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a  b  s  t  r  a  c  t

A  degradation  device  containing  a bifunctionalized  TiO2 film  electrode  and  an  anode  electrode  was
described.  The  bifunctionalized  TiO2 film  electrode  is  composite  of  an  area  of  dye-sensitized  TiO2 film,
electrolyte  and  counter  electrode,  which  is  similar  to the  structure  of  dye-sensitized  solar  cells  (DSSCs).
Electrons  and  positive  charges  induced  by visible  light  absorption  of  dyes  could  arrive  at  the  degrada-
vailable online 7 November 2011

eywords:
hotoelectrocatalytic degradation
ye-sensitized TiO2 film
henols

tion  region  of  the  bifunctionalized  TiO2 film  electrode  and  the  anode  electrode,  respectively.  Both  could
produce  hydroxyl  radicals  (•OH)  to participate  in  the  degradation  reaction.  The degradation  efficiency
was  enhanced  remarkably  by  an  external  potential.  Meanwhile,  the  effects  of  dye-sensitized  TiO2 film
area and  pH  value  on  the  degradation  of 4-chlorophenol  (4-CP)  were  tested.  An  insight  into  degradation
pathway,  plausible  mechanism  for 4-CP  and  degradation  of other  phenols  were  also  discussed  here.
egradation efficiency

. Introduction

Titanium dioxide (TiO2) has been extensively studied being a
hotocatalytic material for environmental applications, including
he purification of water and wastewater because of its high pho-
ocatalytic activity, long-term chemical stability, non-toxicity and
ow price [1–3]. The photocatalysis process uses ultraviolet (UV)
ight to excite an electron from the valence band of TiO2 to its con-
uction band, leaving a hole to oxidize organics. It is preferable of
tilizing TiO2 in the form of film rather than slurry because the for-
er avoids the nuisance recovery procedure for the nanoparticles

rom an aqueous phase. The rapid recombination of photogener-
ted electrons and holes often results in low quantum yield, limiting
he photocatalytic efficiency and obstructing the practical appli-
ation of the photocatalytic process. Photoelectrocatalytic (PEC)
rocess has proven to be an efficient way of affording good quantum
ield, which is through immobilization of TiO2 on a conducting sub-
trate and application of a potential bias [4,5]. The photogenerated
lectron is withdrawn to counter electrode by external bias in the
EC process, which could counteract charge recombination [6–8].
owever, the wide-band gap of TiO2 can only capture less than 5%
f solar irradiance. To obtain a more efficient utilization of solar

rradiation, many attempts were made to shift its photocatalytic
ctivity to the visible region [9–11].

∗ Corresponding authors. Tel.: +86 22 60214250; fax: +86 22 60214252.
E-mail addresses: wqping@ustc.edu.cn (Q. Wu), xuesong@ustc.edu.cn (S. Xue).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.092
© 2011 Elsevier B.V. All rights reserved.

Polymers [12–14] and metal-organic complexes [15,16] have
been applied into modify TiO2, giving high photocatalytic
degradation of organics under visible irradiation. Likewise, dye sen-
sitization is one of the efficient methods for extending the light
absorption of TiO2 to a visible region. As these dyes sensitized
TiO2 produce hydroxyl radicals (•OH) through trapping conduc-
tion band electrons to reduce oxygen to superoxide, many dyes
cannot withstand this severe oxidative stress for long time and
were degraded gradually. In order to avoid dye decomposition, it
is desired to develop new sensitization systems with high activity,
visible-response, and high stability.

Herein, a new double-region-structured TiO2 film was  fabri-
cated with one region of dye-sensitized site providing photogen-
erated electrons and the other region of the photocatalytic site
supplying an effective degradation of organic pollutants [17]. This
bifunctionalized TiO2 film is composite of an area of dye-sensitized
TiO2 film, electrolyte and counter electrode, which is similar to
the structure of dye-sensitized solar cells (DSSCs) [18] except for
the deposition substrate for TiO2 film. The reason for use of ordi-
nary glass sheet in place of FTO conductive glass for deposition of
TiO2 film was  discussed in our previous report [17]. The fabricated
device could accomplish separation of electron from the positive
charge. Thus electrons and positive charges had opportunities to
participate in degradation reaction, which caused to increase the
quantity of active species. Consequently, the degradation efficiency

increased obviously. Positive charges and electrons transferred into
photocatalytic sites of the bifunctionalized TiO2 film and anode,
which afforded 97% and 96% removal of 4-chlorophenol (4-CP) after
5 h, respectively.

