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a  b  s  t  r  a  c  t

This work  tries to clarify  the  contribution  of  the dye-sensitizing  effect  on  the photocatalytic  decoloration
of  dyes  dissolved  in  aqueous  media  using  an anatase  TiO2 (A-TiO2) photocatalyst.  The photocurrent-
voltage  (J–V)  curves  of a typical  dye-sensitized  solar  cell  (DSSC)  with  the A-TiO2 photoanodes  adsorbed
with  various  dyes,  including  methylene  blue  (MB),  orange  G (OG),  rhodamine  B (RhB),  metanil  yellow
(MY),  acid  black  24  (AB24),  and N719,  are  employed  to  demonstrate  the  sensitizing  characteristics  of
dyes  on  A-TiO2.  Unlike  RhB,  the  MB, OG,  MY, and  AB24  cannot  work  as  the  photo-sensitizer  on A-TiO2

from  the  J–V  curves  of  DSSCs,  reasonably  due  to  the unmatched  band  position  between  dyes  and  A-TiO2.
In the photocatalytic  decoloration  test  of these  dyes  on  A-TiO2 in  aqueous  media,  dye adsorption  onto
itanium dioxide
ye decoloration
hotocurrent–voltage curve

A-TiO2 becomes  the  key factors  affecting  the  photocatalytic  decoloration  rate  because  the generation  of
oxidants  species  (e.g.,  O−

2
•, OH•  or photo-excited  holes)  occurs  on  the  A-TiO2 surface.  The  contribution  of

dye-sensitizing  on the  photocatalytic  decoloration  of  RhB is negligible  since  the  dye-sensitizing/electron-
injection/dye-regeneration  cycle  cannot  be  completed  in  the degradation  media  while  adsorbed  RhB
molecules  are  unstable  when  few  photo-generated  electrons  have  been  injected  into  the  conduction
band  of A-TiO2,  probably  leading  to the  decomposition  of RhB.
. Introduction

The photo-electrochemical water splitting in the TiO2//Pt sys-
em in the 1960s signalled the start of extensive research efforts in
he semiconductor-based photocatalysis [1]. Among all photocata-
ysts, TiO2 is widely proposed to be utilized in various applications,
uch as air purification [2], water purification [2–4], self-cleaning
urfaces [1], antibacterial application [5,6], etc. due to its interesting
hoto-induced physicochemical properties, chemical and optical
tability, non-toxicity, and low cost [1,7]. In fact, photocatalytic
egradation of pollutants on TiO2 has been recognized as one of the
dvanced oxidation processes (AOPs) for wastewater treatments,
hich usually employ hydroxyl radicals (OH•) or other strong oxi-
ants to effectively remove or decompose organic compounds [1].
owever, due to the wide band gap (3.2 and 3.0 eV for anatase and

utile TiO2, respectively), the electron/hole pairs are necessarily
hoto-excited by the UV-light irradiation. Hence, how to effectively
tilize solar light illumination on TiO2 and other photocatalysts

ecomes a subject of intense research in photocatalysis, which has
een reviewed in the literature [5,8,9].
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One of the interesting methods which enhance the function
of TiO2 under the solar light irradiation is the usage of photo-
sensitizers, such as dyes and quantum dots, having been employed
in the sensitized-based solar cells [10] and water purification
[11,12]. The photo-sensitized mechanism of the dye-adsorbed TiO2
under the visible (Vis) light illumination can be simply expressed
as follow: (1) the adsorbed dye is effectively excited to generate the
electron/hole pair by the light illumination because of its narrower
band gap in comparison with TiO2 and (2) the photo-excited elec-
trons are injected from the lowest unoccupied molecular orbital
(LUMO) of adsorbed dyes into the conduction band (CB) of TiO2
[10–13]. However, due to the 4–5% ultraviolet (UV) light in the solar
light illuminated on the planet, certain UV photons can be directly
absorbed by TiO2 to generate the electron/hole pairs for produc-
ing OH• and/or O−

2
• [14,15] which will oxidize dye and pollutants

directly. Furthermore, in the dye-sensitizing process, the highly
reactive OH• has been proposed to be mainly produced by the
photo-excited electrons, injected from the adsorbed dye molecules,
on the conduction band of TiO2 [16,17]. Thus, this process facilitated
the Vis-light-driven OH• generation on TiO2 for photocatalytic
degradation of organics. However, some issues have to be con-

sidered in using the above TiO2 adsorbed with photo-sensitizers.
For example, in the dye-sensitized solar cells (DSSCs), besides the
two steps proposed previously, an additional reaction between the
adsorbed, positively charged dye molecules and the redox mediator

dx.doi.org/10.1016/j.apcatb.2013.11.014
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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e.g., I− of the I3−/I− couple) completes the regeneration of dye
olecules for the next dye-sensitization process. This regeneration

tep is prohibited by the absence of suitable redox mediators in the
ollutant media, interrupting the next dye-sensitization process in
he photocatalytic degradation mechanism. Therefore, in the pho-
ocatalytic degradation process, the adsorbed, positively charged
ye is regarded as an organic ion radical which is highly reactive
nd should decompose spontaneously into other forms which will
e decomposed by the hydroxyl radicals (OH•) or O−

