The results showed
hat H2O2 concentration with existence of BPA degradation
eaction under UV illumination was significantly lower than
hat without BPA. It can be explained that H2O2 was actively
nvolved in the PEC reaction and its consumption rate was much
aster than its decomposition rate in aqueous Na2SO4 solution
ithout BPA.

.5. PC/PEC degradation of BPA under UV illumination

ith fixed TiO2/Ti film

Photodegradation of bisphenol A have been studied by pure
iO2 suspension. The intermediate steps to partial oxidation or
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slightly better than the TiO2/Ti electrode. These results indicated
the gold modification only resulted in a slight improvement in
the PC activity of TiO2 under visible light illumination. Such a
weak photoactivity of Au-TiO2 is ascribed to gold nanoparticu-
ig. 7. (A) BPA degradation ratio and (B) TiO2/Ti electrode potential under
ifferent RVC cathode current intensity in TiO2/Ti-RVC photoelectrocatalytic
eaction system.

ineralization have been reported already [16]. In this study,
e focus on photocatalysis and photoelectrocatalysis by immo-
ilized TiO2 film. Especially to better understand the BPA
hotodegradation in such a H2O2-assisted TiO2 PEC reaction
ystem, the BPA degradation experiments were conducted in
queous solution under UV illumination, in which the TiO2/Ti
lectrode was used as the photoanode and the RVC electrode
as used as the cathode. The first set of experiments was per-

ormed by applying different current intensity from 0 to 1.5 mA
nd results are presented in Fig. 7A. The experiment of BPA
egradation with zero current intensity (I = 0 mA) demonstrated
slow reaction with a BPA removal of only 13% after 180 min.
ctually, such a reaction was equivalent to the TiO2 PC reaction
ithout any external bias and H2O2 at all. So, it is very necessary

o establish an electro-assisted photocatalytic process to further
mprove removal efficiency of BPA degradation for this immo-
ilized TiO2 film. Other experiments with current intensity from
.2 to 1.5 mA showed a better performance and BPA removal
as achieved by 68–99%. These results demonstrated that the
lectrogenerated H2O2 from the RVC cathode could improve
he BPA degradation significantly under this experimental con-
ition. In fact, at the lower range of current intensity (I < 0.5 mA),
2O2 plays a role of scavenging electrons from the TiO2-CB and

F
e

s Materials B138 (2006) 526–533 531

lso generated hydroxyl radical (H2O2 + e−
CB → OH− + •OH)

o enhance BPA degradation reaction. However, at the higher
ange of current intensity (I = 1.0–1.5 mA), corresponding elec-
rical potential on the TiO2/Ti anode (up to 7.0 V) was much
igher than a critical potential of 2.84 V to execute the electro-
xidation of water and BPA on the TiO2 anode. In the meantime,
he TiO2 film on the TiO2/Ti electrode could also dissolve as tita-
ium ions into the bulk solution by a low-voltage anodization
orrosion process. A relationship between the applied potential
nd current intensity of TiO2/Ti electrode is shown in Fig. 7B.
urthermore, although H2O2 may generate hydroxyl radical
irectly under UV illumination as H2O2 + UV → 2•OH, it is
elieved that such a photolysis process is insignificant under
V-A illumination.

.6. PC/PEC degradation of BPA under UV–vis
llumination with fixed Au-TiO2/Ti film

Many research papers have reported that noble metal sur-
ace modification could improve the reaction activity of TiO2
atalyst [17,18]. In this study, the gold-modified TiO2 catalyst
Au-TiO2/Ti electrode) was applied for PC/PEC degradation of
PA under UV–vis light illumination. The experimental results
re compared with the performance using the TiO2/Ti electrodes.
he PC oxidation results are shown in Fig. 8. The results showed

hat BPA degradation under UV illumination was achieved by
3.2% using the TiO2/Ti electrode and by 22.9% using the Au-
iO2/Ti electrode after 180 min. This result indicates that the
old modification on the TiO2 surface can enhance the PC activ-
ty of TiO2 under UV illumination significantly. However, the
esults also demonstrated that BPA degradation under visible
ight illumination was achieved by less than 5% after 180 min
n both cases, although the Au-TiO2/Ti electrode performed
ig. 8. Photocatalytic degradation of BPA by TiO2/Ti and Au-TiO2/Ti mesh
lectrode under UV or visible light illumination.
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ig. 9. Photoelectrocatalytic reaction efficiency by using different electrode
air under UV illumination (current intensity = 1.5 mA; TiO2 or Au-TiO2 as
n anode; RVC or Pt as a cathode).

