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Abstract In the present work, different intrinsic and extrinsic
parameters are investigated that affect the photocatalytic ac-
tivity of self-organized TiO, nanotube layers. Particularly, the
influence of annealing temperature and annealing atmosphere,
the influence of different gas purging in the electrolyte, and
the effect of applied voltage on the photocatalytic degradation
rates of acid orange (AO7) are discussed. We find that the
effect of the reducing gas atmosphere dominates over the
anatase/rutile ratio in activating the nanotube layers. More-
over, we show that the effect of different gas purging (Ar and
0,) of the electrolyte affects the reaction rate twofold: (1) by
providing electron acceptor states and also by (2) a different
change in the red—ox potential, i.e., the band bending in TiO,.
By an external anodic voltage, the reaction rates can be
increased drastically due to increased band bending. Never-
theless, the magnitude of the effect is also affected by the
presence or absence of O, in the electrolyte.

Keyword Photocatalysis - TiO, nanotubes - Crystalline
phase - Charge transfer

Introduction

Ever since the first report by Fujishima and Honda in 1972 [1]
that found TiO, to be an excellent photocatalyst, this material
has attracted a high interest for degradation of various organic
compounds [2—6]. The reaction sequence is based on UV-
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induced electron—hole pair formation in semiconducting TiO,
(Eg, anatase = 3.2 €V; Eg ryile = 3.0 €V) where the photogen-
erated electrons react in aqueous environments, typically with
an electron capture agent such as O, (or H,O) while the holes
when ejected to water may create O, or OH® radicals. Both
radical reaction products, i.e., via the electron path O,*~ and
via the hole path OH®, are considered to be highly reactive. In
fact, the radical species are able to decompose virtually all
organic materials such as pollutants or other reactants finally
to CO, and H,0. To achieve a high turnover rate, a high
specific surface area of the TiO, material is desired and thus,
for most conventional applications, TiO, nanoparticles are used
either suspended in the solution or as immobilized compacted
powder layers in various types of reactors [7, 8]. Nanoparticle
layers that are coated on a conductive substrate can also be used
as electrodes for photoelectrochemical applications, i.e., the
photocatalytic activity can additionally be influenced with an
applied electrochemical potential [1, 9, 10]. Recently, wide
interest has been found on anodically grown self-organized
TiO, nanotube layers for photocatalysis. As these layers are
grown on a Ti substrate, they are directly back-contacted and
thus very suitable as photoelectrodes [11, 12]. In certain cases,
TiO, nanotube layers were found to possess, even under open-
circuit conditions, a higher photocatalytic reactivity than nano-
particles [6], and earlier work indicated that, with an externally
applied anodic bias, the photocatalytic performance of TiO,
nanotubular layers could even be increased further [13, 14]—a
general investigation on the photoelectrochemical behavior of
various nanotubes is given in [15].

Over the years, a number of key factors that influence the
photocatalytic performance of TiO, nanotube layers (such as
tube length, diameter, and crystal structure) have been evaluat-
ed. A most crucial factor for the photocatalytic activity of the
material is the crystalline phase [11]. For TiO, nanoparticles,
the anatase phase is commonly believed to be superior, whereas
the pure rutile phase shows a relatively lower photocatalytic
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activity [11, 16]. There are also a number of reports about
synergistic effects in mixed phases of anatase and rutile in
TiO, photocatalysis [17, 18]. Similar reactivity sequences have
also been reported for TiO, nanotubes [19]. Nevertheless, hardly
any attention has been paid to the oxidation state of TiO,—i.e.,
if TiO, nanotubes are annealed under partially reducing or inert
atmospheres. Therefore, we will address this point and other
annealing aspects in the present work. Another often disregarded
point in photocatalytic work using TiO, nanotubes is that under
open-circuit conditions, in most aqueous systems, O, acts as the
electron acceptor and this step is frequently considered as a rate-
limiting step of the reaction, i.e., for TiO, nanoparticles in purely
aqueous environment, holes are considered to react much faster
with the solution than the conduction band electrons. In such a
situation, the electron transfer from the TiO, to oxygen can be
rate-controlling in photocatalytic processes [20, 21], and this
step strongly depends on the band bending of the semiconductor
electrolyte interface.