2
• generated

n the TiO2 surface [11,12]. The second concern is the adsorption
nd coverage of dyes on the TiO2 surface in the pollutant media
ecause only the photo-excited electrons on the adsorbed dyes can
e injected into the conduction band of TiO2 without considering
he possibly unmatched band position between dyes and TiO2. The
hird issue is the variation in the O−

2
• or OH• generation rate on

he TiO2 surface via the electrons on the conduction band of TiO2
ecause of the adsorption of photo-sensitizers.

In order to clarify the above concerns and the possible promo-
ion in the photocatalytic activity of TiO2 in the dye pollutant media,
e employ a commercially available DSSC to test the band posi-

ion matching between five typical dyes (i.e., methylene blue (MB),
range G (OG), rhodamine B (RhB), metanil yellow (MY), and acid
lack 24 (AB24)) and anatase-TiO2 (A-TiO2) since A-TiO2 is gener-
lly shows relatively high reactivity and chemical stability under
V light excitation for water and air purifications, photocatalysts,
nd so on [2–4], further emphasizing its practical importance. Then,
he photocatalytic decoloration of these dyes dissolved in the aque-
us media on A-TiO2 is compared to emphasize the importance
f dye adsorption on A-TiO2 in the photocatalytic degradation of
yes and organics. The above important concepts in photocatalysis,
ever reported before, will be clarified in this work.

. Experimental details

.1. Preparation of dye-sensitized solar cells

The photo-anode and counter electrode substrates of the DSSCs
ere the transparent, conductive F-doped SnO2 (FTO) glass. A-

iO2 films were coated with a commercially available A-TiO2 slurry
Eversolar® P-200, Everlight Chemical Co., Taiwan) using the screen
rinting method. The TiO2-coated FTO electrode was  calcinated
t 500 ◦C for 30 min  to generate the mesopores within the TiO2
lm. The TiO2 photo-anode was soaked with a binary solvent
ixture of equal-volume acetonitrile and tert-butanol (Scharlau),
hich contains 3 × 10−4 M dye, including MB  (Sigma-Aldrich),
G (Sigma-Aldrich), RhB (Sigma-Aldrich), MY (Alfa-Aesar), AB24

AK scientific), and N719 ruthenium-based dye (Solaronix SA,
witzerland), for 24 h to achieve the saturated adsorption of dye
n the TiO2 photo-anode. The TiO2 photo-anode soaked with dye
ere rinsed with anhydrous ethanol and dried in air. The photo-

ensitive area and thickness of the TiO2 film on the photo-anode
as 0.25 cm2 and 10 �m,  respectively. The semi-transparent Pt-

oated FTO electrode (with 75% transparency) working as the
ounter electrode was prepared by sputtering. The TiO2 photo-
node and the Pt-coated FTO electrode were assembled into a
olar cell with a spacer (a Surlyn film, SX1170–60, Solaronix SA,
witzerland). The cell gap was fixed at about 25 �m.  The 3-MPN (3-
ethoxypropionitrile, Eversolar® EL-200, Everlight Chemical Co.,

aiwan) electrolyte, containing 0.6 M tetrabutylammonium iodide,
.1 M iodine, and 0.5 M tert-(butyl pyridine), was injected into the
ell to form a simple package of DSSCs.
.2. Photo-sensitization and dye-sensitization measurements

The photocurrent-voltage (J–V) curves were measured by a
omputer-controlled digital source meter (Keithley, model 2400)
onmental 148–149 (2014) 250–257 251

under the simulated solar irradiation (PEC-L15, Peccell), in which
the light intensity was set at 100 mW cm−2 (AM1.5). In addition,
the simulated solar light with UV-cut off filter (<400 nm) was used
as the Vis-light source for measuring the purely dye-sensitized J–V
curves of the DSSCs containing various dyes. From the J–V curves,
the photo-electrochemical parameters, such as short-circuit pho-
tocurrent density (JSC), open circuit voltage (VOC), fill factor (FF), and
energy conversion efficiency (�), can be obtained. The fill factor was
defined as Eq. (1) [18,19]:

FF = (Jmax Vmax)
(Voc Jsc)

(1)

where Jmax and Vmax are the photocurrent density and voltage
obtained at the maximum power output. The energy conversion
efficiency is defined as Eq. (2):

�(%) = Pout

Pin
× 100% = JmaxVmax

Pin
× 100% = (Jsc Voc FF)

Pin
× 100% (2)

where Pin indicates the power input of the light intensity.