ates rather than TiO2, which is mostly associated with sensitive
urface plasmon response of metallic gold clusters by visible
hoton energy excitation [19]. These results indicate that the
old deposition on TiO2 surface may not photosensitize TiO2
atalyst from UV response to the visible light range effectively,
ut can enhance its photocatalytic activity under UV illumina-
ion significantly.

The results of PEC oxidation under UV illumination at a cur-
ent intensity of I = 1.5 mA are shown in Fig. 9. It can be seen that
he Au-TiO2/Ti anode achieved better BPA degradation together
ith either the Pt cathode without H2O2 generation or the RVC

athode with H2O2 generation than the TiO2/Ti anode. These
esults confirmed that the BPA degradation reaction in aque-
us solution could be enhanced by both the gold modification
nd also H2O2 electrogeneration, but H2O2 involvement is more
ignificant than the gold modification. In such a H2O2-assisted
u-TiO2 PEC reaction system, some key reactions are identified

s follows:

iO2 + hϑ → h+ + e−
CB (electron activation)

−
CB + H2O2 → OH− + •OH (electron scavenging)

−
CB + (Au)n → (Au)−n (electron trapping)

Au)−n +H2O2 →OH−+ •OH + (Au)n (electron transferring)

Since the PC/PEC reaction highly relies on the efficiency of
−/h+ separation. The e−

CB transfer rate on the TiO2 conduc-
ion band can be regarded as a rate-determining step for the
hole reaction. Due to a more negative Fermi level of TiO2

emiconductor than gold nanoparticulates, a Schottky junc-
ion could be formed by Fermi level equilibration shift for
u-TiO2 composite, which causes a space-charge layer at the

old metal–TiO2 interfacial region. So the gold metal and TiO2
hases are in a good electronic communication [20]. Once e−/h+

s generated under UV excitation, e−
CB could smoothly inject

nto Au clusters. Most importantly, the determinant electron
s Materials B138 (2006) 526–533

ransfer process could subsequently occur from gold clusters
o electron-acceptors (such as peroxides or dissolved oxygen).
he formation of a Schottky barrier would lead to a decrease
f e−/h+ recombination as well as an increase of the quantum
ields. Accordingly, gold deposition on TiO2 surface enhances
C/PEC reaction by indirectly accelerating the transfer from e−

CB
o H2O2. Regarding the pure TiO2 semiconductor, the e−/h+ sep-
ration occurs in the heterogeneous interface by electron transfer
rom e−

CB to H2O2. Such a process exhibits less effective in com-
arison with the electron-injection process in the internal surface
etween TiO2 and gold clusters. Therefore, in addition to TiO2
lectron transfer driven by external electronic field, gold depo-
ition also plays an important role in the dynamic separation of
uch photogenerated charge carriers.

. Conclusions

The well-crystallized TiO2/Ti film electrodes with a microp-
rous structure were successfully prepared by a direct anodiza-
ion process at a high voltage and further modified by gold
eposition on the TiO2 surface to form Au-TiO2/Ti film elec-
rodes. The experiments confirmed that the gold modified TiO2
lm could enhance the efficiency of e−/h+ separation on the TiO2
onduction band and resulted in higher PC and PEC activity
nder UV or visible illumination. In the meantime, H2O2 could
e effectively and also continuously generated in the TiO2 PEC
eaction system, when a RVC electrode was used as the cathode.
t has been confirmed that such a H2O2-assisted TiO2 PEC reac-
ion system could achieve a much better performance of BPA
egradation in aqueous solution with potential for application in
ater and wastewater treatment.
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