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Abstract Anodized titanium-oxide containing highly

ordered, vertically oriented TiO2 nanotube arrays is a

nanomaterial architecture that shows promise for diverse

applications. In this paper, an anodization synthesis using

HF-free aqueous solution is described. The anodized TiO2

film samples (amorphous, anatase, and rutile) on titanium

foils were characterized with scanning electron microscopy,

X-ray diffraction, and Raman spectroscopy. Additional

characterization in terms of photocurrent generated by an

anode consisting of a titanium foil coated by TiO2 nanotubes

was performed using an electrochemical cell. A platinum

cathode was used in the electrochemical cell. Results were

analyzed in terms of the efficiency of the current generated,

defined as the ratio of the difference between the electrical

energy output and the electrical energy input divided by the

input radiation energy, with the goal of determining which

phase of TiO2 nanotubes leads to more efficient hydrogen

production. It was determined that the anatase crystalline

structure converts light into current more efficiently and is

therefore a better photocatalytic material for hydrogen pro-

duction via photoelectrochemical splitting of water.

Introduction

Anodized titanium-oxide (ATO) containing highly ordered,

vertically oriented TiO2 nanotube arrays has been considered

as an important nanostructure platform for various applica-

tions, including solar cells, sensors, catalysts, and devices for

the generation of hydrogen by water photoelectrolysis [1, 2].

The nanoporous nature of ATO offers a large internal surface

area without concomitant decrease in geometrical and

structural order. The orientation of crystalline nanotube

arrays provides excellent electron percolation pathways for

vectoral charge transfer between the interfaces.

Hydrogen has been produced from water using sunlight

as the energy source, but efficiencies are not high enough

to allow commercial production of hydrogen on a large

scale. A target hydrogen production efficiency of 10% is

required for water-splitting technology to be commercially

viable [3]. This goal is based on current fuel and infra-

structure costs and is likely to change depending on the

future economic and political conditions.

The pioneering work of Fujishima and Honda [4]

showed that water splitting was possible by illuminating a

TiO2 electrode in an electrochemical cell with sunlight.

Much research has been undertaken in the last three dec-

ades to engineer a suitable photocatalyst material for water

splitting in an electrochemical cell. A good photocatalyst

material must include the following properties: a band gap

that is optimal for water splitting (approximately 2 eV

band gap, with conduction and valence band edges opti-

mally placed with respect to the water redox potentials),

strong optical absorption in the visible and ultraviolet (UV)

spectral regions, good stability in strong electrolytes, and

efficient charge transfer properties between the semicon-

ductor and the electrolyte [5].

Titanium dioxide is a popular photocatalyst as it is less

toxic, stable, and inexpensive. The anatase and rutile

phases of TiO2 have a bandgap of 3.2 and 3.0 eV,

respectively. Since only 2.7% of the solar photon flux has

energy greater than 3.0 eV, the light-harvesting ability of
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TiO2 is very limited. The maximum practical efficiency for

hydrogen production using TiO2 is below 0.5%, far from

the target of 10% [5]. There have been numerous attempts

to reduce the bandgap of TiO2 and to shift the absorption to

longer wavelengths in order to increase the water-splitting

efficiency. Some promising techniques include doping the

TiO2 with nitrogen [6] or carbon [7], and producing com-

posite electrodes by including materials with a narrower

bandgap, such as metal sulfides [8]. Tungsten trioxide has

been recently considered as a new photoanode material or

mixture material with TiO2 for water splitting because it

can offer a relatively small band gap of 2.5 eV and cor-

rosion stability in aqueous solutions [9].

The principal impetus toward fabricating nanodimen-

sional materials lies in the promise of achieving unique

properties and superior performance due to their inherent

nanoarchitectures. Since the pioneering work of Fujishima

and Honda [4], vertical electrodes have been used in elec-

tricity and/or hydrogen producing devices from TiO2. New

nanomaterials are currently designed to adapt to the existing

device architectures. The nanotube structure increases the

surface area for electrolyte–electrode contact compared to

random porous structures, and also maximizes the light

absorption rate. There have been several attempts to fabri-

cate ordered TiO2 nanotube arrays by anodization of thick

or thin films of titanium [10]. Titanium dioxide nanotubes

fabricated by anodization are highly ordered, high-aspect-

ratio structures with nanocrystalline walls oriented per-

pendicular to the substrate. The nanotubes have a well-

defined and controllable pore size, wall thickness, and tube

length. The nanotube arrays demonstrate unique material

properties; for example, TiO2 nanotube array-based resis-

tive gas sensors exhibit an amazing 1,000,000,000% change

in electrical resistance upon exposure to 1000 ppm of

hydrogen gas at 23 �C [11, 12].