Therefore, we investigate in the present work the photo-
catalytic performance of self-organized TiO, nanotube layers
under open-circuit potential (OCP) and applied potential con-
ditions and considering O,-saturated and -depleted conditions.

Experimental

As substrates for TiO, nanotube growth, Ti sheets (99.6 %
purity, Advent Materials, UK) of 0.1-mm thickness were
cleaned by sonication of the samples in acetone and ethanol,
followed by rinsing with deionized (DI) water and drying in a
nitrogen stream. To form TiO, nanotube layers, the metal foils
were anodized using a high-voltage potentiostat (Jaissle IMP
88 PC) in a two-electrode configuration with platinum gauze
as a counter-electrode in an electrolyte of 1 M Na,SO, +
0.14 M NaF at 20 V for 1 h. Afterwards, the samples were
immersed in DI water and then dried in a nitrogen stream. In
order to investigate the influence of the crystal structure and
oxidative state, the anodized samples were annealed in ambient
air or argon at different temperatures for 3 h to produce a
defined crystalline structure. Additionally, in order to explore
a recently reported water annealing treatment [22], we im-
mersed some samples according to the reported treatment in
H,O for 3 days and finally evaluated its photocatalytic activity.
A field-emission scanning electron microscope (Hitachi FE-
SEM S4800) was used for morphological characterization of
the samples. The morphology of the nanotubes was obtained
from scanning electron microscope (SEM) cross-sections. X-
ray diffraction analysis (XRD) was performed with an X’ pert
Philips PMD with a Panalytical X’celerator detector using
graphite-monochromatized Cu-K,, radiation.

For photocatalytic experiments, we followed a procedure
described earlier [6, 23]. In brief, samples were immersed in a
10-mm quartz cuvette containing 3 ml Acid Orange (AO7), an
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Fig. 1 SEM images of TiO, nanotubes in the top view (a) and in the
cross-section (b)

azo dye (C;¢H;1N,O4SNa, Acros Organics, Belgium) solution,
of an initial concentration of 2.5x 107> mol L™". After 1 h (to
establish the dye adsorption/desorption equilibrium), we started
to irradiate the samples with UV light using a 200-mW HeCd
laser (Jjighe = 60 mW cm 2, A=325 nm, Kimmon, Japan) while
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Fig. 2 Comparison of degradation curves of AO7 by TiO, nanotube
layers after annealing at different temperatures and under different
atmospheric conditions (air or Ar)
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Fig. 3 SEM images of the surface morphology after annealing at
different temperatures in air: a 450 °C, b 650 °C, ¢ 750 °C

agitating the solution using a magnetic stirrer. In order to
measure the decomposition rates of the dyes, the absorbance
of the testing solution was measured periodically for AO7
absorbance every half an hour using a UV/vis spectrophotom-
eter at a wavelength of A=486 nm. In the atmospheric study,
the solution was aerated by bubbling highly pure Ar or O, gas
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Fig. 4 XRD patterns of the TiO, nanotubes annealed in air at temper-
atures ranging from 250 to 750 °C for 3 h. 4 anatase, R rutile, 7i titanium

for about 20 min in the dark before irradiation, and Ar or O, gas
purging was continued during irradiation.

-0.2 ]
044
-0.6 ]
-0.8 ]

-1.04

In(crc,)

-1.2—.
-1.4-.
® 100 rpm k=-0.813h "'
® 600 rpm k=-0.928 h "'
184 A 1200 pm k=-1.116 h

-1.6 4

-2.04

0 20 40 60 80 100 120
time (min)

0.0
-0.2-: . (b)
0.4
06

0.8
1.0
-1.2—-
1.4
-1.6—-
18] w100 pm k=-0.869 h”'

2.0 600 rpm k=-1.126 h

22] A 1200 rpm k=-1.345 h™

2.4 a

2.6 . ; . ; . ; . ; . ;
0 20 40 60 80 100

time (min)
Fig. 5 Comparison of photocatalytic decomposition rates of AO7 by

TiO, nanotubes (annealed at 450 °C in air) with different stirring rates
under Ar (a) and O, (b) bubbling
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The open-circuit potential measurements and the electro-
chemically assisted photocatalytic measurements were car-
ried out with a standard three-electrode cell by using a
potentiostat (Jaissle Potentiostat 1030 DA). The TiO, sam-
ples, connected as a working electrode, were placed in a 20-
mm quartz cell with 3-ml solution of 2.5%107> mol L™
AO7 and 0.1 mol L' Na,SO,. The reference electrode
was an Ag/AgCl electrode (3 M KCl), and platinum gauze
was used as counter-electrode, which was separated in a glass
frit compartment.

