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Abstract Nanowire TiO2 thin films were successfully

prepared on Ti metal substrates by hydrothermal treatment of

calcined Ti foils in 10 M NaOH. The nanowire TiO2 thin films

exhibited much larger surface area and higher photoelectro-

chemical performance than the TiO2 thin films prepared on Ti

metal substrates by the calcination of Ti foil. These nanowire

films were shown to act as an efficient photoanodes for the

photoelectrochemical water splitting reaction.
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1 Introduction

Titanium oxide (TiO2) materials have been extensively

investigated in areas such as photocatalysis and solar cells

due to such advantages as their low cost, high photocatalytic

reactivity and chemical stability [1–3]. It is known that

various factors, such as its particle size [4–6], surface area

[7], and crystallinity [7–10], affect the photocatalytic activ-

ity of TiO2. Therefore, the precise control of these

parameters can be considered essential in obtaining highly

active TiO2 photocatalysts. Since the pioneering work of

Kasuga et al. [11, 12] in which TiO2 nanotubes were pre-

pared by the simple one-step hydrothermal treatment of TiO2

crystals with a NaOH aqueous solution, various studies on

the synthesis of nanostructured TiO2, such as nanotubes

[13–15], nanowires [16, 17], and nanofibers [18], have been

carried out. However, most of the nanostructured TiO2 pre-

pared by hydrothermal treatment are obtained in powder

form of neither anatase nor rutile phase [13, 17, 18] and are

difficult to handle for practical or industrial use [19, 20].

Therefore, these TiO
2

materials exhibit low photocatalytic

activity. The development of nanostructured TiO2 thin films

with good crystallinity would, therefore, be of great impor-

tance not only as effective photocatalysts but also for such

applications as gas sensors, photovoltaic cells, high surface

area electrodes, etc. Along these lines, we have successfully

prepared nanowire TiO2 thin films by hydrothermal treat-

ment of calcined Ti foil in NaOH aqueous solution. These

films were shown to exhibit a remarkable enhancement in the

photoelectrochemical oxidation of water under UV light

irradiation [21]. Moreover, Yang et al. [22] have also

reported the formation of rutile nanotube-like TiO2 elec-

trodes using a similar method.

In the present work, nanowire TiO2 thin films have been

prepared by a simple hydrothermal treatment and their

characteristics, photoelectrochemical properties, and pho-

tocatalytic activities for the water splitting reaction have

been investigated.

2 Experimental

2.1 Preparation of TiO2 nanowire thin films

TiO2 thin films (TiO2/Ti) were prepared on a Ti metal

substrate by calcining Ti metal foil of 0.25 mm thickness at
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873 K for 5 h in air. These TiO2 thin films were then

subjected to reactions with 10 M NaOH aqueous solution

in a Teflon-lined stainless autoclave and kept for 12–72 h

at 393 K. After cooling to room temperature (rt), the films

were washed in 0.1 M HCl solution and nanowire TiO2

thin films were obtained. These nanowire films were

referred to as nw-TiO2(X)/Ti, where X is the time (h) of

hydrothermal treatment.

2.2 Photoelectrochemical Measurements

The photoelectrochemical properties of the TiO2 thin film

electrodes were evaluated using a potentiostat (HZ3000,

Hokuto Denko). The three-electrode cell consisted of the

TiO2 thin film electrode, a Pt electrode and a saturated

calomel electrode (SCE) as the working, counter and ref-

erence electrodes, respectively. The working electrode was

irradiated from the front side (light incident on the elec-

trolyte/electrode interface) by a 500 W Xe lamp or 500 W

high pressure Hg lamp in 0.25 M K2SO4 solution which

was mechanically stirred and purged with 99.99% pure Ar

gas before and during the experiment. The area of the

working electrode exposed to light was about 0.2 cm2. The

incident photon to current conversion efficiency (IPCE),

defined as the number of electrons collected per incident

photon, was determined by measuring the photocurrent

(Iph) of the electrodes at each excitation wavelength and by

using the following equation [23, 24]:

IPCEð%Þ ¼f½1240� IphðA=cm2Þ�=½kðnmÞ
� IincðW=cm2Þ�g � 100

where Iinc is the incident light intensity (W/cm2), and k is

the excitation wavelength (nm). Light irradiation was car-

ried out using a 500 W Xe arc lamp with an interference

filter (kmax = 360 nm, half width: 22.9 nm). The incident

light intensity (Iinc) was measured by a laser power meter

(Iinc = 435 lW/cm2).

2.3 Photoelectrochemical Reactions

The separate evolution of H2 and O2 from water was

investigated using an H-type Pyrex glass container con-

nected to a vacuum system (10–3 Pa) and the detailed

experimental procedures are described in previous litera-

ture [25, 26]. The back side of TiO2/Ti or nw-TiO2(X)/Ti

where the Ti metal surface is exposed was deposited with

Pt by a radio frequency (RF) magnetron sputtering depo-

sition method with an RF power of 70 W under a substrate

temperature of 298 K. These Pt-loaded TiO2 thin films

were referred to as TiO2/Ti/Pt and nw-TiO2(X)/Ti/Pt. The

container consists of two water phases separated by a TiO2

thin film and proton-exchange membrane (Nafion film).

