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T
he total energy needed to power the
planet in a year is less than the sun-
light energy reaching the earth in

1 h.1 Therefore, the challenge facingmodern
society is the efficient use of the enormous
solar energy resource rather than identify-
ing a sustainable energy source. Among
the various storage protocols considered
in recent years, solar fuels2 are of particular
interest because they can be easily inte-
grated with the existing fuel storage and
delivery infrastructure.
Despite the significant amount of work

over the past decades to design and devel-
op new functional materials for the solar
fuel production,3�8 the long-standing
bottleneck is to achieve an efficient charge
separationmechanismwithout compromis-
ing the bandgap. In fact, most of the pro-
posed photoanodes to date suffer from
high charge trapping problems, which limit
their photoconversion efficiency. Toward
this end, we have recently reported a de-
tailed density functional theory (DFT) study
on the Ta�W�O mixed oxide system.9 The
Ta�W�O system experiences bandgap bow-
ing with a highly tunable bandgap ranging

from3.7 eV for pristine Ta2O5 down to 1 eV for
50% W content.9 Also, the calculations
showed that Ta�W�O has very low hole
effective mass, comparable to that of III�V
materials.9

Herein, we demonstrate, for the first time,
the opportunity to fabricate Ta�W�O mixed
oxide nanotube arrays by a facile electro-
chemical method and investigate their perfor-
mance as photoanodes in photoelectro-
chemical water splitting cells. The dynamics
of charge carriers were also investigated to
understand the reasons behind the enhanced
performance of the fabricated nanotubes.

RESULTS AND DISCUSSION

Figure S1 (Supporting Information)
shows the effect of anodization time, ap-
plied voltage, and HF concentration on the
length, diameter, and wall thickness of the
resulted nanotube arrays. Note that the wall
thickness of the resulted nanotubes con-
taining 10% W is smaller than their 2.5% W
counterpart, which is expected to facilitate
the diffusion of the photogenerated hole to
the electrode/electrolyte interface, hence
enhancing the water oxidation process.
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ABSTRACT Vertically oriented Ta�W�O nanotube array films were fabricated via the

anodization of Ta�W alloy foils in HF-containing electrolytes. HF concentration is a key

parameter in achieving well-adhered nanotube array structure. X-ray photoelectron spectroscopy

(XPS) and diffuse reflectance measurements confirm the staggered band-alignment between

Ta2O5 and WO3, which facilitates the separation of charge carriers. The nanotubes made of Ta�W

films containing 10% W showed 100-fold improvement in the measured photocurrent compared

to pristine Ta2O5 upon their use to split water photoelectrochemically. This enhancement was

related to the efficient charge transport and the red shift in absorption spectrum with increase of

the W content, which was asserted by ultrafast transient absorption (TA) spectroscopy

measurements. The TA measurements showed the elimination of trap states upon annealing Ta�W�O nanotubes and, hence, minimizing the charge

carrier trapping, whereas the trap states remain in pristine Ta2O5 nanotubes even after annealing.
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Note also that the anodization time has more pro-
nounced effect on the 10% W alloy compared to the
2.5%W-containing alloy. For example, upon increasing
the anodization time from 15 to 35 min, the nanotube
length increases from 0.84 to 1.2 μm for the 2.5% W
alloy, whereas it changes from1.2 to 6.4 μmfor the 10%
W alloy. Increasing the anodization potential resulted
in an increase in the nanotube length and diameter for
both 2.5% and 10%Walloys, with a higher effect on the
10% W alloy (Figure S1c,d). The nanotube wall thick-
ness increases from 9 to 20.5 nm for the 2.5% W alloy,
whereas it nearly remains constant at around 10.5 nm
for the 10% W alloy as the anodization potential
increases from 10 to 20 V. Although the nanotube
length for the 2.5% W alloy does not seem to be
affected by the anodization time and applied potential,
it is influenced by the HF concentration, where the
nanotube length increases from 0.6 to 3.2 μm as the
HF concentration increases from 0.51 to 0.85 M then
it decreases to 1.2 μm at 1.17 M HF (Figure S1e).
The nanotube diameter and wall thickness show the
same dependence on HF concentration. Figure S2 in
the Supporting Information shows the SEM images for
the resulted nanotubes at different conditions.
Although we were able to fabricate nanotubes with