dx.doi.org/10.1016/j.jhazmat.2011.10.092
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wqping@ustc.edu.cn
mailto:xuesong@ustc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.10.092
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Fig. 1. Degradation of 4-chlorophenol in reactors A and B (salt bridge is not shown
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n  the figure). 1, ordinary glass sheet; 2, sealing film; 3, counter electrode (Pt/FTO); 4,
ubbling pipe; 5, magnetic stirrer; 6, degradation region of TiO2 film; 7, electrolyte;
,  dye-sensitized TiO2 film; and 9, anode (Pt/FTO).

The degradation reaction catalyzed by the bifunctionalized TiO2
lm together with the anode governed the degradation process
nd high degradation efficiency in the former could lead to high
fficiency in the latter. On the other hand, the latter degradation
romoted the former degradation because of the anode with-
rawing electron from water oxidation and supplying electron for
egeneration of the oxidized dye through the iodide/triiodide redox
ouple. If the oxidized dyes could be regenerated faster through the
odide/triiodide redox couple, much more electrons will be injected
nto the conduction band of TiO2 from the dyes under light irradia-
ion, which will provide higher degradation efficiency. To test this
dea, an electrical potential was applied into the reaction through a
otentiostat. Here, we hope to report the result of external poten-
ial on the photocatalytic degradation of 4-chlorophenol (4-CP).
urther, effects of dye-sensitized TiO2 film area and pH value, an
nsight into the degradation mechanism and other possible phenols
re also presented here.

. Experimental
.1. Preparation of the degradation device

TiO2 colloid was prepared according to the literature method
19], which was used for the preparation of the nanocrystalline

Fig. 2. Effect of external voltage on the degradat
erials 199– 200 (2012) 226– 232 227

films. An area of TiO2 film (14 mm × 28 mm)  was  deposited on
an ordinary glass sheet by screen printing. Half area of the film
(14 mm × 14 mm)  was stained by immersing it into a dye solution
containing 300 �M cis-Ru(dcbpy)2(NCS)2 (N719) as dye sensi-
tizer. The cell of a dye-sensitized region was fabricated according
to the reported procedure [17], which was composed of the
dye-sensitized TiO2 film, electrolyte, and a counter electrode. Pt
catalyst was  deposited on a FTO glass (16 mm  × 16 mm)  to give a
counter electrode. The electrolyte employed was  a solution of 0.6 M
1,2-dimethyl-3-n-propylimidazolium iodide (DMPImI), 0.1 M LiI,
0.05 M I2, and 0.5 M tert-butylpyridine in acetonitrile. Another
Pt/FTO electrode with an area of 14 mm  × 28 mm was  employed as
an anode. The degradation region of TiO2 film and the anode were
inserted into solutions of 4-CP in reactors A and B, respectively, as
shown in Fig. 1. An electrical DC potential was  applied by a poten-
tiostat. A U-tube salt bridge is contacted between reactors A and B,
which is not shown in Fig. 1.

2.2. The degradation experiment

A 300 W Xe lamp (L25, �max = 500 nm)  was  used as the visible
light source, which irradiated at a distance of 20 cm to the device
surface through 420 nm cutoff filters. The degradation experiment
was  conducted in two  wide-mouth glass flask reactors with 14 mL
of 4-CP and magnetically stirred by a Teflon stirrer. Air was  bubbled
through the pipe during the reaction. Light intensity, as measured
by a visible-irradiance meter, was  about 4.0 mW/cm2 at the posi-
tion of the dye-sensitized region located. The concentration of 4-CP
was  determined by a HPLC using an Agilent 1100 chromatograph
equipped with a ZORBAX Eclipse XDB-C18 reversed phase column.
HPLC was  detected by a UV detector adjusted to 280 nm. The mobile
phase was a mixture of water and methanol (20:80, v/v) with a flow
rate of 1.0 mL/min. The total organic carbon (TOC) was  measured
using SHIMADZU TOC-VCPH instrument to evaluate the miner-
alization degree of 4-CP. Hydrogen peroxide concentration was
determined by a spectrophotometric method using the potassium
titanium (IV) oxalate method [20], and then the absorbance was
measured at 400 nm in a 1 cm quartz cell. The fluorescence emission
of 7-hydroxycoumarin was  measured at 332 nm excitation using a
spectrofluorometer. The 2 M H2SO4 and 2 M NaOH solutions were
used to adjust pH to the desired values.

