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Abstract TiO, nanotube arrays were synthesized by
anodization of Ti metal sheets followed by thermal
annealing at elevated temperatures from 400 to 600 °C.
Scanning electron microscopic measurements showed that
dense arrays of nanotubes were produced with the inner
diameter about 100 nm, wall thickness 35 nm, and length
about 10 pm. X-ray diffraction measurements showed that
the as-prepared nanotubes were largely amorphous,
whereas thermal annealing led to the formation of well-
defined anatase crystalline phase. More interestingly, at
470 °C, the brookite crystalline phase also started to
emerge, which became better defined at 500 °C and dis-
appeared eventually at higher temperatures, a phenomenon
that has not been observed previously in TiO, nanotube
arrays prepared by anodization. The impacts of the TiO,
nanocrystalline structure on the photocatalytic activity
were then examined by using the reduction of methylene
blue in water as an illustrating example. Upon exposure to
UV lights, the visible absorption profiles of methylene blue
exhibited apparent diminishment. Based on these spectro-
photometric measurements, the corresponding pseudo-first-
order rate constant was estimated, and the sample ther-
mally annealed at 500 °C was found to exhibit the highest
activity. The strong correlation between the TiO, crystal-
line characteristics and photocatalytic performance sug-
gests that the synergistic coupling of the anatase and
brookite crystalline domains led to effective charge sepa-
ration upon photoirradiation and hence improved photo-
catalytic activity, most probably as a consequence of the
vectorial displacement at the nanoscale junctions between

X. Kang - S. Chen (IX)

Department of Chemistry and Biochemistry, University

of California, 1156 High Street, Santa Cruz, CA 95064, USA
e-mail: schen@chemistry.ucsc.edu

@ Springer

these crystalline grains that impeded the dynamics of
electron—hole recombination. These results demonstrate the
significance of nanoscale engineering in the manipulation
of oxide photocatalytic performance.

Introduction

Photocatalysis of a chemical reaction at a semiconductor
surface entails oxidation by the photogenerated holes and
reduction by the photogenerated electrons that occur
simultaneously [1]. Titania, a kind of semiconductor
materials with very low cost, chemical inertness and
photostability [2—-4], has attracted extensive attention as
one of the most promising materials in solar cells and
photocatalysis [5—7]. The earliest work of photocatalysis of
titania was reported in 1921 by Renz [8], where it was
found that titania turned from white to a dark color under
sunlight illumination in the presence of an organic com-
pound such as glycerol. Photocatalytic activity of TiO, was
also demonstrated by Fujishima and Honda [9] where they
used TiO, for water splitting, an important process for solar
energy conversion. In addition, Frank and Bard [10, 11]
showed that the photocatalytic activity of TiO, might be
exploited for the decomposition of pollutants under photo
irradiation. In these reactions, the fundamental mechanisms
[12—14] entail the rapid excitation of TiO, valence elec-
trons to the conduction band by absorbing photons with
energy larger than the TiO, bandgap (~ 3.0 eV), where the
photogenerated electrons (conduction band) and holes
(valence band) are involved in varied redox reactions.
Nevertheless, the efficiency of TiO, photocatalysis is
generally rather low. Therefore, substantial efforts have
been devoted to engineering the TiO, crystalline and
morphological structures for the improvement of the
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photocatalytic activity. One effective approach is to fabri-
cate nanotubule arrays of TiO, by taking advantage of the
high surface-to-volume ratio, the ready accessibility of the
TiO, surface to reactants and easy release of photoreaction
products. A number of synthetic protocols have been
reported in the literature for the fabrication of TiO, nano-
tubes, including electrochemical anodic oxidation of tita-
nium metal sheets [15], as well as template-based atomic
layer deposition [16], sol—gel [17], or liquid phase depo-
sition [18-21] method. Among these, Grimes and
coworkers [15] reported an effective route in 2001 toward
the fabrication of titania nanotube arrays by anodization of
a titanium foil in fluoride-based electrolyte solutions by
using fluoride ions as effective etchants. It has been found
that the nanotube morphology [22], length and pore size
[23], as well as wall thickness [24] might be readily con-
trolled by varied experimental parameters such as elec-
trolyte composition, solution pH, as well as electrode
voltage [25].