controlled length, diameter, and wall thickness, they
do not adhere well to the substrate upon their anneal-
ing, due to the formation of TaF5 layer between the
oxide layer and the alloy substrate.10,11 In an attempt to
limit the formation of the TaF5 barrier layer, the anodi-
zation was done in relatively short times. The anodiza-
tion of Ta and Ta�W foils in an electrolyte containing
2.9 M HF and 16.4 M H2SO4 at 15 V resulted in the
formation of well-adhered nanotube layers. It is

noteworthy that for pure Ta and 2.5%W alloy, we were
able to fabricate nanotubes after 20 s only, whereas at
least 2 min of anodization were needed for the
Ta�10% W alloy in order to obtain nanotubular struc-
ture. This is probably due to the formed WO3, which
has different reactivity toward F� ions compared to
Ta2O5. This is asserted by the fact that the maximum
obtained nanotube length decreases progressively
from 3.3 μm for pure Ta2O5 to 2.1 μm for 2.5% W, to
1.4 μm for 10% W, with increasing the amount of W.
Figure 1 shows the SEM images of the obtained
nanotubes.
The fabricated nanotubes have an orthorhombic

crystal structure with estimated volume expansions
of 2.9% and 3.8% for the samples containing 2.5% W
and 10% W, respectively compared to pristine Ta2O5.

9

Figure 2 shows the XRD pattern for pristine and
Ta�W�O mixed oxide nanotubes that have been an-
nealed at 450 �C for different annealing times. Generally,
the peaks are shifted toward higher 2θ values as the
annealing time increases, indicating a contraction in the
crystal lattice. This is because heating the lattice for
longer times allows theatoms to readjust their positions,
minimizing the total energy of the system. The trend is
not the same for the samples containing 10%W, where
mainly intensity fluctuations and a slight shift to lower
2θ values occurred upon annealing. These samples
appear to have phase separation with increased split-
tingof thehigher 2θpeaks relative to the corresponding
peaks of the 2.5% W-containing samples. Also, the
extent of peak shifting decreases as the W content
increases, which can be attributed to the fact that W
atom has larger size than Ta atom, allowing less space
for the atoms to move in the lattice, in turn decreasing

Figure 1. FESEM images of the films resulted upon the anodization of (a) pure Ta, (b) Ta�2.5%W, and (c) Ta�10%W foils at
15 V in 16.4 M H2SO4 and 2.9 M HF electrolytes for 3 min.
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the extent of freedom for readjustment. Note that the
peak shoulder at 2θ = 53� (plane (331) inWO3) indicates
the presence of a small precipitation of WO3-rich phase
leading to amicroscale heterojunction. This helps in the
charge separation, which in turn is expected to result in
a higher electric current, since Ta2O5�WO3 heterojunc-
tion was found to have a staggered bandgap.9 Figure 3
illustrates the staggeredbandgapalignment in Ta�W�O
alloy. Upon illumination, the electrons are excited from
the valence band of Ta2O5 to the conduction band of
WO3. Electrons have a potential barrier toward the Ta2O5

side, which forces them to flow rightward, whereas holes
have a potential barrier toward the WO3 side forcing
them to flow leftward, and hence an efficient charge
separation is achieved.9 On the other hand, straddled

band alignment (such as that present in Ti�Fe�O
system) gives rise to electron trapping in the conduction
band, as shown in Figure 3b, and, in turn, reduces the
conversion efficiency.9,12 We believe that this is the main
reason behind the modest efficiency reported so far for
photoelectrochemical water splitting systems based on
straddled band alignment.
To study the composition of the fabricated Ta2O5

and Ta�W�Onanotubes, XPS analysis was performed,
Figure 4. The O 1s peak was observed between 530.5
and 530.9 eV, in agreement with the O 1s peak reported
for Ta2O5 andWO3.