3. Results and discussion
3.1. Effect of external voltage on the degradation of 4-CP

The experiments were conducted in two reactors A and B using
a DC power source. The negative pole of the power was connected

ion of 4-chlorophenol in reactors A and B.
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Fig. 3. Effect of dye-sensitized TiO2 film area on 

o the counter electrode in reactor A, and its positive electrode was
ith the anode in reactor B. The effect of applied external volt-

ge was designed at 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, and 0.0 V. No applied
xternal voltage was also tested when the counter electrode is con-
ected with the anode by a copper wire. The degradation reaction
as under the conditions of 10 mg/L 4-CP, pH 4, bubbling air 5 L/h,

nd light intensity 4.0 mW/cm2. The results are shown in Fig. 2.
he degradation efficiency of 4-CP was increased in both reactors

 and B from the external potential of 0.0 to 0.5 V. 99% and 98% of
-CP were removed at a potential of 0.5 V after 2 h in reactors A
nd B, respectively, whereas they were only 76% and 74% removal
ithout external potential supply. It was also observed that any fur-

her increase in the applied potential beyond 0.2 V did very little to
nhance the degradation rate. However, with the higher potential
f 0.5 V, a little lower efficiency of the degradation was observed.
he concentration of total organic carbon (TOC) in reactors A and

 decreased 61% and 60%, respectively, after 2 h at a potential of
.5 V. For comparison, a set of experiments in darkness were set
p to perform electrolysis degradation. Almost no removal of 4-
P in both reactors was found in the absence of light irradiation,
lthough at a potential of 0.5 V. The degradation reaction did not
ccur under electrolysis conditions because there is no current in
lectrolysis system.

In our previous report [17], the glass substrate for depositing
he bifunctionalized TiO2 film and oxygen atmosphere both played
rucial role in degradation of 4-CP. As seen in Fig. 2, the external
oltage had enhanced the degradation efficiency remarkably. The
ther parameters, such as dye-sensitized TiO2 film area and pH
alue, were also tested at an external potential of 0.5 V.

.2. Effect of dye-sensitized TiO2 film area on the degradation of
-CP

The amount of dye sensitizer is one of the important param-
ters in photocatalytic degradation. In order to study the effect
f dye-sensitized TiO2 film area, other three bifunctionalized TiO2
lm electrodes with an area of 10 × 20, 7 × 14, and 4 × 8 (mm2)
ere prepared according to the same procedure. Half areas of these
lms with 10 × 10, 7 × 7, and 4 × 4 (mm2) were sensitized by dye
719 and fabricated to cells. The other corresponding half areas
ithout dye sensitization were used for degradation region. These
evices for degradation of 4-CP were carried out under the typical

onditions (4-CP 10 mg/L, pH 4, bubbling air 5 L/h, light inten-
ity 4.0 mW/cm2, and DC 0.5 V), and these results are shown in
ig. 3. The removal of 4-CP was increased with the increase of dye-
ensitized TiO2 film area. Larger area of dye-sensitized TiO2 film
gradation of 4-chlorophenol in reactors A and B.

will absorb much more amounts of dyes in the procedure for fabri-
cating a degradation device, which generate more electrons under
the same light irradiation. The more electrons cause to enhance
the degradation efficiency through increasing the quantity of active
species.

3.3. Effect of pH on the degradation of 4-CP

The degradation of 4-CP at different initial pHs is shown in Fig. 4.
The variation of pH had an obvious influence on the degradation of
4-CP. Higher degradation rates were obtained when experiments
were conducted in acidic solutions than that in alkaline solutions.
For example, 99% of 4-CP disappeared at pH 4 after 2 h under visi-
ble light irradiation, whereas 75% of 4-CP was removed at pH 10. At
the alkaline conditions, 4-CP is ionized with negative charges, and
becomes more water-soluble, which slackens the reaction. How-
ever, at the acidic conditions, 4-CP is presented in the molecular
form with more hydrophobic property. Thus, the acidic solution
facilitates 4-CP in the molecular form adsorption on the surface
of TiO2 and promotes better degradation [21]. On the other hand,
TiO2 surface becomes negatively charged at the alkaline condition,
and becomes positively charged at acidic condition. The interac-
tion between positively charged catalyst surface and 4-CP shows
high adsorption capacity at low pH and favors good degradation
[22]. In addition, the super oxide ions generated by the reaction
of dissolved oxygen are more readily producing the active species
of hydroxyl radicals in the acidic solutions than the alkaline solu-
tions from the reaction of O2

•− and H+, which is beneficial to the
degradation reaction. With further lowing pH value (pH = 2), the
removal efficiency decreases to 86%, which may be partly ascribed
to the increasing concentration of SO4

2− by addition of H2SO4 to
adjust pH.