Furthermore, postsynthesis thermal annealing offers a
powerful route toward the manipulation of the TiO, crys-
talline characteristics, in particular, transformation from
one crystalline phase to another as well as control of the
size of the nanocrystalline grains [26]. Note that titania of
both anatase and rutile crystalline phases has been found to
be photocatalytically active, although it is generally
accepted that anatase TiO, exhibits a better performance,
largely because of the somewhat higher Fermi level and the
lower recombination rate of its photogenerated electrons
and holes than those of the rutile phase [27-30]. In addi-
tion, the coexistence of both anatase and brookite or rutile
crystalline phases has also been found to lead to further
improvement of the photocatalytic performance, as a con-
sequence of the vectorial displacements at the nanoscale
junctions between two semiconducting domains that fur-
ther impede the dynamics of electron—hole recombination
[31-37]. However, in these earlier studies, the TiO, sam-
ples with a mixture of the crystalline phases were mostly
prepared by the sol-gel methods in the form of nanopar-
ticles, powders, or thin films, and it has remained a chal-
lenge to identify optimal experimental conditions for the
production of TiO, nanotubes with significant brookite
contents.

In this study, we demonstrate for the first time that
brookite crystalline characteristics may also be produced in
anodized TiO, nanotube arrays by a deliberate manipula-
tion of the thermal annealing conditions. The results show
that upon thermal annealing at 400-600 °C, the nanotube
arrays exhibited clear anatase crystalline characteristics, in
comparison with the largely amorphous structure of the
as-produced samples. More interestingly, at 470 °C a second
phase of brookite crystalline features also started to appear,
which became much better defined at 500 °C. At higher

temperatures (550-600 °C), the brookite phase disappeared
and only the anatase phase was found within the TiO,
nanotube arrays. Overall, the photocatalytic activity of
these thermally annealed TiO, nanotube arrays, as mani-
fested in the photoreduction of methylene blue, displayed a
marked improvement as compared to that of the amorphous
as-prepared sample, and reached the maximum with sam-
ples that were thermally annealed at 500 °C (with a binary
mixture of anatase and brookite phases), suggesting the
impacts of the synergistic interactions between the ana-
tase and brookite crystalline domains on the photocata-
Iytic activity. Such a strong correlation demonstrates the
significance of nanoscale engineering in the manipulation
and optimization of the TiO, structures, properties and
functions.

Experimental section

Methylene blue (ACROS), ethylene glycol (99+%,
Aldrich) and ammonium fluoride (NH4F, 98+%, extra
pure, ACROS) were used without further treatment. Tita-
nium foils (0.25 mm thick, 99.8% purity (metal basis))
were purchased from Aldrich. Before the experiments, the
titanium sheets were degreased by sonication in acetone,
ethanol, and Nanopure water successively and then dried in
nitrogen. TiO, nanotube arrays were prepared by using a
two-electrode setup in which a titanium foil was used as the
sacrificial anode and a Pt wire as the cathode, along with an
electrolyte consisting of 0.25% NH,F in ethylene glycol.
All the electrochemical reactions were carried out at room
temperature by using a DC regulated power supply (B&K
Precision Corp., Model 1623A) at the constant voltage of
60 V. The nanotube arrays were then subject to thermal
annealing in air at varied temperatures in a muffle furnace
for 6 h.

The structures of the TiO, nanotubes were then exam-
ined by SEM measurements with an ISI WB-6 scanning
electron microscope operated at 5 kV. The crystalline
characteristics were evaluated by powder X-ray diffraction
(XRD) measurements, where the nanotubes were scratched
off from the titanium metal sheets and deposited onto an Al
plate, with a Rigaku Mini-flex Powder Diffractometer
using Cu-Kua radiation with a Ni filter (1 = 0.154059 nm at
30 kV and 15 mA). The average crystalline grain size was
calculated from the XRD line broadening of the TiO,
anatase (101) or brookite (121) diffraction peaks by using
the Debye—Scherrer equation (in the calculations, the
instrumental broadening was taken into account, which was
calibrated with a standard Si sample [26, 38]).