Prior to the reaction, the reaction cell was de-aerated by

purging with 99.99% pure Ar gas for 3 h. Light irradiation

was carried out with a 500 W Xe arc lamp through the

reaction cell and the evolved H2 and O2 were analyzed by a

gas chromatograph (GC, G2800-T, Yanaco) with a thermal

conductivity detector (TCD).

2.4 Characterizations

The crystal structure of the TiO2 thin films was investi-

gated by X-ray diffractometer analysis (XRD, XRD-6100,

Shimadzu). The morphologies of the TiO2 thin films were

observed by scanning electron microscopy (SEM, S-4500,

Hitachi) and the surface compositions of the TiO2 thin

films were obtained by X-ray photoelectron spectroscopy

(XPS, ESCA-3200, Shimadzu).

3 Results and Discussions

Figure 1 shows the SEM images of the TiO2/Ti thin films

before and after hydrothermal treatment in 10 M NaOH

aqueous solution. After 12 h hydrothermal treatment, the

nanowire structures could be partially observed on the Ti

substrate. The nw-TiO2(24)/Ti exhibited complicated sur-

face structures consisting of the numerous stacking of

nanowires having a diameter of around 30–50 nm and

showing a remarkable contrast to TiO2/Ti which has a

smooth flat surface. Furthermore, it was found that the XPS

spectra of the nw-TiO2(X)/Ti thin films show only the

peaks assigned to Ti 2p and O 1s and no peak assigned to

Na 1s, showing that Na+ ions are effectively removed by

washing with HCl aqueous solution after hydrothermal

treatment (data not shown).

The effect of hydrothermal treatment on the surface area

of the TiO2/Ti thin films was investigated by BET surface

measurements using krypton gas as the adsorbate. As

summarized in Table 1, the surface area of the TiO2/Ti thin

film increased as the time of hydrothermal treatment

increased. The surface area of nw-TiO2(48)/Ti was 15

times larger than that of TiO2/Ti. Figure 2 shows the XRD

patterns of the TiO2/Ti and nw-TiO2(X)/Ti thin films. The

TiO2/Ti film shows XRD peaks due to the Ti metal and

rutile phase, while the peak intensity of the rutile phase for

the nw-TiO2(X)/Ti films decreased depending on the length

of hydrothermal treatment. It has been reported that

nanotube materials obtained by the reaction of TiO2 pow-

der with concentrated NaOH are composed of a layered

titanate, such as NaxH2–xTi3O7, H2Ti4O9�H2O, H2Ti2O4

(OH)2, etc., rather than anatase or rutile phase TiO2 [13, 17,
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18]. However, nw-TiO2(X)/Ti thin films show no XRD

peak at around 2h = 10� due to the layered titanate.

Nanostructured TiO2 films are photoactive as they

undergo charge separation when subjected to the following

band gap excitation (1):

TiO2 þ hm! TiO2ðeCB þ hVBÞ ð1Þ

where eCB and hVB represent the conduction band electrons

and valence band holes, respectively. The photogenerated

electrons can be readily collected at the conducting surface

in a photoelectrochemical cell [23, 27]. Photoelectro-

chemical measurements were performed using a standard

three-electrode system consisting of a working electrode

(TiO2/Ti, nw-TiO2(X)/Ti), Pt wire counter electrode and

SCE reference electrode in an Ar-purged 0.25 M K2SO4

aqueous solution. Figure 3 shows the current–potential

curves of the TiO2/Ti and nw-TiO2(X)/Ti electrodes. Dark

currents were negligible under scanning potentials of –0.5

to +1.5 V vs. SCE, while the anodic photocurrent increased

with an increase in the anodic bias. The observed photo-

current represents the anodic oxidation of water to oxygen

by the photogenerated holes at the nw-TiO2(X)/Ti film

electrode under UV light irradiation. Moreover, it can be

seen that the photocurrent increased with an increase in the

treatment time, reaching a plateau at 48 h and suggesting

Fig. 1 SEM images of (a)

TiO2/Ti and (b–d) nw-TiO2(X)/

Ti thin films. The (d) image

shows a lower magnification

image of (c)

Table 1 Surface areas of TiO2/Ti and nw-TiO2(X)/Ti thin films

Sample Abet
a (cm2)