Titanium dioxide exists in three different crystalline

structures: anatase, rutile, and brookite. The anatase

structure has attracted much attention over the last few

decades for its technological applications. Titanium diox-

ide in the anatase phase exhibits a high photocatalytic

activity, which is promising for the applications proposed

for such areas as environmental purification, decomposi-

tion of carbonic acid gas, and generation of hydrogen gas

by decomposing water using solar energy [13, 14].

The electrolyte composition and applied anodic poten-

tial primarily determine the oxide nanostructure resulting

from anodization. Sulfuric acid has been the most widely

used electrolyte for nonporous TiO2 films formed at lower

potentials. Porous TiO2 films can be formed at higher

potentials due to electrical breakdown of the oxide [15, 16].

In fluoride-containing electrolytes, the anodization of tita-

nium is accompanied by the chemical dissolution of TiO2

due to the formation of TiF6
2-.

Highly ordered nanotube arrays, in place of porous or

nonporous structures, are formed at relatively low poten-

tials (e.g., 10 V) as a result of the competition between the

electrochemical etching and the chemical dissolution [17].

These arrays were reported to be obtained only in either

fluoride-containing acids [16] or in a mixture of fluoride-

containing acids and other acids, including sulfuric acid

[17] and acetic acid [18]. Since the high rate of chemical

dissolution of the oxide in electrolytes containing hydro-

fluoric acid is the factor directly limiting the nanotube

length, our efforts have been focused on controlling the

dissolution rate by adjusting the pH of the electrolyte

through additives and by using different fluorine-contain-

ing salts, such as KF and NaF instead of HF.

Potassium fluoride is totally dissociated in water, with

F- hydrolyzing with water to form HF:

F� þ H2O ¼ HF þ OH� ð1Þ

Therefore, a KF electrolyte, without the addition of

other acids, will result in an alkaline solution. The ultimate

concentrations of F- and HF are determined by the pH of

the solution. Prior to the addition of KF, the electrolyte pH

was adjusted by adding sodium hydroxide, sulfuric acid,

sodium hydrogen sulfate, citric acid, and in one case,

phosphoric acid. By optimizing the anodization conditions,

highly ordered nanotube arrays were produced that were

approximately 6.0 lm in length, an order of magnitude

longer than the previously reported arrays [18].

In this paper, films that contain TiO2 nanotube arrays on

titanium foils were synthesized by anodization in HF-free

aqueous solutions; anatase and rutile phases were obtained

by annealing under controlled temperatures. Analyses by

scanning electron microscopy (SEM), X-ray diffraction

(XRD), and Raman spectroscopy were conducted on the

various synthesized and annealed ATO samples. Then

studies on photoelectrochemical water splitting were car-

ried out with various phases of anodized TiO2 for potential

application in photocatalytic hydrogen production.

Experimental

Preparation of anodized TiO2 nanotube arrays

The original titanium films in this work were prepared from

2.54 9 2.54 cm metallic titanium foils (0.127 mm thick,

Alfa Aesar). Two DC power supplies (6615A 0-60V/0-9A

and 6653A 0-35V/0-15A) were used for the anodization

process under current-limiting conditions, with a Pt plate as

the cathode and Ti foil as the anode. The HF-free aqueous

electrolyte solution contains 1 M (NH4)2SO4 plus 0.5 wt%

NH4F [i.e., 132.05 g of (NH4)2SO4 and 5.25 g of NH4F in

1 L of deionized water]. Ammonium sulfate was purchased
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from Fisher Scientific (purity 99.9%; F.W. 132.14);

ammonium fluoride was purchased from J. T. Baker (Lot

T03668; purity 99.0%; F.W. 37.04). The anodization

involved electrochemical oxidation of titanium into amor-

phous TiO2 and chemical dissolution of the oxide into

soluble titanium fluoride species (TiF6
2-):

In this reaction, H2O ? 2e- ? �O2 ? 2H?, so the

dissolution of oxide occurring due to local acidity at the

bottom of the TiO2 nanotube leads to the progressive

growth of nanotube length.