3.4. Degradation of other phenols

To extend the degradation substrate, 2-chlorophenol (2-CP),
phenol and 4-nitrophenol (4-NP) were submitted to this device,
and the results are shown in Fig. 5. Degradation of 2-CP and phe-
nol by this process had a similar tendency to that of 4-CP, although
the observed degradation rate had some difference. The concentra-
tion of 2-CP in reactors A and B decreased 96% and 94% after 2 h,

respectively. However, in the degradation of 4-NP, only 78% and 76%
removals of the substrate were obtained in reactors A and B under
the same conditions, respectively. Buxton et al. [23] reported that
the degradation rate constants for •OH with phenolic compounds
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Fig. 4. Effect of pH on degradation of 4-CP in reactors A and B.
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Fig. 6. Formation of H2O2 in reactors A and B at an external potential of 0.5 V and
no external potential.
Fig. 5. Removal of 2-CP, phenol, and 4-NP in the reactors A and B.

ere 4-CP > phenol > 4-NP. The degradation efficiency by our pro-
ess was coincident with the order of reported rate constants.

.5. Formation of hydrogen peroxide

The formation of hydrogen peroxide (H2O2) was  detected by a
pectrophotometric method [20], which can be converted into •OH
y attack of electron. Fig. 6 shows the formation of H2O2 in reactors

 and B at an external potential of 0.5 V and no external poten-
ial. In the reactor A, H2O2 was formed quickly once the reaction
as initiated under no external potential conditions. The concen-

ration of H2O2 increased steadily with the reaction time, reaching
3.8 mg/L after 25 min. The formation of hydrogen peroxide is pro-
oted by external potential. For example, the concentration of
2O2 reached 25.2 mg/L after 5 min  and 52.2 mg/L after 25 min,

ncreasing remarkably with the reaction time. This enhancement
n the formation of H2O2 was in consistent with the degradation of
-CP. However, small amount of H2O2 was produced in the reac-
or B with 2.9 mg/L H2O2 after 25 min  at a potential of 0.5 V and
.11 mg/L H2O2 after 25 min  under no external potential condi-
ions. These results indicated that hydrogen peroxide was formed
fficiently in the reactor A, followed by generation of active species

OH to degrade pollutants. While the degradation of 4-CP occurred
n the reactor B was not mainly derived from hydrogen peroxide.

The degradation of 4-CP was compared in the absence or pres-
nce of tert-butanol (t-BuOH), which is a widely used hydroxyl
Fig. 7. Effect of tert-butanol on the degradation of 4-CP in reactors A and B.

radicals (•OH) scavenger [24]. The degradation was carried out

under no external voltage conditions. As shown in Fig. 7, when
adding 1 mM t-BuOH in reactor A and no t-BuOH in reactor B, the
degradation of 4-CP in the reactor A slowed down with 77% removal
after 5 h. However, the addition of t-BuOH in the reactor B had a



230 G. Qin et al. / Journal of Hazardous Materials 199– 200 (2012) 226– 232

Fig. 8. The fluorescence emission intensity of 7-hydroxycoumarin was  measured under the excitation of 332 nm.
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Fig. 9. Possible mechanis

ore significant effect on the degradation of reactor B when adding
 mM t-BuOH in reactor B and no t-BuOH in the reactor A. The pres-
nce of t-butanol impeding the degradation of 4-CP showed that
oth degradation processes in reactors A and B should be mediated
y hydroxyl radicals. The t-BuOH caused more serious retardation

n reactor B than that in reactor A partly due to the presence of other
ctive species, such as hydroperoxide and/or superoxide radicals
•OOH/O2

•−) in the reactor A.
To further provide the direct evidence of •OH generation,

oumarin was added as a reagent trap of •OH to form the pro-

uction of the coumarin-OH adduct (7-hydroxycoumarin), which
an be quantified by measuring its fluorescence emission intensity
25]. As shown in Fig. 8, the coumarin-OH adducts were produced
n proportion to the irradiation time, which demonstrated that
the degradation reaction.

hydroxide radicals were indeed generated in the reactors A and
B. The production of •OH in the reactor A should proceed through
the reductive reactions of Eqs. (1)–(3).  Hydroxyl radicals (•OH) in
the reactor B should be produced from water discharge by Eq. (4),
since the degradation reaction in reactor B is induced by the pos-
itive charge. The formation of 7-hydroxycoumarin in the reactor
B indicated the active species was  mainly the physically absorbed
hydroxyl radicals.

