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Highly Ordered TiO, Nanotube Arrays with Controllable Length for
Photoelectrocatalytic Degradation of Phenol

1. Introduction

Since the first report on photo-splitting of water on a
single-crystal TiO, electrode by Fujishima and Honda !,
extensive research has shown that TiO, is an excellent
material for photodegradation of organic pollutants in
water. > While many of such studies have been carried out
on suspended or immobilized TiO, materials by
photocatalytic (PC) means, there has been great interest
in the photoelectrocatalytic (PEC) degradation of organic
pollutants with TiO, nanoparticuate films immobilized
on conductive substrates. In the latter case,
photogenerated electrons can be effectively extracted to
the outer circuit by applying a positive bias across the
TiO, film, which results in the improved separation of
photogenerated electron-hole pairs and the better use of
photogenerated holes. TiO, particulate film made of
three-dimensional ~ networks  of  interconnected
nanoparticles shows a porous surface and a quite large
surface area. However, the kind of film suffers from the
structural disorders and vast grain boundaries, which
bring obstacles to the electron transport and affect the
charge separation efficiency. These drawbacks make the
TiO; particulate film far from an ideal PEC material, and
restrict its application in PEC process.

It has been reported that highly ordered TiO, nanotube
arrays with a large internal surface area can be
conveniently prepared by a potentiostatic anodization of
Ti foils.*® Resembling with a perpendicular ZnO
nanowire structure, the ordered nanotube architecture is
possible to provide a unidirectional electric channel for
‘the transport of the photogenerated electrons. Therefore,
TiO, nanotube array seems to be a good PEC material for
water purification applications. Some reports have
concerned on its potential application as an electrode
material for PEC degradation of organics pollutants.
However, no information was available about the
dependence of the PEC activity for degrading pollutants
on the length of the nanotube arrays. In this paper, we
investigated the PEC degradation of phenol using highly
ordered TiO, nanotube arrays with controllable length,
and studied the recombination effects in the long
nanotube arrays. It was found that the present nanotube
array displayed a remarkably improved PEC activity
comparing with a P25 particulate film.

1.1 Preparation of the nanotube arrays. Highly
ordered TiO, nanotube arrays were prepared by a
potentiostatic ~ anodization in a two-electrode
electrochemical cell. A 0.25-mm-thick titanium foil with
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a size of 1 cm x 5 cm (99.7%, Adrich) was used as a
working electrode and a platinum foil with a size of 2 cm
x 2 cm served as a counter electrode. The interval
between working electrode and counter electrode was
about 2 cm. The voltage was applied by a DC power
supply (Model E3612A, Agilent Technologies). A short
TiO, nanotube array was formed by anodizing the Ti foil
in 40 ml of 0.5 %wt HF solution (Wako chemicals) at 20
V for 20 min, same with the reported method. >* The
length of the nanotube array could be increased to over
ten micrometers at same applied voltage by using 40 ml
of organic electrolyte, which showed a dependence on
the anodization time. The present organic electrolyte was
0.27 M ammonium fluoride (97.0%, Wako chemicals) in
formamide (98.5%, Wako Chemicals) containing 3 %
volume Milli-Q water, similar with the report of Grimes
et al. with only a slight change of water content. >’
Broken nanotubes and other debris were formed
generally on the surface of the nanotube array, which
could be removed by washing the samples in the
isopropanol (Wako Chemicals) ultrasonically. The
crystallization of TiO, was realized by annealing the
as-prepared film at 500 °C under air ambient for 3 h.