The photocatalytic reduction of methylene blue by TiO,
nanotubes was monitored spectrophotometrically with an
ATI Unicam UV4 spectrometer by using a 1-cm quartz
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cuvette with a resolution of 2 nm. Prior to exposure to UV
lights, the TiO, nanotubes (1 cm x 1 cm) were immersed
into the methylene blue solution (concentration 26 pM in
water) for at least 40 min in the dark in a nitrogen atmo-
sphere until no further decrease of the absorption intensity
of methylene blue was observed. Optical absorption pro-
files were then acquired at different exposure times to the
UV lights (365 nm, 6 W). Note that the solution was
blanketed with a nitrogen atmosphere during the entire
experimental procedure.

Results and discussion

The surface morphology of the TiO, nanotube arrays was
first characterized by scanning electron microscopic (SEM)
measurements. Figure 1 depicts two representative SEM
micrographs of a TiO, nanotube array that was prepared at
an anodic voltage of 60 V and then thermally annealed at
550 °C for 6 h. From the top view (panel a), one can see
that a very dense array of rather uniform tubule structures
was formed, with a tube density of ca. 7.4 x 10" cm™2,
and the inner diameter of the tube was found to be around
100 nm, and tube thickness ca. 35 nm. From the side view
(panel b), the nanotube exterior surface was rather smooth
and the length was about 10 pm.

Whereas variation of the thermal annealing temperature
did not lead to obvious differences in terms of nanotube
dimensions and surface morphologies, the crystalline
details of the nanotube arrays were found to vary sub-
stantially, as manifested in powder X-ray diffraction
(XRD) measurements. Figure 2 shows the XRD patterns of
the TiO, nanotube arrays thermally annealed at different
temperatures from 400 to 600 °C, along with that of the as-
produced sample. In comparison to the standard XRD
profiles for anatase, brookite, and rutile TiO,, it can be seen
that the as-prepared sample exhibited only a featureless
profile (curve a), suggesting that the nanotubes were mostly
amorphous (the several sharp features marked with “Al”
arose from the aluminum substrate). In contrast, thermal
annealing at elevated temperatures led to effective trans-
formation of the nanotubes into well-defined crystalline
structures. Specifically, for the nanotube arrays that were
thermally annealed at 400430 °C (curves b and c), a series
of diffraction peaks appeared (marked with “@”), which
are all consistent with the diffraction features of anatase
TiO, (JCPDS 75-1537): (101), 25.7°; (200), 47.9°; (105),
53.7° (211), 55.0°; (213), 61.9°; (204), 62.8°; (116), 68.3°%
(220), 69.7°; and (301), 75.2°. When the annealing tem-
perature was increased to 470 °C (curve d), in addition to
the anatase diffraction features, several diffraction peaks
characteristic of the brookite phase also started to appear,
and they became much better defined at 500 °C (curve e),
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Fig. 1 Representative SEM micrographs of TiO, nanotube arrays
that were prepared by electroanodization at 60 V followed by thermal
annealing at 550 °C for 6 h. Scale bars are 200 nm in both a top view
and b side view

as manifested by the peaks (marked with “B”) at 31.2° and
36.1°, which were ascribed to the brookite (121) and (012)
crystalline lattices, respectively. In other words, within the
narrow temperature range of 470 to 500 °C, the TiO,
nanotube arrays exhibited a binary mixture of anatase and
brookite crystalline phases. To the best of our knowledge,
such an observation has not been reported previously with
TiO, nanotubes prepared by electroanodization [25]. It
should be noted that in most early studies where TiO,
exhibited a mixture of crystalline phases, the titania sam-
ples were mostly thin films, powders, or nanoparticles that
were prepared by sol-gel methods [31-37]. For instance,
Junin et al. [33] prepared TiO, powders by a sol-gel
method using titanium tetrachloride and titanium tetraiso-
propoxide as the precursors. A binary mixture of anatase
and brookite crystalline phases was found at calcination
temperatures between 400 and 500 °C.