O2 + eCB
− → O2

•− (1)
O2
•− + 2H+ + eCB

− → H2O2 (2)

H2O2 + eCB
− → HO− + HO• (3)

Pt + H2O → Pt(•OH) + H+ + e− (4)
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Scheme 1. Possible decom

.6. Possible pathways for degradation

A schematic mechanism for the degradation reaction is shown
n Fig. 9. In dye-sensitized region, light absorption takes place in
he dye under irradiation, with subsequent electron transfer from
he dye’s excited states (dye*) into the conduction band (CB) of the
iO2. The electrons transport to the degradation zone via diffusion
f electrons through the network of TiO2 nanoparticles, and react
ith oxygen in solution to produce O2

•−, followed by reaction with
+ to form high active species of hydroxyl radicals (•OH). On the
ther hand, the oxidized dyes are regenerated via the redox cou-
le I−/I3−, which means that the positive charges transfer from the
xidized dyes (dyes+) to the redox couple. As dyes repeat the pro-
ess of light absorption and regeneration, the oxidized voltage on
he counter electrode become higher and higher with continuous
rrival of positive charges. Since the anode electrode is connected
ith the counter electrode, the oxidized voltage on the anode

lectrode will arrive at high value enough for production of •OH

hrough water oxidation.

The excellent performance of the two reactors promoted by
xternal potential was attributed to the following reasons. The neg-
tive pole of power source was connected to the counter electrode
14

tion mechanism for 4-CP.

in the reactor A, which afforded full electrons from the potential
supplier for the conversion of I3− to I−. The richness of I− would
make regeneration of the oxidized dyes immediately. The regener-
ated dyes produced much more electrons, which injected into the
conduction band of TiO2 under light irradiation. The more active
species •OH could be formed in the reactor A through reaction of
oxygen and electron, leading to higher degradation efficiency. The
high degradation efficiency in the reactor B was  derivate from that
in the reactor A. In addition, the positive electrode of power source
was  connected to the anode in the reactor B. The anode had some
extent bias positive potential at first time of reaction. As the degra-
dation process in the reactor A went on, the overvoltage on the
anode could reach enough high for water oxidation in shorter time.

The degradation mechanism of 4-CP by •OH attack has been
extensively studied [26–28].  The intermediates including hydro-
quinone, p-benzoquinone, and 4-chloro-1,2-benzenediol, and in a
later phase of the decomposition, organic acids such as propionic
and oxalic acids were identified in previous studies [26,29].  The

decomposition reaction is initiated by •OH attack of 4-CP, followed
by elimination of •Cl to give hydroquinone 1 (Scheme 1). Benzo-
quinone 2 is formed through •OH attack of hydroquinone 1 and
electron transfer with an elimination of •H. The continuous •OH
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ttack of benzoquinone 2 causes a cleavage of C–C bond to give
cid 3, which undergoes C–C bond cleavage to produce maleic acid

 and intermediate 5. Maleic acid is degraded to be compound 6
y elimination of carbonic acid (H2CO3). The compound 6 by attack
f •OH also generates intermediate 5, which gives oxalic acid 9 via
ompounds 7 and 8. Oxalic acid 9 is easily decomposed to H2CO3 in
he presence of •OH. The •OH attack of ortho position of 4-CP gives
-chloro-1,2-benzenediol 10,  followed by elimination of •Cl and •H
o generate compound 12.  The compound 12 undergoes C–C bond
leavage to give acid 13,  which produces maleic acid 4 and inter-
ediate 14.  The intermediate 14 by attack of •OH forms compound

, which produces H2CO3 through the formation of oxalic acid 9.