Results and discussion
Figure 1 shows SEM cross-sectional and top view images of

tubular TiO, layer used in this work. The thickness of the layer
is 1.5£0.1 pum, the tube wall thickness is in the range of 15—
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25 nm, and the tube diameter is 100+8 nm. In a first set of
experiments, we evaluated the effect of different annealing
treatments on the photocatalytic performance of these TiO,
nanotubes. Figure 2 shows the degradation curves of AO7 for
nanotube layers that were annealed in air at different temper-
atures. In line with previous work [24], with an increase of
annealing temperature from 250 to 650 °C, the photocatalytic
activity is enhanced. The highest photocatalytic activity is
exhibited by TiO, nanotubes annealed at 650 °C. The samples
annealed at 750 °C show a strongly decreased activity. Most
remarkable is that a higher photocurrent can be achieved by
partially reduced samples, i.c., clearly the sample annealed in
Ar at 650 °C shows an even higher activity than the compa-
rable air-annealed sample.

The surface morphology after annealing at different tem-
peratures in air is shown in Fig. 3. The nanotube structure is
found to be retained after annealing for 3 h at 650 °C
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(Fig. 3a, b). No discernible changes in the pore diameter or
wall thickness are observed for annealing temperatures
ranging from 250 to 650 °C. At 750 °C, strong structural
changes occur and the tubular layer is to a large extent
collapsed as shown in Fig. 3c.

The change of the crystalline structure of the nanotubes upon
annealing is shown in the XRD patterns of Fig. 4. The sample
annealed at 250 °C is amorphous (only the reflections of titani-
um substrate are visible), while the 350-°C-annealed sample
shows crystallization to anatase. Typically, annealing the TiO,
nanotubes in air at temperatures higher than 280 °C leads to an
anatase structure. For thermal annealing at 450 °C, an additional
higher rutile peak emerges—this stems from a layer underneath
the nanotubes (formed by thermal oxidation of the Ti metal
substrates) [24]. With an increase of the annealing temperature,
the magnitude of the rutile peaks increases, whereas the mag-
nitude of the anatase peaks decreases. At 650 °C in air, rutile
becomes the major constituent. However, even in the collapsed
layer at 750 °C, there is still anatase present in TiO, layer.

From these findings, one can conclude that, for air anneal-
ing, a temperature of 650 °C exhibits the best catalytic perfor-
mance. In literature, this has been explained by the synergistic
effects of mixed phases of anatase and rutile [17-19, 24, 25].
However, if annealing is carried out in Ar atmosphere, at
650 °C an even higher degradation activity is obtained, al-
though much less rutile has been formed than in air (Fig. 4). In
other words, under these conditions, the anatase/rutile ratio
cannot be responsible for the enhanced photocatalytic activity.
In fact, under these reducing conditions (650 °C, Ar), deeply
blue colored samples are formed due to their high Ti*" content
[26, 27]. Therefore, it seems more plausible to ascribe in this
case the improved performance to the partially reduced state
of these samples.

Another interesting aspect in the field of annealing nano-
tubes reports on improving the photocatalytic performance
of nanotubes by water annealing treatment [22]. Therefore,
for comparison, we also included a sample that was water-
annealed for 3 days following literature procedures [22, 28].
From the results in Fig. 2, it is clear that these samples show
an extremely low photocatalytic activity in comparison with
thermal annealing. In a next set of experiment, we targeted
some hardly considered aspects in electrochemical behavior
when using TiO, nanotubes in photocatalysis.