The synthesis parameters that affect the anodization

include applied voltage, initial current, voltage sweep rate

(i.e., the rate to increase voltage from zero to the target

voltage), concentration of F-, temperature, and anodization

time. A typical anodization procedure involves the fol-

lowing steps: (1) the Ti foil and Pt plate are ultrasonically

cleaned with acetone, isopropanol, ethanol, and deionized

water; (2) after the Ti foil and Pt plate are dried, they are

clipped onto the electrodes of a power supply and posi-

tioned in parallel with an interspacing of *2 cm; (3) a

Teflon container is filled with 50 mL of electrolyte solu-

tion, and the parallel Ti foil and Pt plate are submerged in

the solution without stirring; (4) target anodization poten-

tial and initial current are set to 20 V and 0.020 A,

respectively; (5) the power supply is turned on, and the

anodization is carried out at room temperature (*22�C);

(6) anodization continues for 6 h (usually during anodiza-

tion, the Ti foil surface turns colorful and dark with time);

(7) at the end of the anodization process, the Ti foil surface

is rinsed several times with deionized water; and (8) the

unwanted surface deposits or leftover particles are removed

by ultrasonication in deionized water for about 1 min, and

then the samples are dried in air. For SEM imaging, a small

slice of the ATO foil was cut off and glued onto the SEM

sample holder with conductive carbon paste.

Experimental analyses of ATO samples

SEM imaging was conducted using a Hitachi S-4700

instrument. Nucleation and growth of anodized TiO2 were

analyzed by in situ high temperature XRD (HT-XRD). The

as-anodized sample of TiO2 was heated from room tem-

perature to 800 �C at a heating rate of 400 �C/min in an

inert atmosphere of argon, and the h–2h XRD patterns were

recorded at 30, 300, 400, 500, 550, 600, 650, 700, 750, and

800 �C. For the growth test, as-anodized TiO2 was heated

to 500 �C with the same heating ramp and atmosphere.

Then XRD patterns were recorded for every 5 min for half

an hour. Structure analysis was done by a room tempera-

ture powder XRD analysis.

Raman spectra were obtained using a Renishaw micro-

Raman system (Renishaw Inc., New Mills, UK) equipped

with a 300 mW near-infrared diode laser for excitation at a

wavelength of 785 nm. The laser beam was set in position

with a 509, 0.5 numerical aperture Leica microscope

objective at a spatial resolution of *2 lm. The laser power

was *60 mW at the exit of the objective [19].

Electrochemical measurements

The water-splitting efficiency of a photocatalytic electrode

can be experimentally measured using a three-electrode

electrochemical cell, as shown in Fig. 1. This electro-

chemical cell consists of a working electrode, a platinum

counter electrode, and an Ag/AgCl reference electrode.

The electrodes are immersed in an electrolyte solution

(1 M Na2SO4) contained in a cell fitted with a quartz

window. An Ag/AgCl reference electrode in saturated KCl

(Metrohm AG) was employed for electrochemical mea-

surements in this work. According to the manufacturer’s

calibration, this reference electrode has a potential of

?197 mV versus a normal hydrogen electrode (NHE) at

25 �C. Three square film samples, 100 by 100 in size with an

active area of approximately 4 cm2, composed of amor-

phous, anatase, and rutile phases, were used as the anode

electrode in these photoelectrochemical studies. Electro-

chemical measurements were obtained for both dark and

under illumination conditions.

Prior to the electrochemical measurements, the elec-

trodes were activated by evolving hydrogen under a

UV
Lamp

VWR

A

VWC

Pt Electrode 

Reference
Electrode

Working
Electrode

Porous
Glass

Quartz Window 

Potentiostat

Fig. 1 Schematic representation of the three-electrode cell used for

the photoelectrochemical characterization of titania nanotubes
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potential of approximately 1.4 V for about half an hour.

The same electrolyte as in the photoelectrochemical

experiments was used. This treatment eliminated any sur-

face contamination and activated the electrode surface.

A 1 M sodium sulfate solution was used in our experi-

ments. The ions in the sodium sulfate solution do not

interfere with the reactions on the electrodes due to their

high potentials, unlike the ions in chloride solutions, for

example, which form chlorine gas at the anode. The elec-

trolyte was mechanically stirred during some experiments.

No appreciable differences were found in experiments

conducted under the same conditions with and without

stirring.

UV sunlight was simulated by using an Oriel 6271

mercury lamp. A nominal characterization of the light

intensity can be done by setting the voltage and intensity of

the lamp to constant values. The power density of the

incident light (Io) corresponding to given nominal values

was determined using a light meter placed inside the

electrochemical cell at the anode position without the

electrolyte. Table 1 shows the light intensity measurement

results.