1.2 Photoelectrocatalytic Experiment. The PEC
degradations of phenol were carried out in a standard
three-electrode configuration with a Pt rod counter
electrode and a saturated Ag/AgCl reference electrode.
The working electrode was the TiO,-nanotube-array or
TiO,-nanoparticle on titanium foil with a geometric area
of 1.9 em”. A copper wire was attached on the backside
of the titanium foil using conductive paste (D-550,
Fujikura Kasei Co. LTD). The exposed titanium foil and
copper wire were insulated by epoxy resin. The applied
positive bias was supplied by a Hokuto Denko HZ-5000
potentiostat. A 70-mL portion of phenol (Wako, 99 %)
solution with a concentration of 20 mg/L was used as
initial solution. 0.01 M Na,SO, (Kanto Chemical Co. Inc)
was used as supporting electrolyte. Irradiation of the
working electrode by ultraviolet light (UV) from the side
of TiO, was carried out through a quartz-window with a
mercury-xenon lamp (Hayashi LA-310UV-1, wavelength
range of 250-450 nm). The irradiance of the UV light on
the surface of electrode was about 3.1 mW/cm® measured
with a power meter (Hamamatsu Photonics, C9536-01).
Before PEC degradation, the working electrodes were
illuminated under air ambient by the UV light for 30 min
to clear ubiquitous organic pollution on the surface, and
then put into the target phenol solution with a vigorous
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stirring. After adsorption for 15 min, the concentration of
phenol did not show a decrease, and then the UV
illumination started. The concentrations of phenol at
appropriate intervals were measured by HPLC using a
Shimadzu L.C 2010 instrument, equipped with an Ultron
VX-ODS column. The detection with UV absorption was
performed at 210 nm. The mobile phase for HPLC was a
mixture of water and acetonitrile (Wako, HPLC) in a
ratio of 40:60 (v/v). Anodic photocurrent responses
during PEC degradation of phenol were recorded by the
Chronoamperometry (CA). For comparison, we also
measured the anodic photocurrents of the TiO, electrodes
in 0.01 M Na,SO; electrolyte without phenol.

2. Experiments and Results

Figure 1 To view and cross-setional images of TiO; nanotubes
arrays prepared by anodizing Ti foil at 20 V in 0.5 % wt HF solution
for 20 min (a, b), formamide-based electrolyte for 1 h (¢, d) and
formamide-based electrolyte for 6 h (e, f).

Figure 1 shows the cross-sectional and top view images
of the TiO, nanotube arrays prepared in different
electrolytes. In 0.5 %wt HF solution, a titanium foil is
anodized at 20 V for 20min, resulting in a nanotube array
with a length of about 0.21 um, a tube outer diameter of
about 80-100 nm and a wall thickness of about 14 nm.
The length of the nanotube can not be increased by
prolonging the anodization time, due to the equilibration
between the field-assisted dissolution and chemical
dissolution of TiO,, as reported by Grimes et al.
However, in a formamide-based electrolyte, after the
titanium foil is anodized at 20 V for 6 h, as shown in
Figure ! e and f, we can get a regular and well-aligned
nanotube array with a length of about 17 pm, an average
tube outer diameter of about 100 nm and a wall thickness
of about 8 nm. By changing the anodization time, the
nanotube array with a length of 4 pm and 12 pm can also
be fabricated. The cross sectional images indicates that
the nanotube arrays are highly ordered, and
perpendicular  to the titanium  substrate. The
crystallization of nanotube arrays are anatase TiO,
confirmed by XRD measurement.

0.40
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Figure 2. (A) The variation of the phenol concentration in PC
process (a), PEC process at +0.6 V bias (b) and electrochemical
process at +0.6 V without UV illumination (c) for a 12
pm-long-nanotube array. (B) The dependence of In (Cy/C) on
reaction time t in PC (a) and PEC (b) process.