2.3. Photo-electrochemical and photocatalytic decoloration
measurements in aqueous media

The photocurrent density against potential (i–V)  characteristics
were conducted in aqueous media by an electrochemical anal-
yser system CHI 1127A (CH Instruments, USA) using linear sweep
voltammetry (LSV) under a two-electrode mode where A-TiO2-
coated FTO electrode and Pt wire acted as the anode and cathode,
respectively. The i–V responses were measured under illumination
of the Vis-light source with the light intensity equal to 78 mW  cm−2

in the repeated light-on/-off test. The aqueous media for the i–V
measurement was a 0.1 M KCl solution without and with 10 ppm
dyes including MB,  OG, RhB, MY,  or AB24.

In the photocatalytic decoloration test of MB,  OG, RhB, MY, and
AB24, the A-TiO2 photo-anodes were immersed in a 20-mL solu-
tion containing 10 mg  L−1 dye under stirring in darkness for 40 min
in order to achieve the saturation of dye adsorption. The photo-
catalytic decoloration was  conducted under the simulated solar
light illumination with the light intensity equal to 100 mW cm−2

(AM 1.5) and Vis-light irradiation with the light intensity equal to
78 mW cm−2. The variation in MB,  OG, RhB, MY,  and AB24 concen-
trations was determined from the absorbance at 664, 478, 553, 435
and 571 nm by a UV–Vis spectrometer (SHIMADZU UV-2450) every
20 min. The photo-decoloration of dyes was  conducted under the
same condition of the photocatalytic decoloration test without A-
TiO2. N719 was not examined in the photocatalytic decoloration
test because N719 is hardly dissolved in H2O.

3. Results and discussion

3.1. Photo-sensitization and dye-sensitization analyses

There is a doubt that the LUMO of organic dyes and the CB of
A-TiO2 are matched each other in order to smoothen the photo-
excited electron injection from the adsorbed dyes to A-TiO2. If the
LUMO of photo-sensitizers is significantly lower than the CB posi-
tion of A-TiO2, the photo-generated electrons cannot be effectively
injected into A-TiO2. As a result, such dyes cannot be used to pro-
mote the generation of highly reactive OH• and O−

2
• on A-TiO2 for

the photocatalytic degradation of organics. The above concern can
be clarified by examining the photo-electrochemical responses of
dye-adsorbed A-TiO2 photo-anodes. In this work, the performance

parameters (i.e., JSC, VOC, FF,  and �) of a DSSC using the dyes of inter-
est are employed as the index to evaluate the dye-adsorbed A-TiO2
photo-anodes. In order to confirm the acceptable performances of
the DSSC prepared in this work in the solar energy conversion,
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Fig. 1. The J–V (photocurrent density against cell voltage) curves of the DSSC soaked
with various dyes under the simulated solar irradiation (100 mW cm−2, AM 1.5).
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Table 2
The photocurrent density (JSC), background current density (JBG, i.e., dark current),
and  open circuit voltage (VOC) of the DSSC soaked with various dyes under the Vis-
light irradiation (78 m W cm−2).

Photo-anode Visible light Background

JSC (mA  cm−2) VOC (V) JBG (mA  cm−2) VOC (V)

TiO2 0.023 0.33 0.012 0.34
MB-TiO2 0.024 0.07 0.010 0.08
OG-TiO2 0.022 0.04 0.012 0.04
RhB-TiO2 0.387 0.49 0.007 0.20
MY-TiO2 0.020 0.25 0.012 0.29
AB24-TiO2 0.013 0.11 0.010 0.13
nset shows the typical J–V curve of a DSSC employing N719 as the sensitizer. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

he energy conversion efficiency of the DSSC with the N719 dye
s determined, and its typical J–V curve is shown in the inset of
ig. 1. From this J–V curve, the performances of this DSSC are fairly
ood (i.e., JSC, VOC, FF,  and � are equal to 9.830 mA  cm−2, 0.690 V,
.640, and 4.346%, respectively). Accordingly, such a cell is typical
or examining the photo-electrochemical characteristics of various
ye-sensitized A-TiO2 photo-anodes.

Fig. 1 shows the typical J–V characteristics of the DSSCs con-
tructed with A-TiO2 photo-anodes respectively adsorbed with MB,
G, RhB, MY,  and AB24 under the 100 mW cm−2 simulated solar

ight irradiation. For a comparison purpose, the J–V curve mea-
ured from a solar cell with a bare A-TiO2 photo-anode is also
hown in this figure. From the J–V curves, the important photo-
lectrochemical parameters of JSC, VOC, FF,  and � can be obtained,
hich are listed in Table 1. From Table 1, JSC of the DSSC with a

are TiO2 photo-anode is only 0.087 mA  cm−2 because of the 4–5%
f UV light in the simulated solar light. However, this photocurrent
ensity is obviously higher than those from the cells with MB-, OG-

