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Nanoporous titanium oxide thin films were manufactured at
room temperature by anodization of commercial titanium
plate in the aqueous solution containing 0.5 % hydrofluoric
acid at constant voltage (10, 15, 20, 25 and 30 V) during 20
minutes. The subsequent annealing immediately after growing in air at temperature 550 °С during one hour was carried
out for manufacture of semiconductor crystalline thin film
photoelectrodes made of ТiО2-x.

The element analysis and surface structure of produced titanium oxide films were investigated. Thickness of films, the
average diameter and wall thicknesses of pores were determined. The current-voltage characteristics of manufactured
nanostructure titanium oxide photoelectrodes were measured.
The dependences of photoelectrolysis current density on
technological modes of preparing of the titanium oxide films
were investigated.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Efforts in the field of development of
new technologies for manufacturing of nanostructured
photoelectrodes and investigations of peculiar properties of
their photoelectrochemical behaviour became especially
more active in last years (see, in particular, [1-4]). Thin
film photoelectrodes with nanoporous structure are desirable for photoelectrochemical splitting of water due to
their large surface area and high catalytic activity. The estimation showed that, per se, only near-surface space of a
compact semiconductor photoelectrode (~10-6 cm) is the
actively working part. Therefore, the use of thin film photoelectrodes will probably prevents undesirable ohmic
losses in system and, at the same time, supplying a large
effective working surface area and high catalytic activity.
Transition metals oxides remained in the center of attention of scientists as suitable semiconductor materials for
photoelectrode-catalysts for the photoelectrolysis of water
because the problem of stability is basically solved. In particular, titanium dioxide, TiO2, is a well studied catalytic
material for many photocatalytic and photoelectrochemical
applications. TiO2 combines good electrical properties with
high catalytic activity. Therefore, interest in semiconductor
photoanodes made of the titanium dioxide, which is characterized by excellent stability against photo corrosion

over a wide pH range and is relatively inexpensive, has renewed. Аt the same time, a possibility of the manufacture
of nanostructured photoanodes, owing to high surface area
and improved charge separation kinetics, became a basic
direction of investigations. Several techniques have been
reported to preparation oxide films, for example, thermal
vapor in vacuum, dc or rf magnetron sputtering, chemical
vapor deposition, sol-gel and other. There is a growing interest in the manufacturing of titania nanotubes by anodization [5-14]. The aim of this work was the manufacture of
semiconductor nanoporous photoanodes made of thin film
titanium oxide by anodization of pure titanium plates at an
constant voltage and investigation of their photoelectrochemical behaviour.
2 Manufacture of titanium oxide photoelectrodes We used a technology of manufacturing of titanium oxide thin films by the anodization of titanium sheets
in aqueous solutions of hydrofluoric acid at a constant
voltage. Anodic or electrochemical oxidation is one of
processes of oxide film manufacture on the surface of metals or semiconductors at anodic polarization in oxygen
containing media. The mechanism of the anode oxidation
is connected with the transfer of metal and oxygen through
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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growing oxide layer under the influence of the electric
field in oxide film. The titanium oxide layer is not deposited on the surface of a titanium plate from a solution. The
titanium oxide film is the product of the oxidation of the titanium anode. Advantages of this method are low powerconsuming anodic oxidation process and its ecological purity, simple setups, a possibility of manufacturing films
with different morphological structures and complex geometric configurations, a high-degree of controllability of
the growth of films allow fabricating films with reproducible and stable characteristics.
The commercial titanium plate (anode with the area
~1 cm2) and platinum counter electrode were located in a
Teflon vessel. Preliminary titanium plates (trademark BT10 with content 99.31 at.% Ti and 0.69 at.% Al) were degreased, etched in 20 % solution of nitric acid with the
adding of hydrofluoric acid and washed in cold bidistilled
water. The aqueous solution containing 0.5 weight % HF
was used for an anodic oxidation process. Titanium oxide
films have been grown at voltages Ugrowth=10, 15, 20, 25,
and 30 V. The anodizing voltages were kept constant during the entire process. The growth time of films was 20
minutes. The acetic acid was added to the electrolyte (in
ratio 0.5 weight %HF:CH3COOH=7:1) for hardening films
which were growing the voltage below 20 V. The acetic
acid does not influence the morphology of titanium oxide
thin films. All anodization experiments were carried out at
room temperature with continuous agitation by an electric
stirrer. Films were carefully washed in distilled water and
were dried at 50 °С after growing.
As known, as-prepared films are amorphous. Therefore, the subsequent annealing was carried out for their
crystallization. The prepared films were exposed to the
subsequent annealing immediately after growing in the air
at temperature 550 °С (with of rate of heating ~ 2 °C/min)
during 1 hour.
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As-prepared amorphous films before annealing contained about identical amounts of the titanium and oxygen
and ~ 5 at.% fluorine. Results after annealing in air are
presented in Table 1. It is shown that the amount of fluorine sharply decreases and the content of oxygen increases
during annealing in air that provides origination of polycrystalline TiO2-x phase.
SEM analysis shows that anodized titanium oxide thin
films have nanoporous structure with a typical pore size of
20-30 nm. The SEM image of titanium oxide films
(Ugrowth= 30 V) before and after the annealing are shown in
Fig. 1.
a)

b)

3 Results and discussion The elemental analysis
of titanium oxide thin films and investigations of their surface were carried out using the SEM Vega 5130 MM
(TESCAN) microscope. The thickness of the prepared
films was measured using the Ambios XP-1 Stylus Profiler.
Table 1 The results of element structure analysis of titanium oxide thin films.
Ugrowth,
V
10
15
20
25
30
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The element structure of films
Ti, at.%
O, at.%
F, at.%
26.15
71.99
1.86
31.55
66.57
1.88
31.50
68.50
33.10
65.64
1.26
30.21
67.73
2.06

Figure 1 The SEM image of titanium
Figure 1 oxide
The SEM
of titanium
filmsimage
prepared
at 30 Voxide
beforefilms prepared at 30(a)
V and
before
(a)
and
after
(b)
treatment
after (b) treatment in the air. in the air.