13�16 In pure Ta2O5, Ta 4f peaks exist
at 26.3 and 28.1 eV corresponding to 4f7/2 and 4f5/2
peaks, respectively, with a separation of 1.8 eV, indicat-
ing the existence of Ta5þ.17 As the W content increases

Figure 2. XRD pattern for the annealed (a�c) pristine, (d�f) Ta�2.5% W�O, and (g�i) Ta�10% W�O nanotube samples.

Figure 3. Energy band diagrams of (a) Ta�W�O and (b) Ti�Fe�O, showing the charge carrier transport for both systems,
thus illustrating the efficient charge separation in Ta�W�O alloy.
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to 2.5%, both the O 1s peak and the Ta 4f peaks are
shifted toward higher binding energies, indicating a
decrease in the electron cloud around both oxygen and
tantalum. This suggests an electron transfer frombothO
and Ta toW. The nominal peak separation of theW 4f is
∼2.2 eV, which should be easily resolvable. The pre-
sence of a single W 4f peak for the sample containing
2.5% W indicates multiple oxidation states.18 Following
the work of Khyzun,18 the coordination of W can be
assigned to a suboxide with stoichiometry closer to
WO2, making W a p-type dopant at these low concen-
trations. The acceptor levels generatedbyWwould then
allow electron density to be away from Ta and O,
causing the observed shifts to higher binding energies.
At 10%W content, the peak splits into the 4f7/2 and 4f5/2
levels (Figure 4h). From this observation and using
Khyzun's earlier study,18 we were able to predict the
stoichiometry of the WOx (in the sample containing
10% W) to be 2.77 < x e 3. This shift in the oxygen
coordination of W reverses the initial increase in
acceptor levels and consequently reverts the Ta and
O core levels back to be close to that of the matrix
Ta2O5 (Figure 4f, g).
Figure 5a shows the absorption spectrum of pure

Ta2O5 as well as the Ta�W�O nanotube array films. As
the W content increases, the absorption is red-shifted
from that of pristine Ta2O5, indicating a decrease in the
bandgap of the W-containing samples. This reduction
in the bandgap is due to lowering of the conduction
band edge, as the conduction band of Ta2O5 (Ta 5d
orbital19,20) is higher in energy than that of W (W 5d).21

Furthermore, there is an absorption tail, which extends
in the visible region as the W content increases. This
can be understood from the Crystal Field Theory,
where the W 5d orbitals are split into a set of filled
orbitals occurring at a lower energy and another set of
empty orbitals occurring at a higher energy. The split-
ting occurs when a set of negative point charges
moves close to W atoms. The energy of some of the
d-orbitals rises due to the repulsion between the
d-orbital electrons and the electrons approaching the
W6þ. Each d-orbital is affected differently depending
on the geometry of the surrounding negative charges.
This asserts our assumption that upon illumination, the
electrons are excited from the VB of Ta2O5 to the CB of
WO3.

9 When the electrons are transferred towardWO3,
they increase the charge density around the W atoms
causing the splitting of the d-orbitals. Figure 5a asserts
that the extended absorption is mainly due to splitting
of W 5d orbital and not Ta 5d because the absorption
tail gets more extended as the amount of W increases.
The photoelectrochemical activity of the fabricated

nanotubes to split water was investigated. Figure 5b
shows the variation of photocurrent density with
applied potential for pure Ta2O5 and Ta�W�O nano-
tubes. The photocurrent increases monotonically as
the W content increases (almost by 100-fold), which
can be attributed to the red shift in the absorption
spectrum upon adding W as well as the high carrier
separation efficiency resulting from the staggered
bandgap nature of Ta�W�O.9 Furthermore, with the
knowledge that Ta�W�O system has an indirect