 MY-, and AB24-adsorbed TiO2 photo-anodes (i.e., 0.030, 0.042,
.057 and 0.021 mA  cm−2, respectively). Clearly, the adsorption of
B,  OG, MY,  and AB24 on the A-TiO2 photo-anodes only reduces

he energy conversion performance (in all parameters; i.e., JSC, VOC,
F and �) of the resultant DSSCs. This result indicates that the LUMO
ositions of MB,  OG, MY,  and AB24 are significantly lower than the
B of A-TiO2, leading to the ineffective injection of photo-excited

lectrons from these adsorbed dyes into A-TiO2. In fact, the CB of
-TiO2 is about−4.1 eV (vs.  vacuum) [20,21] which is higher than

he LUMO of MB  (ca−4.25 eV (vs. vacuum)) [22], supporting the

able 1
he results of photo-electrochemical parameters derived from the J–V curves of the
SSC soaked with various dyes under the simulated solar irradiation (100 mW cm−2,
M 1.5).

Photo-anode JSC (mA  cm−2) VOC (V) FF � (%)

TiO2 0.087 0.44 0.465 0.018
MB-TiO2 0.030 0.08 0.241 0.001
OG-TiO2 0.042 0.05 0.239 0.001
RhB-TiO2 0.500 0.51 0.524 0.133
MY-TiO2 0.057 0.34 0.347 0.007
AB24-TiO2 0.021 0.12 0.285 0.001
N719-TiO2 9.830 0.69 0.640 4.346
N719-TiO2 8.370 0.69 0.010 0.23

above statement. Moreover, A-TiO2 on the dye-adsorbed photo-
anodes should be shielded by the adsorbed dye molecules, thus,
reducing the photocurrent density generated from A-TiO2 due to
the 4–5% UV light in the simulated solar light. As a result, the pho-
tovoltaic performances of a DSSC using MB,  OG, MY,  and AB24 as
the sensitizer are worse than those of a DSSC without any dye.

The DSSC with RhB as the sensitizer shows higher JSC, VOC, FF,
and � than the one with a bare TiO2 photo-anode, revealing that
the LUMO of RhB is higher than the conduction band of A-TiO2 [22].
Hence, the photo-excited electrons of RhB can be injected from the
LUMO of this dye to the conduction band of A-TiO2 to enhance the
photo-energy conversion efficiency. On the other hand, the energy
conversion efficiency of the N719-adsorbed DSSC is much higher
than that of the RhB-adsorbed one because of two  reasons. First, the
electron injection rate from N719 to A-TiO2 is expected to be much
faster than that from RhB to A-TiO2, probably due to the formation
of the carboxylate bond between N719 and A-TiO2 since the car-
boxylate bonds are considered a bridge for electron transmission
[23]. Second, the band gap of N719 is smaller than that of RhB; as
a result, more electrons can be excited by the simulated solar light
irradiation when N719 is employed as the photo-sensitizer.

In order to circumvent the influences of the UV light on the gen-
eration of photo-excited electrons from A-TiO2, a Vis-light source
was employed in measuring the photovoltaic performances of
the seven DSSCs examined in Fig. 1. The typical J–V curves are
shown in Fig. 2 meanwhile the data of JSC, VOC, and background
current density (JBG) are compared in Table 2. From Fig. 2 and
Table 2, several features have to be mentioned. First, the differ-
ence between the background current density (i.e., dark current)
and JSC on bare A-TiO2, MB-adsorbed TiO2, OG-adsorbed TiO2 and
MY-adsorbed TiO2 photo-anodes under the Vis-light illumination
are very similar. These results reveal the ineffective injection of
photo-excited electrons from MB,  OG, and MY,  although these three
dyes should be excited by the Vis-light illumination. Therefore, the
photo-excited electrons cannot be transferred from the LUMO of
these dyes into the conduction band of A-TiO2, again revealing the
unmatched band positions between the LUMO of both dyes and
the conduction band of A-TiO2. Second, the difference between the
background current density (i.e., dark current) and JSC on AB24-
adsorbed TiO2 photo-anodes under the Vis-light illumination is
obviously lower than that on the bare A-TiO2 photo-anode, sug-
gesting a higher shielding effect of this dye. This phenomenon is
attributable to the higher adsorption ability of AB24 on A-TiO2
and its higher Vis-light absorption ability in comparison with the
above three dyes (see below). Third, the difference between the JSC
and background current density on the RhB- and N719-adsorbed
TiO2 photo-anodes are obviously higher than that on the bare A-
TiO2, revealing that the photo-excited electrons of both dyes can

be injected into the conduction band of A-TiO2. Accordingly, in
the photocatalytic degradation test, the decoloration rate and effi-
ciency obtained in the RhB medium are expected to be higher than
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Fig. 2. The J–V (photocurrent density against cell voltage) curves of the DSSC soaked w
background current density or the so-called dark current). Inset in (a) shows the typical J–
the  references to color in this figure legend, the reader is referred to the web version of th

Fig. 3. The LSV curves of the A-TiO2 photo-anode measured in (1) 0.1 M KCl, (2–6)
with  the addition of 10 ppm (2) methylene blue, (3) orange G, (4) rhodamine B, (5)
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etanil yellow, and (6) acid black 24 under the repeated Vis-light irradiation. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

hat in the MB,  OG, MY,  and AB24 solutions because of the photo-
ensitizing enhancement effect described in Introduction.