TiO2/Ti 26

nw-TiO2(12)/Ti 80

nw-TiO2(24)/Ti 167

nw-TiO2(48)/Ti 414

nw-TiO2(72)/Ti 428

a Sample size: 5 · 20 mm2
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Fig. 2 XRD patterns of (a) TiO2/Ti and (b–e) nw-TiO2(X)/Ti thin

films
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that nw-TiO2(X)/Ti electrodes exhibit much higher photo-

current than the TiO2/Ti electrode. The nw-TiO2(X)/Ti

films have the advantage of having a short diffusion length

of the photoformed holes in the bulk to surface. Moreover,

the electrolyte solution can penetrate into the interspaces

throughout the film. The incident photons are also more

efficiently absorbed on film having a rough surface than a

flat one since light trapping through scattering at the sur-

face of the structure is enhanced on a rough surface [28]. In

order to investigate the stability of nw-TiO2(48)/Ti, cur-

rent–potential curves were measured repeatedly under

irradiation with the full arc of a 500 W high pressure Hg

lamp. Although the anodic photocurrent slightly decreased

with repeated scanning, it approached a saturated value of

around 7.5 mA after 1 h. These results suggest that the

nanowire structure is kept stable during the reaction and the

photocurrent is not based on the oxidation of nw-TiO2(48)/

Ti itself but on the oxidation of water. In fact, no noticeable

changes in the SEM images nw-TiO2(48)/Ti before or after

photoelectrochemical measurements could be observed.

Figure 4 shows the photocurrents observed for the TiO2/Ti

and nw-TiO2(48)/Ti electrode as a function of the wave-

lengths controlled by the cut-off filters. Light irradiation

was carried out with a 500 W Xe arc lamp. As shown in

Fig. 4, the nw-TiO2(48)/Ti electrode exhibited a higher

photocurrent than the TiO2/Ti electrode and the onset of

the photocurrent for both nw-TiO2(48)/Ti and TiO2/Ti

electrode was observed at a wavelength of around

400–410 nm, corresponding to the energy gaps for rutile,

3.0 eV. The incident photon to current conversion effi-

ciencies (IPCE) of TiO2/Ti and nw-TiO2(48)/Ti electrode

under UV light irradiation (k = 360 nm) were determined

to be 13.1 % and 23.7 %, respectively.

The photocatalytic activity of TiO2/Ti/Pt and nw-

TiO2(48)/Ti/Pt was investigated for the separate evolution

of H2 and O2 from water under UV light irradiation. The

TiO2/Ti/Pt or nw-TiO2(48)/Ti/Pt photocatalyst was moun-

ted at the center of an H-type glass container, separating

the two aqueous solutions, as shown in Fig. 5. A Nafion

film was also mounted on the H-type glass container to

provide the electrical connections which allowed the

electron transfer between the two separated aqueous pha-

ses, playing the same role as a salt bridge between two

aqueous phases. The TiO2 side of the photocatalyst was

immersed in 1.0 M NaOH and the Pt side was immersed in

0.5 M H2SO4 aqueous solution in order to add a small

chemical bias to assist the electron transfer from the TiO2

to Pt side through the metal substrate. Figure 6 shows the

separate evolution reaction of H2 and O2 under irradiation

with the full arc of a 500 W Xe lamp. Water was decom-

posed into H2 and O2 separately with a good linearity

against the irradiation time and nw-TiO2(48)/Ti/Pt exhib-

ited much higher activity than TiO2/Ti/Pt. It was, thus,

clearly shown that the observed photocurrent is attributed

not to the irreversible oxidation of nw-TiO2(48)/Ti, but to

the photoinduced oxidation of water to O2. Previously, we

showed that TiO2 thin films which act as efficient

photoanodes for the photoelectrochemical water splitting

reaction also exhibit high photocatalytic activity for such

significant reactions as the purification of toxic compounds

in polluted water and air as well as the decomposition of

water [24–26]. These results indicate that the nanowire

TiO2 thin film can act as an efficient photocatalyst for the

decomposition of water for the separate evolution of H2

and O2 from H2O under UV light irradiation. Highly active

nanowire TiO2 thin films could, thus, be easily prepared

using low cost materials such as Ti foil.
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Fig. 3 Current–potential curves of (a) TiO2/Ti and (b–e) nw-

TiO2(X)/Ti thin films. Light source: 500 W high pressure Hg lamp

P
h

o
to

cu
rr

en
t 

/ m
A

Wavelength / nm

0

0.3

0.6

0.9

1.2

1.5

1.8

300 350 400 450

Fig. 4 The relative photocurrent as a function of the cut-off

wavelength of incident light for (•) TiO2/Ti and (j) nw-TiO2(48)/

Ti measured in 0.25 M K2SO4 aqueous solution at +1.0 V vs. SCE

220 M. Kitano et al.

123



4 Conclusions

Nanowire TiO2 thin films (nw-TiO2/Ti) were synthesized

by hydrothermal treatment of calcined Ti foil (TiO2/Ti) in

10 M NaOH aqueous solution at 393 K. The surface area

of nw-TiO2/Ti was 15 times larger than that of TiO2/Ti.

The nw-TiO2/Ti electrode was found to exhibit higher

photocurrent than TiO2/Ti due to the short diffusion length

of the photoformed holes from the bulk to surface. More-

over, the nw-TiO2/Ti photocatalyst exhibited higher

photocatalytic reactivity for the separate evolution of H2

and O2 under UV light irradiation than TiO2/Ti, thus,

showing the potential for various applications as functional

photocatalysts and photoelectrodes.
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