We investigate the PC and PEC degradation of phenol by
a TiO, nanotube array with a length of 12 pum, and
studied the role of the applied positive bias (Figure 2).
The PEC degradation is carried at +0.6 V versus the
Ag/AgCl reference electrode. Figure 2 A indicates clearly
that PEC process is much more effective for phenol
degradation than the PC process. As shown by the HPLC
spectra, some intermediates are produced by the
degradation of phenol, which result in three new peaks in
the HPLC spectra with retention time of 2.75, 2.88 and
3.28 min. Several studies > '* have reported that the main
intermediates products in the photocatalytic phenol
degradation by TiO, are benzoquinone, hydroquinone
and catechol. Figure 2 B indicates that the initial
degradation of phenol in both PC and PEC processes
follows the quasi-first-order-type kinetics, as evidenced
by the linear plot of In (Co/C) versus reaction time t in
min. Here, C, is the initial concentration of phenol, and C
is the concentration of phenol after reaction for t. The
initial rate constant (k) for phenol degradation in PEC
process is 0.215 h™', which is twice as much as that in the
PC process (0.100 h™"). It should be noted that the applied
+0.6 V bias is lower than the oxidation potential of
phenol, and no electrochemical oxidation contributes to
the degradation of phenol, as evidenced by the constant
phenol concentration in the electrochemical process at
+0.6 V without UV illumination (Figure 2). It is
reasonable to conclude that the improved activity in PEC
process results from an effective electron-hole separation
by the applied positive bias, which forms an electric field
within the TiO;, nanotube arrays and makes the
photogenerated electrons and holes diffuse in reverse
directions.

Figure 3 shows the PEC degradation of phenol by the
nanotube arrays with length of 0.21 pm, 12 um and 17
um. The plot of initial rate constant vs. the length of
nanotube arrays is also provided. It is surprising that the
increased length of nanotubes array does not increase,
however, reduce the PEC activity. The nanotube array
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Figure 3. The variation of the phenol concentration in PEC
degradation at +0.6 V bias by the nanotube arrays with lengths of
0.21 pm (a), 12 pm (b) and 17 pm (c). Inset: The initial rate
constant (k) vs. the length of nanotube arrays.
with a length of 0.21 pm shows a highest PEC activity
with an initial rate constant of 0.298 h™'. The 12-pm-long
nanotube array, which is about 60 times as long as the
0.21-um-long nanotube, only shows an initial rate
constant of 0.215 h™'. Increasing the length of nanotube
array to 17 um further reduces the initial rate constant to
0.156 h', which is only one half of that of the
0.21-pm-long nanotube. The dependence of the activity
on the nanotube length in PEC process is exactly
contrary with that in PC process. In the PC degradation
of phenol by the nanotube arrays, the increased length
improves the activity greatly, and till to a saturated
capacity. The initial rate constants for PC degradation of
phenol by the nanotube arrays with a length of 0.21 um,
12 pm and 17 pm are 0.041 h”', 0.100 h! and 0.097 h™
respectively. The increased length of the nanotube arrays
favors the light trapping, which results in more
photogenerated charges and an enhanced PC activity.
The saturated PC activity can be explained by
considering the saturated light trapping by the nanotube
arrays and the limited diffusion distance of the phenol
solution into the nanotube arrays.
However, in the PEC process, the applied positive bias
plays a more important role on the phenol degradation
than the light trapping. Although the increased length of
the nanotube arrays will generate more photogenerated
charges by the UV light; at the same time, it will also
increase the recombination between electrons and holes
greatly. Two possible reasons can be ascribed to the
increased recombination effect. The first one is that the
increased length will increase the resistance of the TiO,
film, which reduced the intensity of the electric field
within the TiO, film under same applied bias. This weak
potential gradient will degrade the charge separation, and
increase the charge recombination. The second one is that,
in a long nanotube array, the photogenerated electrons
will track a long distance through TiO, nanotube to the
outer circuit, which will increase the probability of the
charge recombination.
We compare the PEC degradation of phenol by a
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12-um-long nanotube array and a 9.3-um-thick P25 TiO,
film with same geometric areas. The P25 TiO, particulate
film was deposited on the titanium foil substrate by
doctor-blade method using slurry of 20 % P25 TiO; in
ethanol, similar with the reported method, however,
without a post treatment of pressing. The as-prepared
film was reinforced by annealing at 500 °C under air
ambient for 3 h, same annealed conditions with nanotube
arrays. As shown by the image of surface, the P25 TiO,
film is unorderly and porous, consisting of randomly
packed and interconnected TiO, nanoparticles with a size
of about 25 nm. A similar porous TiO, particulate film
has been used for PEC degradation of 4-chlorophenol by
Kamat et al, although their preparation method and
thickness are different with the TiO, film as described
here. The data in Figure 4 indicates that the TiO,
nanotube arrays show a much better PEC activity for
phenol degradation than the P25 TiO, particulate film.
The initial rate constant of the nanotube array for phenol
degradation is 0.215 h™', which is almost twice as much
as that of P25 TiO, particulate film (0.116 h™). Since the
thickness of the two kinds of TiO, film is similar, even
the nanotube array is a little thicker; we conclude that it
is the superior electron transport in the highly ordered
nanotube architecture contributes to the improvement of
PEC activity.