In order to correlate the J–V responses of DSSCs soaked with
arious dyes to the photocatalytic decoloration of dyes on A-TiO2,
he polarization curves of an A-TiO2 photo-anode in the solution
ontaining 0.1 M KCl and 10 ppm dyes under the repeated light-
n/-off cycles of the visible light were measured. Typical LSV curves
easured at 10 mV  s−1 are shown in Fig. 3 meanwhile the LSV curve
easured in 0.1 M KCl without any dye (curve 1) is shown in the

ame figure for a comparison purpose. In addition, the photocurrent

ensities measured at 0.4 V for various dyes are shown in Table 3.

From curve 1, the background current density is gradually
ncreased with the positive shift in the cell voltage (Ecell) meanwhile

able 3
he photocurrent density of an A-TiO2 photo-anode measured at 0.4 V in the solution
ontaining 0.1 M KCl and 10 ppm dyes under the repeated light-on/-off cycles of the
is-light (78 mW cm−2).

Electrolyte Photocurrent density at 0.4 V (nA cm−2)

KCl 161.06
KCl + MB 135.50
KCl + OG 148.27
KCl + RhB 451.73
KCl + MY 140.11
KCl + AB24 95.73
ith various dyes under (a) Vis-light irradiation (78 mW cm−2) and (b) dark (i.e.,
V curve of a DSSC employing RhB and N719 as the sensitizer. (For interpretation of
is article.)

extremely low current fluctuation (ca. 160 nA cm−2) is found. The
latter result reveals that a few electrons in the valence band of A-
TiO2 have been excited by the simulated solar light with UV-cut
off filter (<400 nm), probably due to the presence of minor amount
of UV-light. Similar responses have been found for the solutions
containing MB,  OG, MY,  and AB24. However, from Table 3, MB,  OG,
MY,  and AB24 cannot act as a photo-sensitizer on A-TiO2, which
reduce the light intensity because of the shielding effect. Hence, the
photocurrent densities obtained at 0.4 V in the KCl solutions con-
taining these four dyes are lower than that in the blank electrolyte
(0.1 M KCl). Note the much larger photocurrent density measured
from the KCl + RhB solution, attributable to the photo-sensitizing
effect of RhB repeatedly excited by the light source. Accordingly, the
adsorbed RhB molecules on A-TiO2 can work as a photo-sensitizer
to produce photo-excited electrons which are effectively injected
from the LUMO of RhB to the CB of A-TiO2 under the Vis-light illu-
mination. Also note that direct oxidation of dyes on A-TiO2 in the
relatively positive potential region should occur, leading to the
obvious increase in the anodic current with the increase in the
cell voltage (e.g., see curve 3 at Ecell > 0.6 V, curve 4 at Ecell > 0.6 V,
and curve 5 at Ecell > 0.3 V). However, it is not easy to judge the
onset potential for the direct oxidation of MB  and AB24 from their
corresponding LSV curves.

Based on all the above results and discussion, schematic
illustration of the photo-sensitizing responses and the possible
enhancement in the photocatalytic degradation reaction for various
dyes investigated in this work is shown in Fig. 4. The band gaps of
all dyes employed here are lower than that of A-TiO2, which are
Vis-light-sensitive. Accordingly, the photo-excited electrons can
be generated on all dyes by means of the solar light illumination.
However, only the photo-excited electrons on the LUMO of RhB
and N719 can be effectively injected into the conduction band of
A-TiO2 since the LUMOs of RhB and N719 are higher than the con-
duction band of A-TiO2. Moreover, due to the 4–5% UV light in the
solar light, bare A-TiO2 can be excited by the UV light irradiation
to generate the electron/hole pairs. These electrons on the conduc-
tion band of A-TiO2 are possibly donated to the oxygen molecules
adsorbed on A-TiO2 to generate O−

2
•. Thus, hydroxyl radicals (OH•)

or other strong oxidative species will be formed near the A-TiO2
surface by all the photo-excited electrons and the holes on A-TiO2,
leading to the decoloration of dyes. Moreover, adsorbed dyes may
be decolorized by the photo-excited holes through means of direct
oxidation (i.e., dyes act as the hole scavenger), further promoting
the decoloration efficiency. On the other hand, for the wastewa-
ter containing MB,  OG, MY,  or AB24, the photo-excited electrons

generated from the dyes cannot be effectively injected into the
conduction band of A-TiO2 because of unmatched band position
between LUMO of dyes and CB of A-TiO2. Accordingly, these dyes
only can be decolorized by the strong oxidative species (O−