The following experimental procedure was used. First,

we set the desired power in the UV lamp. Second, we set

the desired voltage using a potentiostat. One can conduct

dynamic scans, at a fixed scan rate, or steady-state mea-

surements. We used steady-state measurements in this

work. After applying a given voltage, we recorded the

photocurrent changes until steady-state was achieved. The

system showed evidence of hysteresis. Therefore, it was

important to obtain two sets of measurements: one in the

direction of increasing applied potential (anodic scan) and

another in the direction of decreasing applied potential

(cathodic scan). In these experiments, it was easier to reach

steady-state conditions using decreasing scans rather than

increasing scans. The two sets of data showed significant

differences sometimes. Steady-state data normally agree

regardless of the scan direction. However, it took more

time to reach steady-state in the case of continuously

increasing potential than in the case of continuously

decreasing potential. A good discussion about such obser-

vations can be found in Torres et al. [6].

Once steady-state was achieved, we recorded the overall

voltage, current intensity, and anodic voltage with respect

to the reference electrode. The dark current values were

determined in the same conditions, but without illumina-

tion. The open circuit voltage was determined by

measuring the applied voltage after setting the circulating

photocurrent to zero.

The efficiency, g, of the water-splitting reaction was

determined using the equations proposed by Khan et al. [7].

The photoconversion efficiency (g) of light energy to

chemical energy in the presence of an externally applied

potential (Eapp) can be expressed as,

g ¼ fTotal power output

� Electrical power inputg=Light power input; ð2Þ

or

g ¼ fJp½1:23 V� Eapp�=Iog ð3Þ

where Jp is the photocurrent density, defined as the mea-

sured current density under illumination minus the dark

current at the same applied voltage; 1.23 V is the potential

corresponding to the Gibbs free energy change per electron

for water-splitting reaction; Eapp = Emea - Eaoc. Emea is

the working electrode potential relative to the reference

electrode under illumination; Eaoc is the electrode potential

at open circuit condition in the same electrolyte solution

and under the same illumination of light at which was

measured; and Io is the flux of incoming radiation experi-

mentally measured [7].

Results and discussion

SEM examination

The surface morphology of the nanostructures formed in

the anodized films, as observed from the SEM micrographs

is shown in Fig. 2. The as-anodized TiO2 film shows good

arrays of nanotubes (80 nm in diameter and *0.5 lm in

thickness, Fig. 2a, b). After annealing at 500 �C in flowing

of Ar gas at 1 atm for 30 min, the morphology of the

nanotubes was still maintained (Fig. 2c). However, after

annealing at 800 �C in Ar for 30 min, the nanotube array

structure had been transformed into crystalline pores with

random orientation (Fig. 2d).

Nucleation and growth analysis by in situ HTXRD

The structure of the as-anodized film of TiO2 nanotube

arrays is amorphous. Post-annealing of the amorphous

Table 1 Relationship between lamp power and light intensity

Current (A) Voltage (V) Lamp power (W) Io (mW/cm2)

6 25 150 396

6 23 138 354

5 22 110 262

5 20 100 231

4 22 88 195

4 20 80 172

3 21 63 125

2 20 40 68

1 18 18 24

J Mater Sci (2009) 44:2820–2827 2823

123



films at different temperatures under controlled atmo-

spheres produced crystalline phases of anatase and rutile.

Nucleation and growth characteristics of the anodized TiO2

films are shown in Figs. 3 and 4. The nucleation of anatase

TiO2 starts at 400 �C and remains the same up to 700 �C,

when the rutile phase starts to nucleate in the presence of

the anatase phase. With an increase in the temperature, the

rutile phase becomes dominant over the anatase phase.

When the TiO2 sample was heat-treated directly at 500 �C,

the nucleation of the anatase phase was instantaneous, and

the intensity saturation occurred within 5 min (Fig. 4).

With an increase in the heat treatment time, the anatase

phase remained stable without the formation of any other

secondary phases.

Fig. 2 Top and cross-sectional

scanning electron microscope

images of TiO2 nanotubes.