Under open-circuit conditions, the charge transfer rate to
dissolved oxygen is perceived as rate-determining. We there-
fore investigated the influence of O,-saturated and -depleted
electrolytes under different stirring rates on AO7 degradation.
The results in Fig. 5 show rate constants measured in Ar or O,
bubbling, indicating an acceleration of photocatalytic oxida-
tion with increasing stirring speed, and acceleration under O,-
saturated conditions. Mechanical stirring usually affects photo-
catalytic reactions mainly in that mass transfer rates from the
electrolyte to the surface become higher [29, 30]. However,

altering the gas affects not only the O, content in the electrolyte
but also the red—ox potential of the electrolyte. Figure 6a shows
the OCP of the electrode in AO7 solution (2.5% 10> mol L'+
0.1 mol L} Na,SO,) in the dark and with UV illumination.
The OCP with Ar bubbling is more negative than that with O,
bubbling. As the laser is switched on, the OCP shifts (as
expected) to be more negative in all cases. It is important to
note that the OCP under illumination with O, bubbling is at
—350 mV, whereas the OCP with Ar bubbling is at =500 mV.
This is particularly interesting when comparing these values to
the flat band potential of TiO,, which lies at around —400 mV
(Ag/AgCl) for Na,SO, electrolytes [31]. In other words, as
illustrated in Fig. 6b, under Ar bubbling, accumulation con-
ditions are established (ejecting electrons from the semicon-
ductor surface to the electrolyte), while under O, saturation
(expected) depletion conditions are established (ejecting holes
from the semiconductor surface to the electrolyte). These
experiments illustrate that the reaction rate cannot simply be
explained by the O, content in the solution.

In order to eliminate potential shifts due to light illumination
and thus clarify the picture, we carried out potentiostatic experi-
ments. Figure 7 shows the influence of an applied voltage if
photocatalytic degradation experiments are carried out in a
photoelectrochemical cell. First, if the potential is set to Uy, that
is at ~400 mV, clearly a higher rate for the O,-containing
electrolyte is obtained. This indicates that, under these condi-
tions, electron transfer from the semiconductor to the electrolyte
is important. Second, it is clear that applying a mild positive bias
drastically increases the decomposition rate of the organic dye
for both O,- and Ar-bubbled electrolytes. This can be straight-
forwardly explained by a higher band bending in the TiO,
electrode with a positive bias, i.e., separation of electron—hole
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Fig. 7 Degradation curves of AO7 by TiO, nanotubes (annealed at
450 °C in air) with irradiation time of UV light with the applied potential
ranging from —400 to —100 mV under different gas bubbling, Ar or O,

@ Springer



3504

J Solid State Electrochem (2012) 16:3499-3504

pairs is faster and less recombination occurs. This leads to a
higher hole transfer rate to the electrolyte, indicating that the
valence band path now becomes rate-determining. Nevertheless,
the voltage-induced enhancement of the reaction is much more
pronounced for the Ar-bubbled electrolyte, i.e., at higher anodic
voltages, a higher decomposition rate is obtained for the lower
O, content in the electrolyte. This detrimental effect of O, in the
electrolyte may be ascribed to parasitic pathways interfering
with active destruction of the target organic molecule [4]. Over-
all, the electrochemical results show that the simple picture is:
(1) under open-circuit conditions, the electron transfer reaction
to O, is rate-determining and (2) under anodic bias, hole transfer
to the red—ox species is rate-determining (does hold only par-
tially). While similar concepts have been evaluated for TiO,
nanoparticle electrodes [32, 33], the present work shows that
detailed aspects of the experiments also need to be considered
for TiO, nanotube photoelectrodes.

Conclusions

The goal of this investigation is to evaluate various crucial
parameters on the photocatalytic activity of TiO, nanotube
layers. We show that not only the annealing temperature and
resulting anatase or rutile content but also the annealing atmo-
sphere (and resulting Ti®" states) are crucial. Furthermore,
under open-circuit conditions, not only the O, content in the
electrolyte but also light-induced changes in the equilibrium
Fermi level need to be considered.

Under applied anodic bias, due to increased band bending,
charge separation is more efficient and leads to enhanced hole-
induced photocatalytic reactions. Nevertheless, we find that the
presence of O, in the electrolyte at higher anodic potentials
negatively affects the degradation rate of the organic dye (used
as a model pollutant). In general, the results address a number of
critical issues that are frequently disregarded when performing
photocatalytic experiments with TiO, nanotube layers.
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