2
•,OH•



254 Y.-C. Hsiao et al. / Applied Catalysis B: Environmental 148–149 (2014) 250–257

F ition 

a o occu

o
p
p
t
d
e
o

3

t
e
t
m
p
i
s
t
i
f
4
r
i
b
s
a
t
h
o
i
4
a

T
T
V

ig. 4. Schematic mechanisms illustrate (a) matched and (b) unmatched band pos
nd  the generation of highly oxidative species on the A-TiO2 surface are expected t

r photo-excited holes) on A-TiO2 itself. In other words, there is no
ossibility to run the photo-sensitizing enhancement route in the
hotocatalytic degradation of dyes when MB,  OG, MY  or AB24 are
he organics to be decolorized. Furthermore, the shielding effect
ue to dye adsorption will reduce the generation of photo-excited
lectron/hole pairs on A-TiO2, reducing the formation of strong
xidants for the photocatalytic degradation of pollutants.

.2. Photocatalytic decoloration and photo-decoloration of dyes

Based on the results and discussion in the previous sec-
ion, the photocatalytic decoloration of RhB by A-TiO2 might be
nhanced via the photo-sensitizing enhancement route. In order
o verify the contribution from the photo-sensitizing enhance-

ent route in the photocatalytic degradation of RhB, the A-TiO2
hoto-anode was employed to decolorize the wastewater contain-

ng MB,  OG, RhB, MY,  and AB24. The concentration of dyes in all
olutions is fixed (10 mg  L−1) meanwhile the typical UV–Vis spec-
ra of the test solutions decolorized by the A-TiO2 photo-anode
rradiated with a simulated solar light (100 mW cm−2, AM 1.5)
or 0–100 min  are shown in Fig. 5. Note that during the initial
0 min, the light source was turned off; this period was used to
each saturation of dye adsorption on the A-TiO2 photo-anode
mmerged in the dye solution. The adsorption of all dyes has
een confirmed to be saturated in the above 40-min adsorption
tep since the UV–Vis spectra of every dye-containing solution
pproximately overlap in the whole wavelength region when
he adsorption time is equal to/longer than 30 min  (not shown
ere). When the light source was turned on at t = 40 min, decol-

ration of dyes occurred steadily, leading to the steady decrease
n the absorbance of the UV–Vis spectra. Note that after the
0-min adsorption step, the absorbance at 664, 478, 553, 435,
nd 571 nm was employed to represent the initial concentration

able 4
he photocatalytic decoloration and photo-decoloration percentages of MB, OG, RhB, MY
is-light irradiation (78 mW cm−2).

Dye Simulated solar light

Photo-decoloration (%) Photocatalytic decoloration (%) 

MB  9.00 19.34 

OG  0.00 2.32 

RhB  0.00 5.72 

MY  0.00 2.05 

AB24  7.35 14.39 
between LUMO of dyes and CB of A-TiO2. The enhanced photo-sensitizing current
r via mechanism (a).

(i.e., C0) of dyes in the photocatalytic decoloration test for the MB-,
OG-, RhB-, MY-, and AB24-containing solutions, respectively.

Fig. 6(a) and (b) respectively shows the variation in C/C0
of various dyes with respect to the decoloration time for
photo-decoloration and photocatalytic decoloration by the A-TiO2
photo-anode under the simulated solar light irradiation. From
Fig. 6(a), only MB  and AB24 were significantly decolorized by
the simulated solar light (i.e., photo-decomposition of MB and
AB24), revealing the photochemical stability of OG, RhB, and MY.
From Fig. 6(b), on the other hand, all dyes were significantly
decolorized when the A-TiO2 photo-anodes were immersed in
the dye solutions, revealing the photocatalytic decoloration of A-
TiO2. In addition, the order of dyes with respect to decreasing
the decoloration percentage by means of the photocatalytic route
under the simulated solar light is: MB  (10.34%) > AB24 (7.04%) > RhB
(5.72%) > OG (2.32%) ≈ MY (2.05%; see Table 4). This order, however,
is different from the expectation from the photo-electrochemical
energy conversion data and the polarization results shown in Fig. 3
and Table 3. Interestingly, the rates of MB  and AB24 decoloration
are obviously faster than that of RhB although the latter dye has
been confirmed to be a photo-sensitizer for promoting the pho-
tocurrent density and enlarging the open circuit voltage of a DSSC
in Fig. 1. From Table 1, JSC from the RhB-based DSSC is about 17
times and 24 times of that from the MB-based and AB24-based
DSSCs. Thus, the photocatalytic decoloration rate of the RhB solu-
tion is expected to be 17 times and 24 times of the MB-  and
AB24-containing media if the mechanism proposed in Fig. 4(a)
is the main route responsible for the RhB decoloration. However,
opposite results are obtained, indicating that there is another key

factor determining the photocatalytic decoloration rate of dyes
on A-TiO2.