Surface of the anodized TiO2:

a as-synthesized, b cross-

sectional view, c annealed at

500 �C in Ar for 30 min, and

d annealed at 800 �C in Ar for

30 min
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Fig. 3 In situ high temperature X-ray diffraction to monitor the

nucleation and growth of crystalline phases in an anodized TiO2 film

at various annealing temperatures
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Fig. 4 High temperature X-ray diffraction analysis on phase trans-

formation and growth with time at a constant temperature. Both

titanium (Ti) and anatase (A) phases are clearly indexed
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Structure analysis by XRD

Room temperature XRD patterns were collected for the

starting as-received titanium metal foil, as-anodized TiO2,

and annealed TiO2 at 500 �C and 800 �C under argon

atmospheres. The heating rate was 300 �C/min, so the time

to reach 500 �C and 800 �C were approximately 2 and

3 min, respectively, and the total hold time at each target

temperature was 1 h in both the cases. The as-received

metal foil is polycrystalline in nature with a slight (002)

orientation that can be seen in Fig. 5. It is clear from Fig. 5

that the as-anodized TiO2 is amorphous; however, when

heat-treated at 500 �C, a pure polycrystalline anatase TiO2

phase evolves. A pure rutile TiO2 phase was observed after

heat treatment at 800 �C, which indicates that the TiO2

structure can be controlled through manipulation of the

heat treatment procedure, temperature, and gas atmosphere.

Raman spectral analysis

The anatase TiO2 has six Raman active modes in the

vibrational spectrum: A1g ? 2B1g ? 3Eg [20–22]. From

the single-crystal data, the following allowed bands were

determined: 144 cm-1 (Eg), 197 cm-1 (Eg), 399 cm-1

(B1g), 513 cm-1 (A1g), 519 cm-1 (B1g), and 639 cm-1

(Eg). By contrast, rutile TiO2 has four Raman active

modes: A1g ? B1g ? B2g ? Eg. From the single-crystal

data, the following allowed bands were determined:

143 cm-1 (B1g), 447 cm-1 (Eg), 612 cm-1 (A1g), and

826 cm-1 (B2g) [20–22]. Figure 5 compares Raman spec-

tra obtained on the ATO after annealing at 500 �C, 800 �C,

and 900 �C in pure argon. Samples annealed at 500 �C

confirmed the presence of anatase phase (four allowed

modes in the range of 300–800 cm-1). Similarly, samples

annealed at 800 �C and 900 �C confirmed the presence

of a rutile phase (two allowed modes in the range of

300–800 cm-1). These results are in good agreement with

XRD data obtained on the samples and thus provide direct

evidence of the phase transformation from anatase (at

500 �C) to rutile (at 800 �C and 900 �C) in the annealed

ATO samples. The peak broadening in some of the samples

could be due to the decreased crystalline sizes for these

vibrational modes (see Fig. 6).

The variation of structure with temperature has been

studied by Varghese et al. [10] who reported that the

nanotube structure changes during the phase transition of

amorphous to anatase and anatase to rutile by a temperature

increase. Anatase is obtained from the amorphous phase at

about 280 �C. It was reported that at about 400 �C, anatase

crystals began to transform into rutile and, at about 580 �C,

the transformation was complete. This transformation is

accompanied by shrinking of the nanotube size. After this

temperature, the authors found that the nanotube structure

collapses into a random porous material. Our results con-

firmed these findings [7].

Electrochemical measurements

In the cases of rutile and anatase films, a significant change

in the color of the anode surfaces was observed in all the

electrochemical characterization experiments. The surface

of the electrodes turned dark purple after photoillumina-

tion. This change was negligible in the case of amorphous

films. The purple color persisted even after the experiments

and could only be removed by vigorous polishing of the

electrode. The reason for the color change is believed to be

due to electron excitations in transition metals (to d orbi-

tals), which are known to produce strong colorations and/or

color changes.

The variation of measured current with increasing

applied voltages for different films under UV illumination

is shown in Fig. 7. The photocurrent density values

XRD patterns for Ti and TiO2
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Fig. 5 Powder X-ray diffraction patterns obtained on the Ti metal,

anodized TiO2 (ATO), and annealed ATO samples
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Fig. 6 Raman spectroscopy of annealed anodized TiO2 samples. All

the peaks are assigned with the active modes
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determined with anode illumination (photocurrent) showed

only a slight increase with respect to the values measured

without illumination (dark current) for the amorphous

material. The photocurrent values increased as the applied

potential increased for all the materials. Anatase films

showed the highest current increase at all applied voltages,

followed by the rutile films, the amorphous films showed

only a small increase.

