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a b s t r a c t

In the solution state, photocatalysis of micro- and nano-sized anatases can be optimized at flat band and
in a high pH solution, respectively. Furthermore, a remarkable photocatalyst that can be adopted over a
wide range of pH values was produced by mixing commercial micro- and nano-sized anatases. Mixing
ccepted 24 March 2010
vailable online 31 March 2010

eywords:
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lectron transfer

causes the electron transfer between the identical phase but different-sized TiO2 particles, subsequently
separating the electrons and holes, as well as greatly facilitating photocatalysis. As is well known, the
commercially available photocatalyst P25, a mixture of anatase and rutile, achieves a superior photo-
catalytic performance from pH 3 to 10, owing to the electron transfer between the various phases. This
study elucidates these mixed photocatalysts, P25 and mixture of micro and nano-sized anatases.
H
25

. Introduction

TiO2 has attracted considerable attention in recent decades,
s evidenced by its numerous applications in photocatalysts,
i ion batteries, solar cells and biomaterials [1–5]. TiO2 is the
ost studied photocatalyst owing to its high oxidation power

f holes, excellent photo-stability, and low material cost. Com-
osed of anatase and rutile phase TiO2, Degussa P25 is a superior
iO2 photocatalyst. As demonstrated elsewhere, the electron
ransfer between the TiO2 phases enhances the photocatalysis
erformance [6]. Furthermore, in the water splitting of rutile-
iO2/Pt electrodes [7], the electron transfer between the TiO2
nd Pt metal markedly raises the charge separation, subsequently
educing the charge recombination and significantly enhancing
he photocatalytic performance. Recently, Grimes et al. reported
hat a TiCl4 treated TiO2 nanotube array markedly enhances
olar cell performance [8]. A previous study postulated that the
nteraction between the nano-sized anatase particles produced
y

TiCl4 treatment and the TiO2 nanotubes prolongs the lifetime
f excited electrons, resulting in enhanced solar cell performance

9].

The above results demonstrate that the electron flow from a
igher to a lower energy state leads to charge separation, sub-
equently reducing the charge recombination and prolonging the
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ational Tsing Hua University, Hsinchu 30043, Taiwan, ROC.
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electron lifetime and, ultimately, enhancing the photocatalytic per-
formance. Recent studies have introduced noble metals with low
Fermi-level and high reduction affinity, e.g., Pt, Ni, Ag, into the pho-
tocatalytic system to remove electrons from catalysts, resulting in
an improved performance [10,11]. Besides the use of intrinsically
low Fermi-level materials, nano-particles with various band posi-
tions from their bulk materials are highly promising for use as an
electron transfer medium.

This study investigated nano- and micro-sized anatases, along
with their mechanical mixtures, in solutions with various pH val-
ues. The photocatalysis performances and band positions are also
examined. The photocatalytic data of P25 are also provided for
comparison with the results of our studies.

2. Experimental

2.1. Materials

Both micro- and nano-sized titanium dioxides are pure
anatase phases. The former with a diameter range from tens of
nanometers to several hundred nanometers were purchased from
Sigma–Aldrich, and the latter with diameters of about 5 nanome-
ters were purchased from Alfa Aesar. P25 type titanium dioxide
with diameter of about 30 nanometers was purchased from Evonik
Degussa. It consists mostly of anatase phase with some rutile

phase. Pure Methylene Blue and Rhodamine B were purchased from
Riedel-de Haen and Alfa Aesar respectively. All materials are used
as received, except the rutile particles were obtained from P25 by
dissolving the other phase, anatase, in HF solution and washing
thoroughly with D.I. water.

reserved.
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Fig. 1. (a) Calculated rate constants (k) and (b) the measu

.2. Flat band

First, the working electrode is made by dispersing the test pow-
ers in D.I. water, spreading the gel on conducting substrates ITO
y doctor-blade technique, and then drying at 373 K. The counter
nd reference electrodes are a platinum bar and Ag/AgCl respec-
ively. The electrolyte is 1 M NaCl solution, and its pH is tuned to
he desired values with NaOH and HCl solutions. The prepared elec-
rodes are dipped in the electrolyte for 5 min before measuring.
etween measurements, the electrodes are washed with D.I. water
ntil the pH reaches the neutral state again.

The flat-band potentials are measured on a CHI 6081C elec-
rochemical analyzer, and the experimental mode is impedance-
otential. The measured frequency range is between 10 and
000 Hz. Finally, the Mott–Schottky plots are made with the square
f inverse capacity as ordinate and the corresponding voltage as
bscissa. The flat-band potentials are determined by the intercepts
ith the abscissa.