Figure 4. XPS analysis for (a and b) pure Ta2O5, (c�e) 2.5% W, and (f�h) 10% W.
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bandgap,9 the length of the nanotubes is a significant
factor in improving photon absorption, as indirect
bandgap materials have low absorption coefficients
compared to their direct bandgap counterparts,22 and
hence, the optical path of light needs to be increased in
order to increase the probability of photon absorption.
This is asserted in Figure 5b where the photocurrent
increases by more than five times with increasing the
nanotube length in the sample containing 10%W from
0.5 to 1.4 μm. Moreover, the onset potential is shifted
toward more negative values as the W content in-
creases. This is because as theW content increases, the
donor energy level is shifted more toward the conduc-
tion band edge, which in turn, shifts the Fermi level
toward more negative potential. This is a desirable
property since this open circuit potential represents
the contribution of light toward the minimum poten-
tial difference required for water splitting (1.23 V).2

Table S1 summarizes the obtained onset potentials as
well as the maximum photocurrent density for Ta2O5

and Ta�W�O nanotubes.
Transient absorption (TA) spectroscopy was shown

to be a very efficient technique to investigate the
charge carrier dynamics in semiconductor films.23�29

In fact, TA spectroscopy is playing a vital role in the
advancement of dye-sensitized solar cells by providing
a very deep understanding on charge carriers separa-
tion, transport, and recombination, which, in turn,
allows for overcoming the deficiencies in the device
performance and hence help designing more efficient
systems for energy conversion.27�29 Unfortunately, the
analogous process in photoelectrochemical conver-
sion (PEC) is not yet understood to the same level of
details as the solar cell counterpart. Therefore, a lot
more work is still needed in this field to achieve
adequately efficient PEC systems.30

The TA spectra (Figures 6 and 7) and dynamics
(Figure8)werecollected for the longestnanotubesamples
of each doping level at a pump energy of 800 nJ/pulse,
the lowest energy where a measurable signal could
be obtained for every sample. A Helios UV�visible

spectrometer (Ultrafast Systems) was used for the
measurements. Two different pumpwavelengths were
used to compare UV (340 nm) with visible (490 nm)
excitation. Pump light at 340 nm was obtained from
the fourth harmonic of the signal from a Coherent
OPerA Solo optical parametric amplifier, which was
pumped by a Coherent Libra regeneratively amplified
Ti:sapphire laser (809 nm, 50 fs pulses, 1 kHz repetition
rate). The sum frequency of the signal and the laser
fundamental wavelength was used to produce pump
light at 490 nm. A broadband probe beam was pro-
duced by focusing a small fraction of the fundamental
wavelength into a sapphire crystal. Both pump and
probe were focused and overlapped on the surface of
the substrate, with the pump spot diameter∼1mm. As
the metal substrates do not transmit light, reflected
probe light is used to determine the transient absorp-
tion by focusing it into a fiber-coupled Si array detector
with a detection range of 300�907 nm. Typically, only
probe light at 700 nmand above could be collected in a
reasonable amount. A chopper blocks every other pump
pulse with the difference between two consecutive
spectra, one with the pump beam and one without,
yielding the TA signal ΔA(t), where t is the time delay
between pump and probe pulses.
TA signals collected from clean, anodized metal

substrates reflect contributions from metal-oxide
nanotubes, a thin oxide barrier layer at the substrate
surface, and transient reflectivity of the substrate. To
isolatenanotubecontributions toTA,measurementswere
also performed on clean, unanodized substrates under
the handling conditions (unannealed versus annealed)
and using the same pump wavelengths. Substrate
signals were then scaled as follows. Transient absorp-
tion signals for each anodized sample were summed
over all probe wavelengths 700�907 nm, where in-
duced absorption (ΔA> 0) was observed, ignoringwave-
lengths with negative ΔA as no steady-state absor-
bance was seen at these wavelengths (Figure 6a).
Signals from the corresponding unanodized substrates
were summed over the same wavelengths. Dynamics