Figure 8 shows the influence of light power intensity on

the photocurrent values. Nominal light intensity values are

used in the figure. The equivalent light densities are shown

in Table 1. In the case of anatase, higher light powers

generated higher photocurrent values at high applied volt-

ages. However, the measured photocurrent results are

similar at low applied voltages. This observation coincides

with the results of Torres et al. [6], who postulated that, at

lower voltages, the photocurrent is controlled by the

internal characteristics of the material and not by the

externally applied voltage. Similar results were measured

for rutile films as well. At high photocurrent conditions, the

presence of gas bubbles was observed on the surfaces of

the Pt electrodes. In case of long experimental runs (more

than 3 h), the volume of gas generated was determined, and

simple tests showed that the gas was hydrogen.

Figure 9 shows the efficiency calculated using Eq. 3 for

anatase films under different light intensities. The effi-

ciency curves show a maximum for all the light intensity

values. The value of the efficiency increases as the incident

photon energy increases. The maximum values determined

for the anatase phase were approximately 5.9%. In the case

of rutile, the maximum efficiency value was determined to

be 3.8%. The maximum was located at approximately

0.8 V for lamp nominal powers of 80, 100, and 150 W. The

measurements conducted at a nominal power of 100 W

(Io = 231 mW/cm2) showed the highest efficiencies fol-

lowed by the 150 W measurements. All the values are

applied voltages relative to the reference Ag/AgCl

electrode.

The efficiency values shown in Fig. 9 are below values

reported in literature for nitrogen doped titania films (Mor

et al. [2], Khan et al. [7]). In this work light scattering

through the walls of the electrochemical cell could provoke

a smaller ‘effective’ light intensity on the electrode.

Mor et al. [2] reported an efficiency of about 12.25%

obtained for titanium dioxide samples annealed in the

range of 580–620 �C. The authors proposed that the

increase in photocurrent and efficiency are due to the

increased crystallinity of the nanotube-walls, with the

reduction of the amorphous regions and grain boundaries

[2]. Khan et al. [7]) reported a maximum photoconversion

efficiency of 8.35% using a chemically modified n-TiO2

produced by pyrolysis of a titanium metal sheet. The

authors claimed that carbon atoms replaced some of the

oxygen lattice atoms producing absorption of light at

wavelengths below 535 nm and reducing the material band

gap energy to 2.32 eV vs. 3 eV in rutile and 3.2 eV in

anatase.
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It is widely accepted in the open literature that rutile

exhibits lower photocatalytic activity than anatase [23–27].

This effect is generally attributed to differences in the

electronic structure and not to differences in surface area

values. The different behavior of rutile and anatase was

initially attributed to the different position of the conduc-

tion-band (more positive for rutile) and to the higher

recombination velocity of electron-hole pairs photopro-

duced in rutile [23, 24]. Other authors [25] postulated that

the photocatalytic activity of different surfaces is influ-

enced both by defect concentration and by the atomic

makeup of the states close to the Fermi level. Under

identical surface preparations, the 101 anatase surface has

stronger defect-state intensity relative to the valence band

maximum (VBM) than the equivalent 110 rutile surface. In

terms of the atomic character of the states close to the

Fermi level, the anatase 101 surface is different from rutile

110 surfaces, in that it shows markedly less Ti 3d or 4sp

character in the states around the VBM. This in turn means

that the states at the conduction-band minimum should be

of quite pure Ti 3d character with little mixing with O 2p.

This conclusion leads to efficient localization of the con-

duction-band electron created by photoabsorption in a state

of Ti3? character preventing hole-electron recombination

[25].

Conclusions

Titanium-oxide nanotube arrays in the form of films on the

surface of titanium have been synthesized by anodization

of titanium metal foil in HF-free aqueous solutions. An as-

prepared ATO film is amorphous; however, it becomes

anatase with maintained nanotube array morphology after

being annealed at 500 �C in an argon atmosphere. At

800 �C, a pure rutile crystalline phase can be obtained, but

with the loss of nanotube array morphology. Application of

UV light produced a significant increase in the measured

photocurrent values for both the anatase and the rutile

films. Anatase films showed the highest increase in pho-

tocurrent generation. The interaction between the TiO2

nanotubes at the anode and the incident UV light was

confirmed by the color change of the electrode. Anatase

films showed the highest efficiency of all the tested mate-

rials, about 5.9%. Rutile films showed a maximum value of

3.8%. These results demonstrate that one can use light to

generate photocurrent and produce hydrogen by water

splitting.
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