.3. Photocatalysis

For photocatalysis, the light source is a 180 W Xe bulb from

sram, and the temperature is controlled at 296 K by a water cool-

ng jacket. Methylene Blue is the target pollutant, and Rhodamine B
s also used in the micro-sized system to confirm the wide validity
f our discussion. After mixing 0.01 g of powder with 50 mL of D.I.
ater and 30 mL of 0.6 mM Methylene Blue solution, we adjusted

ig. 2. Band structures of an n-type semiconductor with a (a) flat-band, (b) band-bending
ethylene blue and reduction of hydronium.
t-band potentials of micro-sized anatase from pH 2 to 10.

the pH with NaOH and HCl solutions. The pH value is measured
with a Eutech pH 510 pH meter. After the stability of absorption
has been reached, the solution is illuminated from the top under
magnetic stirring. Samples of 0.5 ml are taken out every 3 min, fil-
tered with 0.2 �m filter, and diluted with 2 ml of D.I. water, and the
filtrate is analyzed to determine the dye concentration. A Hitachi
UV–vis 3010 spectrophotometer is used to determine the dye con-
centration with the highest peaks in their spectra. According to a
UV–vis study, the spectrum of the test pollutant, Methylene Blue,
did not change with the pH. Therefore, the degradation of Methy-
lene Blue primarily dominated the photocatalytic performance. For
the mixing system, the mixing ratio between micro and nano-sized
particles is 1:1 (0.005 g respectively). The results show a first-order
behavior, so the pseudo-first-order rate constant, k, is calculated by
the equation: k = −[ln(C/C0)]/�t, where C is the final concentration,
C0 is the initial concentration, and �t is the proceeding time. In
addition, when Rhodamine B is used as the target pollutant, 0.04 g
of powder is mixed with 32 mL of D.I. water and 8 mL of 1 mM Rho-
damine B solution, and the sample interval is 10 min instead while
other experimental details remain the same.

3. Results and discussion
Fig. 1a plots the photocatalytic performance of micro-sized
anatase between pH 10 and 2 using the estimated pseudo-first-
order reaction rate constant k. A decline of pH value from 10 to
2 increased k, with reached a maximum value at around pH 3

upwards, and (c) band-bending downwards in relationship with photocatalysis of
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Fig. 3. (a) Calculated rate constants (k) and (b) the measu

nd then fell sharply. In Fig. 1b, the flat-band potential, represent-
ng the band-edge positions determined from Mott–Schottky plots,
ecreased from −0.5 eV (referred to Ag/AgCl electrode) to −1.1 eV
s the pH value increased from 2 to 10, which correlates with Nernst
heory [12,13]. The performance of photocatalysis under varying
H environments did not correspond to their band-edge positions
recisely.

Consider an n-type semiconductor in an aqueous solution. The
and edge is commonly bent since electrons donate to the sur-
ace species, hydroxide and hydronium, until an equilibrium state
s reached. Therefore, the pH value can be adjusted to shift the
emiconductor band edge, which can be obtained by determining
he flat-band potential from Mott–Schottky plots. Fig. 2 presents
hree possible scenarios. Fig. 2a indicates that when the band edge
quals the intrinsic band position in a solid, the band is flat. An
ncreasing pH value shifts the band-edge position negatively and
hen bends it upward (Fig. 2b), and vice versa (Fig. 2c). The band
ending establishes an interior electric field which further influ-
nces the directions of the electron motions. As is well known, a
arge band bending of the semiconducting material drives electrons
nd holes to move in various directions, resulting in charge separa-
ion and leading to producing a good solar cell [14]. However, both
he electrons and holes function at the interface in a photocatalytic
eaction. Large band-bending drives either electrons or holes away
rom the interface, decelerating the reaction; whereas a flat-band
ondition accelerates the reaction.

Based on the above considerations, this study elucidates the
hotocatalytic behaviors of micro-sized anatase based on its

nterior electric field. Under most circumstances, for n-type semi-
onductors, the band bent upwards (Fig. 2b) and then generated an
utwardly directed electric field, which tended to drive electrons to
he interior and holes to the surface as they were generated by illu-

ination. The holes functioning as an oxidizing reagent induced
he decomposition of most pollutants. An electron generated by
llumination, however, was driven away from the surface, subse-
uently preventing the formation of additional holes and ultimately

imiting the photocatalytic reaction.
The electric field was reduced by reducing the pH value to shift

own the band-edge potential, allowing electrons to approach near
he surface. Accordingly, decreasing the pH value from pH 10 to

increased the reaction rate constant, k, especially in the range
f acidic pH (Fig. 1a). At a pH value of around 3, the band flat-
ened and both excitons impacted the catalytic reaction to optimize
he reaction rates. Conversely, when the pH was 2 (Fig. 1), the
and-edge potential shifted downwards further to around -0.6 eV,

.e. a value too close to the reduction potential of hydronium to

vercome the reaction barrier, leading to a sharp decrease in k.
dditionally, another pollutant, Rhodamine B, exhibited the same

rend (Supporting information).
However, nano-sized anatase performed differently than micro-

ized anatase. Fig. 3 plots the photodegradation rate constants and
t-band potentials of nano-sized anatase from pH 2 to 10.

the flat-band potentials of nano-sized anatase respect to different
pH values. Fig. 3a indicates that reaction rates decreased stepwise
from pH 10 to 2. Fig. 3b reveals that nano-sized anatase retained its
band position, −0.7 eV at pH 10–3; however, at a pH value of 2, the
band position changed abruptly to −0.5 eV.