In this work, 1 mg  A-TiO2 powders were dispersed in a 20-
mL solution containing 10 mg  L−1 dye under stirring in darkness

,  and AB24 by A-TiO2 under the simulated solar light (100 mW cm−2, AM 1.5) and

Visible light

Photo-decoloration (%) Photocatalytic decoloration (%)

0.70 0.69
0.00 0.00
0.00 0.19
0.00 0.00
5.04 5.63
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ig. 5. The UV–Vis spectra of a newly prepared (a) MB,  (b) OG, (c) RhB, (d) MY,  and (
0-min  test and then dyes were decolorized under the simulated solar light irradia

or 30 min  in order to effectively evaluate the difference in the
dsorption ability of dyes on A-TiO2. The adsorption contents of
arious dyes on A-TiO2 are shown in Table 5. From this table, the
rder of dyes with respect to decreasing the adsorption percent-
ge is: AB24 (14.57%) > MB  (1.77%) > RhB (1.06%) > OG (0%) ≈ MY
0%), which strongly depends on the electrostatic interactions at

he interface between A-TiO2 and dye solution. From a compari-
on of Tables 4 and 5, the photocatalytic decoloration rate under
he simulated solar light irradiation is directly proportional to the

ig. 6. The variance in C/C0 against decoloration time for MB,  OG, RhB, MY,  and AB24 du
hoto-anode under the simulated solar light irradiation.
4 solution. The dyes were adsorbed under dark on A-TiO2 surface during the initial
r the following 60 min  (i.e., t from 40 to 100 min).

adsorption amount of dyes with the exception of AB24. However,
the decoloration rate of RhB is expected to be about 17 times of
MB and 24 times of AB24 on the basis of the photo-sensitizing
enhancement mechanism. Accordingly, dye adsorption is consid-
ered to be the fundamental key of this photocatalytic degradation
reaction since the contribution of the dye-sensitized current

injected from the LUMO of RhB into A-TiO2 to generate strong
oxidants responsible for the photocatalytic decoloration of RhB is
minor.

ring (a) the photo-decoloration and (b) the photocatalytic decoloration on A-TiO2
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2
A-TiO2 surface, leading to a lower decoloration rate.

In summary, the adsorption content of dyes (i.e., the electro-
static interactions between dye in the waste influent and A-TiO2)
ig. 7. The variance in C/C0 against decoloration time for MB,  OG, RhB, MY,  and AB
hoto-anode under the Vis-light irradiation.

Note that the lower photocatalytic decoloration percentage of
B24 in comparison with MB  seems in conflict with the above claim.
his phenomenon, on the other hand, is attributable to three pos-
ible reasons. First, the higher adsorption content of AB24 leads to

 higher shielding effect. Moreover, AB24 shows a higher ability of
is-light absorption in comparison with MB,  enhancing the shiel-
ing effect. Second, the adsorption amount of AB24 is expected to
e too high to effectively generate highly oxidative species (e.g., O−

2
•

nd OH•) because the strong adsorption of AB24 molecules causes
he loss in active sites for generating O−

2
• and/or OH•. Third, the

esorption of certain intermediates (derived from the oxidation of
dsorbed AB24) from the A-TiO2 surface might be not easy, further
nhibiting the generation of the highly oxidative species from the
ctive sites of A-TiO2.

Fig. 7(a) and (b) respectively shows the variation in C/C0
f various dyes with respect to the decoloration time for
hoto-decoloration and photocatalytic decoloration by the A-TiO2
hoto-anode under the Vis-light irradiation. The quantitative data
f the above two tests are shown in Table 4 for comparison pur-
oses. From an examination of Tables 4 and 5, several features
ave to be described. First, based on the data of OG and MY,  the
isible light cannot drive the photocatalytic decoloration of dyes
n A-TiO2, reasonably due to the fact that A-TiO2 is an UV-driven
hotocatalyst and that OG and MY  do not adsorb on A-TiO2. Sec-
nd, AB24 can be easily decomposed by the photons of visible light,
ndicating its photochemical instability. Third, although AB24 and

B (minor amount) can be decomposed by the visible light, no sig-
ificant contribution from the photocatalytic decoloration is found

or both dyes under the Vis-light irradiation. This result is reason-
bly attributed to that the photo-excited electrons of MB and AB24
annot be effectively injected from the LUMO of these dyes into
he conduction band of A-TiO2 to generate the oxidative species to
ecompose the dyes. The minor increase in the AB24 decoloration
ercentage (0.59%) via the photocatalytic route may  be due to
nhanced photo-decomposition of AB24 molecules adsorbed onto
-TiO photo-anode although the exact reasons are unclear. Fourth,
2

he contribution via the photo-sensitizing enhancement route (i.e.,
he dye-sensitized current injected from the LUMO of RhB into
-TiO2 to generate strong oxidants) is only 0.19% which is smaller

able 5
he adsorption percentages of MB,  OG, RhB, MY  and AB24 for 1 mg  A-TiO2 powders
ispersed in a 20-mL solution containing 10 mg  L−1 dye under stirring in darkness
or 30 min.