22
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Figure 4. The variation of the phenol concentration in PEC
degradation at +0.6 V bias by a nanotube array with a length of 12
pm (a) and a P25 TiO; particulate film with a thickness of 9.3 pm
(b). Inset: The initial rate constant (k) of PEC phenol degradation
by nanetube arrays and P25 particulate film.
The photocatalytic degradation of some organic pollution
is proposed to be powered by hydroxyl radicals
generating from the oxidation of hydroxyl ions,
accompanying with the scavenging of the photogenerated
electrons by oxygen in the solution. Such a process is
also considered as a major route for photocatalytic
degradation of phenol '°. Kamat et al. also found that
the activated oxygen species, generating from reduced
oxygen by the photogenerated electrons did not
contribute much to PEC degradation of 4-chlorophenol
by using two-compartment cell, where the activated
oxygen species was separated from the active TiO,
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electrode. Furthermore, in our reaction system, oxygen
bubbles are not introduced. So, we suggest that the
PEC degradation of phenol in our experimental
conditions is powered mainly by the oxidative
intermediates, which are generated from the trapping of
the photogenerated holes by the water or the hydroxyl on
the surface of TiO,. Thus, the lifetime of holes on the
surface of TiO; is of prime importance to the degradation
of phenol. The present nanotube array is perpendicular
to the substrate and has a continuous architecture from
the surface to the substrate. Illuminated by UV light,
the applied positive bias can drive the photogenerated
electrons in a unidirectional channel to transport quickly
to the counter electrode, which increases the lifetime of
photogenerated holes and improves the degradation rate
of phenol. However, in the P25 particulate film, the
grain boundaries between the nanoparticles and the
convoluted channels for electron transport increases the
competition of charge recombination, resulting in a weak
PEC activity. In fact, for the present 9.3-pym-thick P25
particulate film, the degradation of phenol in the PEC
process at +0.6 V does not show any improvement
comparing with that in the PC process, possibly due to
this serious charge recombination.

3. Conclusion and Perspective

In summary, we have demonstrated a remarkable
improvement for the PEC degradation of phenol by using
highly ordered TiO, nanotube arrays with controllable
length. The unique architecture of the nanotube arrays
can be achieved conveniently by anodizing a titanium
foil in the water or organic electrolyte, which provides a
possible unidirectional channel for the transport of the
photogenerated electrons and reduces the charge
recombination. The length of the nanotube arrays
-shows a pronounced influence on the PEC activity, which
is discussed by the different recombination effects. The

present nanotube arrays shows a better PEC activity for
the degradation of phenol with an initial rate constant of
0.215 h", which is almost twice as much as that of a P25
TiO; particulate film (0.116 h') with similar thickness
and geometric active area. We expected that the present
highly ordered TiO, nanotube array can serve as an
effective photocatalyst for PEC water purification,
provided by the optimization of the length and diameter
of the nanotube arrays.
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