. Conclusions

A new device containing bifunctionalized TiO2 film and Pt/FTO
lectrode was designed to degrade phenols in reactors A and B.
he bifunctionalized TiO2 film was composed of a dye-sensitized
egion providing photogenerated electron and a degradation region
upplying effective degradation of organic pollutants. In the dye-
ensitized region, a similar structure of dye-sensitized solar cells
as fabricated to segregate the dye from pollutants avoiding dye
ecomposition. Both electrons and positive charges induced by

ight absorption of dyes could participate in degradation reac-
ion. The degradation efficiency was enhanced remarkably by an
xternal electrical potential. The concentration and TOC of 4-CP in
he reactor A decreased 99% and 61%, respectively, after 2 h visi-
le light irradiation at an external potential of 0.5 V. The similar
esult was obtained in reactor B as well. Degradation efficiency
as increased with the increase of dye-sensitized TiO2 film area.

arger area of dye-sensitized TiO2 film generated much more
lectrons, which caused formation of more amounts of active
pecies. Other phenolic compounds were also degraded in this
evice. The fabricated device, which is promoted efficiently by
xternal DC potential, is promising for degradation of organic
ollutants.

cknowledgments

We are grateful to the National Natural Science Foundation of
hina (21072152, 21101115), the Tianjin Natural Science Founda-
ion (09JCZDJC24400) for financial supports.

eferences

[1] M.R. Hoffman, S.T. Martin, W.Y. Choi, D.W. Bahnemann, Environmental appli-
cations of semiconductor photocatalysis, Chem. Rev. 95 (1995) 69–96.

[2] A. Fujishima, T.N. Rao, A. Tryk, Titanium dioxide photocatalysis, J. Photochem.
Photobiol. C: Photochem. Rev. 1 (2000) 1–21.
[3]  G. Centi, P. Ciambelli, S. Perathoner, P. Russo, Environmental catalysis: trends
and  outlook, Catal. Today 75 (2002) 3–15.

[4] C.A. Martinez-Huitle, E. Brillas, Decontamination of wastewaters containing
synthetic organic dyes by electrochemical methods: a general review, Appl.
Catal. B: Environ. 87 (2009) 105–145.

[

[

terials 199– 200 (2012) 226– 232

[5] K. Vinodgopal, U. Stafford, K.A. Gray, P.V. Kamat, Electrochemically assisted
photocatalysis. 2. The role of oxygen and reaction intermediates in the degra-
dation of 4-chlorophenol on immobilized TiO2 particulate films, J. Phys. Chem.
98  (1994) 6797–6803.

[6] K. Vinodgopal, S. Hotchandani, P.V. Kamat, Electrochemically assisted photo-
catalysis: titania particulate film electrodes for photocatalytic degradation of
4-chlorophenol, J. Phys. Chem. 97 (1993) 9040–9044.

[7] K. Vinodgopal, P.V. Kamat, Electrochemically assisted photocatalysis using
nanocrystalline semiconductor thin films, Sol. Energy Mater. Sol. Cells 38
(1995) 401–410.

[8] X. Quan, S. Yang, X. Ruan, H. Zhao, Preparation of titania nanotubes and
their environmental applications as electrode, Environ. Sci. Technol. 39 (2005)
3770–3775.

[9] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Visible light photocatalysis
in nitrogen-doped titanium oxides, Science 293 (2001) 269–271.

10] X.C. Wang, J.C. Yu, Y.L. Chen, L. Wu,  X.Z. Fu, ZrO2-modified mesoporous
nanocrystalline TiO2-N as efficient visible light photocatalysts, Environ. Sci.
Technol. 40 (2006) 2369–2374.

11] L.C. Chen, Y.C. Hoa, W.S. Guo, C.M. Huang, T.C. Pan, Enhanced visi-
ble light-induced photoelectrocatalytic degradation of phenol by carbon
nanotube-doped TiO2 electrodes, Electrochim. Acta 54 (2009) 3884–3891.

12] H. Zhang, R.L. Zong, J.C. Zhao, Y.F. Zhu, Dramatic visible photocatalytic degra-
dation performances due to synergetic effect of TiO2 with PANI, Environ. Sci.
Technol. 42 (2008) 3803–3807.

13] H.C. Liang, X.Z. Li, Visible-induced photocatalytic reactivity of polymer-
sensitized titania nanotube films, Appl. Catal. B: Environ. 86 (2009) 8–17.