Generally, the photocatalytic reaction can be described as fol-
lows. Initially, under illumination, holes and electrons are produced
simultaneously, and they reacted with OH− and H+ independently
to form active species OH• and H•, respectively, as shown in Eqs.
(1) and (2). Thereafter, the active species OH• and H• decomposed
pollutants.

OH− + h+ → OH• (1)

H+ + e− → H• (2)

The reaction rates of (1) and (2) determine the rate of pho-
tocatalytic reactions. Electrons and holes formed simultaneously
should be consumed together. Otherwise, the remaining species
inhibit further formation of electron and hole pairs. Previous stud-
ies normally introduced a scavenger to remove the slower one to
accelerate the reaction [15,16]. In acid- and base-assisted catalytic
reactions, H+ and OH− may function as electron and hole scav-
engers, respectively. Increasing the pH value increases the OH−

concentration, shifting reaction (1) to the right and accelerating
hole consumption and ultimately improving the photocatalytic
performance of a hole passive reaction. Conversely, decreasing
the pH value enhances the photocatalytic performance of an elec-
tron passive reaction. Furthermore, increasing the pH value raises
the OH−/OH• reduction potential, further facilitating the electron
transfer (hole oxidation) and significantly enhancing photocat-
alytic performance.

For a catalyst, nano-sized anatase, that shows no band position
change at pH 10–3, the increasing reaction rates with increasing
pH values may be attributed to the rise in the OH−/OH• reduction
potential to enhance activation of hole (Scheme 1). Experimental
results indicate that the nano-sized anatase is effective in reduc-
tion reaction (as Eq. (2)) and is a significantly less active catalyst.
However, at a pH value of 2, the potential difference between the
band-edge position and the hydronium reduction potential is too
small to induce reduction.

The above observations demonstrate that, with a decreasing
pH value, increased oxidation efficiency of the holes improved
the photocatalytic performance of micro-sized anatase. However,
for nano-sized anatase, removal of the holes by increasing the
OH− concentration increases the reduction efficiency of electrons
and enhances the photocatalytic performance. Whether a catalyst

exists that is effective under various conditions is a priority concern.
The fact that the two anatases differ in photocatalytic performances
and flat-band potentials may allow them to couple with a syn-
ergistic effect via an electron transfer even over a wide range of
pH.
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Scheme 1. The above and below spheres represent respectively the changes of the
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Fig. 4. (a) Calculated rate constants (k) of mixture, nano-, and micro-sized anatases
from pH 2 to 10, (b) proposed synergism by electron transfer from micro to nano-

lent photocatalyst for use over a wider range of pH values can
at-band positions of micro- and nano-sized anatases from pH 3 to 10, with respect
o the redox potentials of H+/H• and OH−/OH• .

Fig. 4a shows the photocatalytic performance of the mix-
ure of micro- and nano-sized anatases (in 50:50 ratio). The
uperior photocatalytic rates obtained from pH values 3–5 were
pproximate by equal to that of micro-sized anatase at pH3, as
lotted in Fig. 2a. Synergy was evident even at a pH value of
.

Fig. 4b shows the proposed synergy mechanism. The band-
dge positions of micro-sized anatase are more negative than
hose of nano-sized anatase, thus facilitating the transfer of
lectrons from the former to the latter. Furthermore, the inter-
article attracting forces overwhelm other repelling forces [17],
llowing the nano and micro-sized anatases to interact with
ach other, thus making the electron transfer a more efficient
rocess. The fact that the photocatalytic reaction rate of micro-
ized anatase at pH > 3 is limited by the passivation of electrons
xplains why the electron transfer to the large surface area
lectron activated nano-sized anatase significantly improves the
hotocatalytic reaction. Additionally, holes driven to the surface
y upwardly bending bands can decompose pollutants effi-
iently.

At the pH value of 2, the conduction band potentials of
ano-sized anatase are too low to reduce hydronium effectively,
xplaining why k was the sum of half of the individual values of k
or the two forms of anatases.

As a mixture of wide range sized anatase and rutile [6],
ommercial P25 is effective in photocatalysis and solar cells.
herefore, this study also assessed the photocatalytic per-
ormance of P25 under various pH conditions (Fig. 4c). As
xpected, the k values closely approached those of the mix-

ures of micro and nano-sized anatases. Although synergy was
bserved again, the k value peaked at a pH value of 4, not
.

sized anatases, and (c) calculated rate constants of P25 and mixture from pH 2 to
10. (Please note that the theoretical k values of the mix in (a) are the sum of half the
individual values.)

4. Conclusions

In summary, band-edge position and the surrounding hydroxide
concentration significantly influence the performance of a photo-
catalyst. The performance of micro-sized anatase can be optimized
by reduced band bending owing to the population and utilization
efficiencies of both holes and electrons. However, for nano-sized
anatase in a solution with a high pH value, a high OH− concen-
tration forms massive active OH• radicals, thus improving the
photocatalytic performance significantly. Furthermore, an excel-
be obtained by mixing the powders with various band positions.
As a mixture of anatase and rutile titanium dioxides, commercial
P25 exhibits great photocatalytic behavior. In this study, micro-
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