The average diameter and wall thickness of pores were
determined (Fig. 2 and Table 2). As shown from Table 2,
the average diameter of pores is increased when the growing voltage is raised, but the average wall thickness of
pores hardly depends on voltage of film growth. Thicknesses of obtained films are presented in the Table 2.
Investigations of the photoelectrolysis current were
carried out under mercury lamp illumination with power of
250 W. These measurements were carried out in heteroge-
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a)

b)

Table 2 The parameters of titanium oxide thin films.
Ugrowth,
V

Thickness
of film, nm

Average diameter
of pores, nm

Average wall
thickness of
pores, nm

10
15
20
25
30

51.7
200.0
317.1
275.3
200.6

19.8
22.4
26.0
29.2
27.9

45.7
36.4
55.0
45.5
47.5

-0.74 V for investigated photoelectrodes, though dependence on voltage of anodizing process was not observed.
Note that photocatalytic properties of the prepared
nanoporous TiO2 photoanodes improve after several measurements of current-voltage characteristics. Probably, the
electrode polarization leads to opening of new operating
channels and increases thereby an effective working surface.
As is known, the flat band potential of semiconductor
photoanodes made of TiO2-x is more positive than potential
of hydrogen evolution. Аs a result of this a photoelectrolyI, mA
20 V

9

light

7

10 V

5

3

Figure 2 Determination of diameter pores (a) and
Figurewalls
2 Determination
of of
pores
(a) andoxide
wall thickthicknesses of
ofdiameter
pores (b)
titanium
ness of films
poresprepared
(b) of titanium
oxide films prepared at 25 V.
at 25 V.

neous photoelectrochemical cell (anodic and cathodic
compartments were separated by the ion-exchange membrane (trademark MF-4CK) and were filled with aqueous
5N NaOH and 5N H2SO4 electrolyte, correspondingly). A
Pt foil acted as the counter electrode.
The current-voltage characteristics of manufactured
photoanodes made of thin film titanium oxide were measured in the same cell using the automatized setup connected to the computer. These measurements were carried
out in darkness and at illumination under mercury lamp
with power of 250 W. Light intensity was kept constant
during measurements.
Typical current-voltage characteristics of prepared thin
film nanoporous titanium oxide photoelectrodes are presented in Fig. 3. The dark current is practically absent. The
anodic photocurrent onset potential was determined from
these light characteristics. It varies in the range of -0.88 –
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 The current-voltage characteristics for photoanodes

Figure
3 The current-voltage characteristics for photoanodes
made of thin film titanium oxide grown at 10 and 20 V during
made of thin film titanium oxide grown at 10 and 20 V during
20 minutes and annealed during one hour.
20 minutes and annealed during one hour.

sis process takes place in a homogeneous cell with
photoanodes made of TiO2-x only if an additional energy
from an external source is applied. Therefore we use the
heterogeneous cell. Such cell with the difference рН = 13
between anode and cathodic compartments provides necessary displacement of energy levels. As a result, photoelectrolysis process occurs without external bias in the heterogeneous cell with the investigated TiO2-x anodized
photoanodes.
The dependence of photocurrent density on anodizing
voltage was investigated (Fig. 4). The largest photocurrent
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was observed on photoanodes which have been grown at
the voltage up at 20 V. Note that these photoelectrodes
have the largest thickness of films and wall thickness of
pores at rather small diameters of pores. Probably, these
photoelectrodes have largest effective working surface.
2

9

j, mA/cm

TiO2 photoelctrodes. The largest rate of the hydrogen evolution in heterogeneous photoelectrochemical cell without
application of external energy under the mercury lamp illumination with power of 250 W was observed on the thickest films (~ 300 nm), which were anodized at 20 V. The
rate of the hydrogen evolution was equal ~ 276 μmol/h.cm2
at such condition.
Acknowledgements These investigations were carried out
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Our measurements and estimations show that the rate
of the hydrogen evolution was ~ 276 μmol/h.cm2 in heterogeneous cell without external bias under the mercury
lamp illumination with power of 250 W for photoelectrode
made of thin film titanium oxide grown at 20 V during 20
minutes.
4 Conclusion
Thus, we have manufactured and investigation semiconductor nanoporous thin film TiO2-x photoelectrodes by
the method of the anodization of titanium plates in the
0.5 % HF at on constant voltage in the course of 20 minutes. Polycrystalline TiO2-x phase is originated during annealing of films in air. SEM analysis shows that prepared
titanium oxide thin films have nanoporous structure with a
average diameters of pores ~25 nm and average wall
thicknesses of pores ~45 nm. Thickness of prepared films
was equal ~ 200-300 nm. The anodic photocurrent onset
potential was equal to ~ -0.8 V for investigated anodizing
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