Figure 5. (a) Diffuse reflectance spectra (DRS) for pure Ta2O5 and Ta�W�O nanotube electrodes annealed at 450 �C for 9 h in
air; (b) photocurrent density versus potential in 1 M KOH solution under AM1.5 illumination for pure Ta2O5 and Ta�W�O
nanotubes.
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from each nanotube-containing sample were then
fitted using

ΔA(t) ¼ a1e
�t=τ1 þ a2e

�t=τ2 þ asΔAs(t)þ c (1)

whereΔAs(t) is the signal from the substrate alone, as is
a positive scaling factor for the substrate signal, a1 and
a2 are amplitudes of exponential decays with corre-
sponding time constants τ1 and τ2, and c is a constant

offset. The average decay lifetime of the nanotube
signal over an observation window of ∼3 ns is then
calculated as

Æτæ ¼ a1τ1 þ a2τ2
a1 þ a2

(2)

Values for fitting parameters are given in Table 1.
Figure 7 shows TA spectra measured using UV

(340 nm) excitation, with substrate signals scaled by

Figure 7. Visible (490 nm) pump TA spectra at 1 ps pump�probe delay for nanotubes made from Ta alloys with W
compositions of 2.5% (red, top row) and 10% (green, bottom row). Both unannealed (left column) and annealed (right
column) nanotubes are shown. Dotted lines show transient spectra from clean, unanodized substrate under the same
conditions (TA pump wavelength and annealing).

Figure 6. UV (340 nm) pump TA spectra at 1 ps pump�probe delay for nanotubesmade from Ta alloys withW compositions
of 0% (black, top row), 2.5% (red, middle row), and 10% (green, bottom row). Both unannealed (left column) and annealed
(right column) nanotubes are shown. Dotted lines show transient spectra from clean, unanodized substrate under the same
conditions (TA pump wavelength and annealing).
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as. Spectra for doped samples excited with visible
(490 nm) light are shown in Figure 8, with the pump
light exciting W-doped Ta2O5 domains exhibiting a
lower band gap. The spectra are shown at a pump�
probe delay of 1 ps; analogous spectra at negative
delays (probe arriving 1 ps before pump) are shown in
Figures S3 and S4. In the red-to-near-IR region
(700�907 nm), the nanotubes show positive ΔA con-
sistent with absorption by initially unoccupied states

within the band gap, which we interpret as trapped
electrons below the conduction-band edge similar to
other metal oxides such as TiO2,

23 Fe2O3,
24 and

ZnO.25,26 A comparison with spectra acquired at nega-
tive delays (Figures S3 and S4) rules out experimental
artifacts as the dominant origin of this signal. Unan-
nealed samples show significant densities of defect
states, especially for 10% W alloy nanotubes. Note
that the increased defect absorbance exists despite

Figure 8. Transient absorption dynamics from nanotubes made by anodizing Ta alloy with 10% W content. Pump energy is
800 nJ/pulse, and signals are summed over probewavelengths 700�907 nmwhere induced absorption (ΔA > 0) is observed.
(a) Unannealed sample, 340 nm pump; (b) unannealed sample, 490 nm pump; (c) annealed sample, 340 nm pump; (d)
annealed sample, 490 nm pump. Background signals are measured from clean, unanodized substrates under the same
conditions (pump wavelength and annealing), multiplied by a scaling factor, and incorporated into fits of the dynamics (see
text). For (d), no fit is shown as the nanotubes do not show induced absorption except for a positive spike at zero delay.