14]  D.S. Wang, J. Zhang, Q.Z. Luo, X.Y. Li, Y.D. Duan, J. An, Characterization and pho-
tocatalytic activity of poly(3-hexylthiophene)-modified TiO2 for degradation
of  methyl orange under visible light, J. Hazard. Mater. 169 (2009) 546–550.

15] Q. Sun, Y. Xu, Sensitization of TiO2 with aluminum phthalocyanine: factors
influencing the efficiency for chlorophenol degradation in water under visible
light, J. Phys. Chem. C 113 (2009) 12387–12394.

16] W.  Zhao, Y. Sun, F.N. Castellano, Visible-light induced water detoxification cat-
alyzed by Pt dye sensitized titania, J. Am.  Chem. Soc. 130 (2008) 12566–12567.

17] G.H. Qin, Z. Sun, Q.P. Wu,  L. Lin, M.  Liang, S. Xue, Dye-sensitized TiO2 film
with bifunctionalized zones for photocatalytic degradation of 4-cholophenol,
J.  Hazard. Mater. 192 (2011) 599–604.

18] A. Hagfeldt, M.  Grätzel, Molecular photovoltaics, Acc. Chem. Res. 33 (2000)
269–277.

19] S. Ito, T.N. Murakami, P. Comte, P. Liska, C. Grätzel, M.K. Nazeeruddin, M.  Grätzel,
Fabrication of thin film dye sensitized solar cells with solar to electric power
conversion efficiency over 10%, Thin Solid Films 516 (2008) 4613–4619.

20] R.M. Sellers, Spectrophotometric determination of hydrogen peroxide using
potassium titanium (IV) oxalate, Analyst 150 (1980) 950–954.

21] X. Zhao, T.G. Xu, W.Q. Yao, C. Zhang, Y.F. Zhu, Photoelectrocatalytic degrada-
tion  of 4-chlorophenol at Bi2WO6 nanoflake film electrode under visible light
irradiation, Appl. Catal. B: Environ. 72 (2007) 92–97.

22] S. Dutta, S.A. Parsons, C. Bhattacharjee, P. Jarvis, S. Datta, S. Bandyopadhyay,
Kinetic study of adsorption and photo-decolorization of Reactive Red 198 on
TiO2 surface, Chem. Eng. J. 55 (2009) 674–679.

23] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical review of rate
constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl
radicals (•OH/•O−) in aqueous solution, J. Phys. Chem. Ref. Data 17 (1988)
513–886.

24] C. Minero, G. Mariella, V. Maurino, D. Vione, E. Pelizzetti, Photocatalytic
transformation of organic compounds in the presence of inorganic ions. 2. Com-
petitive reactions of phenol and alcohols on a titanium dioxide-fluoride system,
Langmuir 16 (2000) 8964–8972.

25] J.W. Kim, C.L. Lee, W.Y. Choi, Platinized WO3 as an environmental photocatalyst
that generates OH radicals under visible light, Environ. Sci. Technol. 44 (2010)
6849–6854.

26] B.G. Kwon, D.S. Lee, N. Kang, J. Yoon, Characteristics of p-chlorophenol oxidation
by  Fenton’s reagent, Water Res. 33 (9) (1999) 2110–2118.

27] N. Kang, D.S. Lee, J. Yoon, Kinetic modeling of Fenton oxidation of phenol and

monochlorophenols, Chemosphere 47 (9) (2002) 915–924.

28] P. Lukes, B.R. Locke, Degradation of substituted phenols in a hybrid gas–liquid
electrical discharge reactor, Ind. Eng. Chem. Res. 44 (9) (2005) 2921–2930.

29] C. Scheck, F.H. Frimmel, Degradation of phenol and salicylic acid by ultraviolet
radiation/hydrogen peroxide/oxygen, Water Res. 29 (1995) 2346–2352.


	Enhanced photoelectrocatalytic degradation of phenols with bifunctionalized dye-sensitized TiO2 film
	1 Introduction
	2 Experimental
	2.1 Preparation of the degradation device
	2.2 The degradation experiment

	3 Results and discussion
	3.1 Effect of external voltage on the degradation of 4-CP
	3.2 Effect of dye-sensitized TiO2 film area on the degradation of 4-CP
	3.3 Effect of pH on the degradation of 4-CP
	3.4 Degradation of other phenols
	3.5 Formation of hydrogen peroxide
	3.6 Possible pathways for degradation

	4 Conclusions
	Acknowledgments
	References