Interestingly, with the further increase of the annealing
temperature to 550 and 600 °C, the brookite diffraction
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Fig. 2 XRD patterns of a the
as-prepared TiO, nanotube
arrays as well as those that
underwent thermal annealing at
different temperatures:

b 400 °C, ¢ 430 °C, d 470 °C
e 500 °C, £ 550 °C, and

g 600 °C. Al denotes diffraction
features from the aluminum
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features disappeared and the sample again exhibited a pure
anatase phase, suggesting the back conversion of brookite
into anatase rather than further transformation into rutile.
This indicates that for the TiO, nanotube arrays prepared
above, the transformation between anatase and brookite
was reversible at temperatures up to 600 °C, possibly
because of the low activation energy (11.9 kJ/mol [26]) for
the transformation between these two phases.

The grain size of the crystalline domains in the TiO,
nanotubes was then evaluated quantitatively by the Debye—
Scherrer equation, D = KA/fficosf, where D is the diameter
of the crystalline grain, K = 0.9, A(Cu-Ka) = 1.54059 A,
and f is the full width at half maximum of the selected
diffraction peaks. Based on the anatase (101) diffraction
peaks, the average size of the anatase crystalline domains
at different annealing temperature was then estimated and
listed in Table 1. It can be seen that the variation of the
anatase grain size with annealing temperature is relatively
small from 400 to 600 °C. For instance, the anatase grains
decreased somewhat from 27.4 nm at 400 °C to 21.3 nm at
500 °C, possibly because of the formation of the brookite

Table 1 Average grain size of the anatase (D,) and brookite (Dg)
phases in TiO, nanotube arrays that were thermally annealed at dif-
ferent temperatures (7)

T (°C) 400 430 470 500 550 600

D (nm)* 27.4 222 25.0 213 29.6 25.7
Dg (nm)° 53.8 46.2

? Based on anatase (101) diffraction peak
" Based on brookite (121) diffraction peak

crystalline domains that occurred at 470-500 °C (based on
the brookite (121) diffraction peak, the brookite grains
were estimated to be about 53.8 nm at 470 °C and 46.2 nm
at 500 °C). At temperatures higher than 500 °C, the
brookite phase disappeared, and the anatase crystalline
grains became slightly larger to 29.6 nm at 550 °C and
257 nm at 600 °C [39]. The small anatase crystalline
grains (Table 1) might also explain why no rutile feature
was observed even at 600 °C, as the critical size for the
transformation into rutile has been found to be >35 nm
[26].

The effects of the evolution of the anatase nanocrystal-
line grains on the nanotube photocatalytic activity were
then examined by using the reduction of methylene blue as
the illustrating example. As methylene blue absorbs very
strongly in the visible range with two well-defined
absorption peaks at 612 and 665 nm and the reduced form is
colorless, the photocatalytic reduction of methylene blue by
TiO, may then be monitored by the spectrophotometric
method. Mechanistically, it is generally proposed that upon
UV illumination, electrons are excited from the TiO,
valence band to the conduction band. The photogenerated
electrons may then be exploited for reduction of methylene
blue. As oxygen is an effective electron scavenger, it is
important that the reaction media is protected with an inert
atmosphere of nitrogen. Figure 3a depicts the optical
absorption profiles of methylene blue after the solution was
exposed to UV photoirradiation for varied periods of time in
the presence of a TiO, nanotube array that was annealed at
500 °C for 6 h. It can be seen that the absorption fea-
tures diminish rather quickly upon UV photoirradiation,
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Fig. 3 Visible absorption profiles of a methylene blue solution (b)
(26 uM in water) after being exposed to UV photoirradiation for
varied periods of time (shown as figure legends) in the presence of a 0.025 4
TiO, nanotube array that was thermally annealed at 500 °C for 6 h.
Inset depicts the semilog plot of the variation of the intensity of the 0.020
absorption peak at 665 nm with UV exposure time. Symbols are ~
experimental data and line is linear regression h=
g 00151
~
. . . . . . . 0010 1
suggesting the effective photocatalytic activity of TiO, in
the reduction of methylene blue. Panel (b) shows the 0.005
semilog plots of the decay of the absorption intensity at
665 nm with time. The linearity is consistent with the first- 0.000 . . .

order reaction of methylene blue reduction [40], and from
linear regression the pseudo-first-order rate constant was
estimated to be 2.42 x 1072 min~ .