TABLE 1. Carrier Lifetimes as a Function of Composition and Pump Wavelength

% W annealing pump wavelength (nm) a1 (mOD) τ1 (ps) a2 (mOD) τ2 (ps) Æτæ (ps) as

0 No 340 180 (50) 230 (40) 230 (40) 2.4 (0.1)
0 Yes 340 147 (6) 20 (2) 20 (2) 0.06 (0.07)
2.5 No 340 60 (10) 9 (3) 9 (3) 1.09 (0.01)
2.5 No 490 140 (40) 100 (30) 100 (30) 0.4 (0.1)
2.5 Yes 340 12.3 (0.8) 16 (2) 16 (2) 0 (0.01)
2.5 Yes 490 No signal from nanotubes
10 No 340 240 (60) 6 (1) 150 (50) 300 (200) 130 (30) 0.4 (0.4)
10 No 490 150 (60) 25 (6) 150 (40) 400 (100) 220 (50) 0.5 (0.4)
10 Yes 340 52.0 (0.8) 120 (60) 120 (60) 0.2 (0.1)
10 Yes 490 No signal from nanotubes

a Values in parentheses are uncertainties in the fits. mOD = millioptical density units.

A
RTIC

LE



NASHED ET AL. VOL. 8 ’ NO. 5 ’ 4915–4923 ’ 2014

www.acsnano.org

4922

the decrease in the nanotube length with doping. For
annealed samples, the absorption by defects ap-
proaches zero in doped samples. This is consistent with
the fact that annealing improves the metal-oxide lattice
crystallinity, therefore decreasing the defect density.
Although the experiment does not yield an exact den-
sity of trapped carriers, the reduction in absorbance
does reflect decreases in the number of trapped carriers
due to annealing. Note that the defect density remains
significant in pure Ta2O5 nanotubes even after anneal-
ing (Figure 7). Note also that charge trapping is identi-
fied as the most significant limiting factor in designing
efficient photoanodes in PEC systems.31 Eliminating trap
states should minimize the charge trapping and hence
improve the photocurrent. This can be considered the
main reason behind the observed enhancement of the
photocurrent for the Ta�W�O photoanodes, besides
the red shift in the absorption spectrumand theefficient
charge separation due to the staggered band alignment
between Ta2O5 and WO3.

9

Figure 8 and Figures S5 and S6 (see Supporting
Information) depict the TA dynamics for the different
fabricated samples from which the carrier lifetimes are
extracted according to eqs 1 and 2. Table 1 summarizes
the lifetimes at two pump wavelengths, namely 340
and 490 nm. It can be inferred that the 340 nm signal is
capable of exciting the electrons from the VB to the CB
of Ta�W�O system. On the other hand, the 490 nm
can excite the electrons into trap states within the
bandgap. Table 1 shows that at the low pumping wave-
length (340 nm), the lifetimes for 2.5%W and 10%W are
very close for both unannealed and annealed samples
(9 vs 16 ps for unannealed and annealed 2.5%W, respec-
tively, and130 versus120ps for unannealedandannealed
2.5% W and 10% W, respectively). The close lifetimes
together with the low pumping wavelength assert that
these lifetimes can be attributed to thermalization pro-
cesses, especially that thermalization is affected by the
band structure of the material and not its crystallinity.
Furthermore, the lifetime at 340 nm for 2.5%W is much
less than its 10% W counterpart suggesting a denser
band structure in case of 2.5% W compared to the
10% W case,24 in agreement with our previous study.9

As a final remark, it might be argued that shallow
defect states might assist the promotion of the photo-
generatedelectrons to the conductionbandbyproviding
a transit state to the electrons generatedby sub-bandgap
photons. However, it was found that conduction-band
electron lifetimes in TiO2 devices are in the millisecond
range as observed in dye-sensitized solar cells, 9 orders of
magnitude slower than the lifetime in trap states, and
thus, it is extremely unlikely that electrons in Ta or Ta�W
oxide nanotube defect states can contribute to current in
a PEC system. The effects of annealing in reducing defect
density should improve the conductivity of the nano-
tubes. The TA results are thus consistent with the greatly
enhanced photocurrent produced by the nanotubes
containing 10% W (Figure 5b).