Dye Blank (without TiO2) (%) Adsorption percentage on TiO2 (%)

MB  2.53 4.30
OG 0.00 0.00
RhB 1.07 2.13
MY  0.00 0.00
AB24 9.27 23.84
ring (a) the photo-decoloration and (b) the photocatalytic decoloration on A-TiO2

than that (0.59%) of the photocatalytic decoloration of AB24 under
the Vis-light irradiation in Table 4.

Based on the above results and discussion, the contribution of
the dye-sensitized current injected from the LUMO of RhB into A-
TiO2 to generate strong oxidants responsible for the photocatalytic
decoloration of RhB is negligible, which is attributable to two rea-
sons (also see the modified scheme shown in Fig. 8). First, only
a small amount of RhB molecules have been adsorbed onto A-
TiO2 when the test medium is an aqueous solution although the
photo-excited electrons generated from the adsorbed RhB are able
to be injected into the CB of A-TiO2. The electron injection will
result in the formation of positively charged RhB (denoted as RhB+).
However, these positively charged species cannot be regenerated
through the redox reaction, 2RhB+ + 3I− → 2RhB + I3−, since there is
no I3−/I− couple in the dye-containing test solution. Accordingly,
RhB+ will decompose spontaneously into other organic species
since RhB+ should be very active. The above descriptions also imply
that under the Vis-light illumination, the adsorbed RhB molecules
will donate few photo-excited electrons to the A-TiO2, leading to
the low dye-sensitized current density (ca. 451.73 nA cm−2 from
Table 3) because of the poor RhB adsorption in the aqueous media,
although the above low RhB-sensitized current density on A-TiO2
may  be used to generate O−

2
• for dye decomposition. Second, if

the adsorbed RhB+ is stabilized on the A-TiO2 surface, RhB+ might
trap the newly injected electrons from the other adsorbed RhB
molecules (or the electrons photo-excited from A-TiO2 under the
simulated solar light irradiation). This effect is believed to reduce
the generation of highly oxidative species (i.e., O−• or OH•) on the
Fig. 8. The modified schematic mechanism illustrates the matched band posi-
tion  between the LUMO of RhB and CB of A-TiO2. RhB is mainly decolorized by
O−

2
• , OH• generated via the photo-excited electron/hole pairs formed on A-TiO2,

and/or directly oxidized by the photo-excited holes on A-TiO2 under the UV light
illumination.
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s concluded to be the key factor determining the photocat-
lytic decoloration rate of dyes on A-TiO2 since dyes are mainly
ecolorized by O−

2
• and OH• generated via the photo-excited elec-

ron/hole pairs (and directly oxidized by the photo-excited holes)
ormed on A-TiO2 by the UV light illumination. On the other hand,
he shielding effect of adsorbed dye should decrease the generation
f photo-excited electron/hole pairs. In addition, the adsorption
f dyes may  change the rate of O−

2
•, OH• and photo-excited elec-

ron/hole pairs generation on the A-TiO2 surface. Accordingly, there
hould be a compromise between the adsorption content of such
hoto-insensitive dyes (e.g., MB,  OG, MY,  and AB24 in this study)
nd the photocatalytic decoloration rate. As a result, too strong
dsorption of dyes (e.g., AB24) reasonably leads to a lower decol-
ration rate because of the more significant light-shielding effect of
yes and the less effective generation of O−

2
• and OH• in comparison

ith those with a suitable adsorption property (e.g., MB).

. Conclusions

From the J–V (photocurrent density against cell voltage) curves
f DSSCs soaked with various dyes, RhB and N719 are effective
hoto-sensitizers converting photons into electrons which can be

njected into the conduction band of A-TiO2. However, MB,  OG, MY,
nd AB24 cannot work as the photo-sensitizer on A-TiO2 due to the
nmatched band position between dyes and A-TiO2, supported by
he photo-electrochemical polarization curves obtained from the
Cl + dye solutions. In the photocatalytic decoloration of MB,  OG,
hB, MY,  and AB24 on A-TiO2 in aqueous media, the adsorption
ontent of dyes on A-TiO2 becomes the key factor determining the
hotocatalytic decoloration rate since dyes are mainly decolorized
y O−

2
• and OH• generated via the photo-excited electron/hole pairs

s well as by the photo-excited holes directly formed on A-TiO2
y the UV light illumination. The contribution of dye-sensitizing
urrents on the photocatalytic decoloration of RhB is minor because
he dye-sensitizing/electron-injection/dye-regeneration cycle can-

ot be completed in the degradation media while adsorbed RhB
olecules should be unstable when their photo-generated elec-

rons have been injected into the conduction band of A-TiO2,
robably leading to the decomposition of RhB+.
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