The photocatalytic activity of the TiO, nanotubes
annealed at other temperatures was evaluated in a similar
fashion. Figure 4a depicts the decay profiles of methylene
blue absorption at 665 nm with TiO, nanotubes that were
thermally annealed at different temperatures, along with
that of the as-prepared nanotubes. It can be seen that all
annealed samples exhibited apparent enhancement of the
photocatalytic activity in the reduction of methylene blue as
compared to the as-prepared sample. In addition, among the
series, the diminishment of the methylene blue absorption
feature was the fastest for the sample annealed at 500 °C.
Panel (b) shows the pseudo-first-order rate constants (k) that
were estimated from linear regressions of the dynamics
curves in panel (a). It can be seen that for the as-prepared
sample, k is 2.30 x 107> min~". It increased markedly to
1.00 x 107 min™" and 124 x 107> min~' with TiO,
nanotubes thermally annealed at 400 and 430 °C, respec-
tively. At higher temperatures, the rate constant increased
further to 1.70 x 1072 min~' at 470 °C and 2.42 x
1072 min~" at 500 °C. Further increase of the thermal
annealing temperature actually saw a decrease of the reac-
tion rate constant to 9.69 x 107> min~' at 550 °C and
1.02 x 1072 at 600 °C. That is, the maximal photocatalytic
performance was observed with TiO, nanotubes annealed at
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Fig. 4 a Semilog plots of the variation of the intensity of the
absorption peak at 665 nm with UV exposure time for the photocat-
alytic reduction of methylene blue by TiO, nanotubes that were
thermally annealed at different temperatures (shown as figure
legends). The experimental conditions were the same as those in
Fig. 3. Symbols were experimental data and lines were linear
regressions, from which the pseudo-first-order reaction rate constants
(k) were evaluated, as depicted in panel (b)

500 °C, which coincided with the formation of a binary
mixture of anatase and brookite nanocrystalline domains
[41, 42], as manifested in Fig. 2. This is most probably
because of the vectorial displacements of the photogener-
ated electrons at nanoscale junctions between these two
semiconducting phases that retard the charge recombination
process and hence enhance the charge separation efficiency
[43, 44]. In fact, enhanced photocatalytic performance of
TiO, with a binary mixture of anatase and brookite crys-
talline phases, as compared to that of pure anatase, has been
reported in a number of studies [44—47].

Nevertheless, one might also argue that the variation of
the photocatalytic performance is a consequence of the
effective oxide surface area that reaches the maximum at
500 °C. However, this is unlikely because an increase of
calcination temperature typically leads to a monotonic
decrease of the TiO, surface area [33]. Additionally, on
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the basis of Raman spectroscopic measurements (not
shown), the impact of TiO, surface functionalities on the
photocatalytic activity appears to be minimal, as no
apparent difference of the Raman spectra was observed
among the nanotube arrays thermally annealed at different
temperatures (400-600 °C) [48].

Conclusion

TiO, nanotube arrays were prepared by anodization of Ti
metal sheets and characterized by SEM and XRD mea-
surements. SEM study showed that the nanotubes formed a
rather dense array, and XRD measurements indicated that
whereas the as-prepared samples were largely amorphous,
thermal annealing at elevated temperatures (400-600 °C)
led to the effective formation of crystalline nanotubes with
clear anatase features. Interestingly, at 470 °C, a second
crystalline phase of brookite features also started to
emerge, which became better defined at 500 °C. The
presence of a binary mixture of anatase and brookite
crystalline phases within this narrow range of annealing
temperature was found to coincide with the maximal
photocatalytic activity of the TiO, nanotubes in the
reduction of methylene blue. This is accounted for by the
vectorial displacements of the photogenerated electrons at
nanoscale junctions between these two semiconducting
phases that retard the charge recombination process and
hence enhance the charge separation efficiency. This study
demonstrates the fundamental significance of nanoscale
engineering in the manipulation of the properties and
functions of nanoscale materials.
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