CONCLUSION

In summary, vertically oriented Ta�W�O nanotube
array filmswere fabricated via a simple electrochemical
anodization of Ta�W ally foils. The nanotube length,
diameter, and thickness were found to depend on the
anodization conditions, with the foil containing 10%W
showing more sensitivity to anodization conditions.
Increasing the W content resulted in an increase in the
nanotube length due to the increased stresses in the
crystal lattice upon incorporation of W atoms. XRD
analysis showed an expansion of 2.9% and 3.8% in the
crystal lattice upon the addition of 2.5% and 10% W,
respectively. The extent of expansion decreases with
increasing the annealing time. XPS analysis illustrates
that charge transfer occurs from Ta and O atoms to W
atoms, as confirmed by the tail in the absorption spectra
of Ta�W�O nanotubes. Finally, the photocurrent of the
nanotubes made of Ta�W films containing 10% W was
increased by about 10-fold compared to pristine Ta2O5

owing to efficient charge carriers separation due to the
staggered band alignment between Ta2O5 andWO3 and
the red shift of the absorption spectrum. Ultrafast tran-
sient absorption spectroscopy illustrates the elimination
of trap states upon annealing Ta�W�O nanotubes,
hence minimizing the charge carrier trapping, leading
to a large photocurrent, whereas the trap states exist in
pristine Ta2O5 nanotubes even after annealing.

MATERIALS AND METHODS
Prior to anodization, pure Ta samples as well as 2.5% and 10%

W Ta�W alloys (Goodfellow, USA) were cleaned in acetone for
30 min followed by 30 min in deionized water in an ultrasonic
bath. A two-electrode electrochemical cell was used for anodi-
zation with Ta and Ta�W samples as the working electrode and
Pt foil as the counter electrode. For the nonadhering nanotubes,
the anodization was carried out in a solution of concentrated
sulfuric acid (95�98%) and HF (48%) where the sulfuric acid
molarity was kept at 16.4 M and HF molarity was swept from
0.51 to 1.17 M. The anodization voltage was varied between
10 and 25 V, and the anodization time was varied between 5 to
35 min. For the well-adhered nanotubes, the same H2SO4/HF

solution was used with a volumetric ratio of 9:1. The solution
was magnetically stirred during anodization at a speed of
60 rpm and kept at room temperature where the electrode
separation was approximately 1 cm. The anodization voltage
was kept at 14.5 V, and the anodization time varied between
2 and 4 min. After anodization, the as-anodized samples were
annealed in an air atmosphere for 4 or 9 h at 450 �C at a rate of
1 �C/min for both heating and cooling.
A Zeiss SEM Ultra 60 field emission scanning electron micro-

scope (FESEM) with an In-Lens detector was used to study the
morphology of the samples at a voltage between 5 and 10 kV.
A Thermo Scientific K-alpha XPS spectrometer with an Al
anode was used for the XPS measurements, with the spectra
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charge-referenced toO 1s at 532 eV. The crystalline phaseswere
detected and identified using Alpha-1 Panalytical XRD instru-
ment with a Cu KR radiation at λ = 1.540598 Å at a scan step (2θ)
of 0.004�. A Shimadzu UV-3101PC UV-Vis-NIR spectropho-
tometer was used for the optical characterization of the films.
The photoelectrochemical measurements were performed in a
three-electrode electrochemical cell. In this configuration, the
nanotube films were used as photoanodes, platinum foil as the
counter electrode, and saturated Ag/AgCl as the reference
electrode, immersed in 1.0 M KOH. The dark and illuminated
currents were monitored using a scanning potentiostat
(CH Instruments, CHI 760) at a scan rate of 10 mV/s. A 300 W
ozone-free xenon lamp equipped with AM 1.5G filter was used
to simulate sunlight at 100 mW/cm2.
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