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Abstract The photosensitivity of the titanium dioxide films on
titanium substrate formed by the electrochemical, thermal, or
sol-gel method was compared under the same conditions. The
surface topologies of the samples were characterized by the
atomic-force microscopy. It was found that the comparable in-
creases of the sample photopotentials were observed either after
the introducing of F -containing component into the anodizing
solution or after the annealing of pure titanium at 500 °C. The
cumulative effect of the anodic oxidation and further heat treat-
ment of titanium on /PCE of Ti|TiO, system was established.

Keywords Titanium dioxide - Thin films - Photocurrent -
Electrooxidation - Heat treatment - Sol-gel oxide films

Introduction

Semiconducting metal oxides are being actively investigated as
catalysts for various photoelectrochemical processes [1]. From
this standpoint, the titanium dioxide, being a large-gap semicon-
ductor with the band gap of 3.2 eV, is one of the most promising
materials; for example, its application in dye-sensitized solar cells
makes it possible to converse the solar energy with high
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efficiency [2]. Moreover, the TiO,-photoanodes of various types
(monocrystalline, polycrystalline, or thin films) are highly resis-
tant to photocorrosion in electrolyte solutions [1]. It was noted [3]
that the application of thin-film oxide electrodes is quite reason-
able because only the near-surface area (~10 2 pm) of the bulk
semiconductor photoelectrodes worked actively. The thin-film
photosensitive TiO, electrodes on metallic substrate can be
formed by various methods such as anodic oxidation or heat
treatment of titanium, chemical vapor deposition, sputtering, hy-
drothermal, and sol-gel techniques [1—6]. Nowadays, the method
of anodic formation of photosensible titanium dioxide porous
films composed by the nanotubes is of particular interest
[7-10]. At the same time, the literature review shows that the
design of photoelectrochemical cells, sources of radiation, and
electrolyte solutions may differ significantly, which makes it dif-
ficult to compare the photoactivity of TiO, films formed by
different methods, and, consequently, to estimate the preference
of one or another method.

Within the work presented, the thin films of TiO, on tita-
nium substrate were formed using the thermal, electrochemi-
cal, or sol-gel method. The film parameters, such as
photopotential (E,,) and photocurrent density (j,p), were mea-
sured. Moreover, the ratio of incident monochromatic photon
to current conversion efficiency (/PCE, %) was calculated by
the following equation [11]:

1240 j,

where j,, was the photocurrent density, mA/cm?; )\ was the
wavelength of the monochromatic light, nm; P was the inci-
dent light intensity, mW/cm?. In addition the energy storing
efficiency (Ky,) of the photogalvanic cell was calculated with
Eq. (2) [12]:
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Ky = eEy, / E, 2)

where e was the absolute value of the electron charge, C; E,
was the photopotential of the electrode (the difference of the
electrode potentials under lighting and in the dark) under con-
dition of the open-circuit, V; E, was the band gap of the semi-
conductor, J.

Experimental section
Preparation of thin-film TiO, electrodes

Photoelectrochemical measurements were carried out for elec-
trodes obtained by the oxidation of commercial titanium
VT1-0 (99%) plates. Before every oxidation, the surface of
titanium electrode was treated sequentially with sandpaper
(the abrasive grain size of 29-32 pm), diamond paste (the grit
of 20-28 um), and GOI polishing paste Ne3 (abrasiveness of
817 um), and then the surface was degreased and washed
with ethyl alcohol.

An atomic-force microscope Nova SPM Solver P47H-
PRO was used to estimate the surface topology and roughness
(R,) of the oxidized samples.

Anodic oxidation of titanium (anodic oxide films)
Nonporous (barrier) thin oxide films of TiO, were formed
by anodic oxidation of the commercial titanium plates in aque-
ous solutions of phosphoric (H3;PO4) [13] or boric (H3;BO3)
acids with concentration of 0.01 mol/l for both solutions [14]
(all reagents were of “chemically pure” grade). However, po-
rous TiO, oxide layers formed when fluorine ions (as NH4F
(0.135 mol/l)) were added to the same acid solutions [15].
Anodization of titanium was carried out at 23 = 1 °C in two
stages. The first stage was conducted under galvanostatic con-
ditions (the density current j = 10 mA/cm?) and the voltage
was increased up to the value required. The second stage was
voltastatic one (direct voltage, DV) and the sample was hold
under required voltage (10-100 V) for 10-30 min. Anodic
oxide films (AOFs) obtained at different forming voltages
turned interference colors: goldish (at 10 V), sky blue (at
20 V), blue (at 3040 V), and blue-violet (at 50 V). The color
of AOF became more intense with the exposition time increas-
ing at constant forming voltage Uy. The thicknesses of AOFs
were proportional to the anodizing coefficient (2.4-2.8 nm/V
[16, 17]), e.g., they were equal to 24-28, 48-56, and 72—
84 nm at Urequal to 10, 20, and 30 V, respectively.

Thermal oxidation of titanium (thermal oxide films) The
thermal oxide films were obtained by the heat treatment (HT)
of the titanium plates in a muffle furnace. The thermal oxidiz-
ing was carried out for 1 h at 500 °C in air. The soaking at the
temperature required was preceded by the heating of the
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sample simultaneously with the furnace for 1 h. After the
thermal processing, the titanium electrode was cooled down
to the ambient temperature directly in the furnace. In this case,
TiO, films had saturated blue color. According to the data
from ref. [17], thermal oxide films (TOFs) obtained under
the above conditions (thermal oxidizing for 1 h at 500 °C in
air) had the thickness on the order of 2023 nm. Moreover, the
titanium electrodes with AOFs underwent the same heat treat-
ment, as described above, to establish the contribution of the
annealing process into the values of photoelectrochemical
properties of TiO,. Here, we should mention that, according
to ref. [17], the thickness of AOFs did not increase after the
annealing under the conditions stated above.

Thin oxide films of TiO, formed by sol-gel method (sol-gel
oxide films) This type of TiO, films was obtained according
to the procedure described in ref. [18-20]. At first the solution
of titanium (IV) isopropoxide (Aldrich, 98%) in isopropyl
alcohol (“chemical pure” grade) was obtained by the compo-
nents mixing and further stirring during 5 h at 70 °C. Titanium
(IV) isopropoxide was then hydrolyzed with ethanol (96%
“chemical pure” grade) (about 15 ml) added drop-by-drop till
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Fig.1 Spectrum of the light sources applied. a Benda UV-Handlampe. b
HWL (MBFT) 160 W (http://www.osram.com)
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the sol formed. That sol was further used to obtain the thin
coatings of TiO, on the titanium substrate.

In order to obtain porous films of titanium dioxide, the
polyethylenimine (PEI, Aldrich 99.8%, Mn ~10,000) was ap-
plied. PEI (0.5 g) was dissolved in isopropyl alcohol (80 g) and
this solution was stirred at 70 °C during 4 h. The titanium (IV)
isopropoxide (10 g) was added dropwise to the above solution
and then the resulting mixture was stirred at 70 °C for 5 h. After
that, the hydrolysis was carried out as it was specified above.
Some properties of such films were described earlier [18-20].

The films on the surface of Ti electrodes were obtained by
the dipping method and fixed by keeping in the furnace in air
at 500 °C for 1 h. The resulting films were colored saturated
blue. The estimated value of the thickness of the films obtain-
ed was about 30-35 nm.

Photoelectrochemical measurements

Photoelectrochemical properties of the oxidized titanium elec-
trodes were studied in a quartz cell (92-95% of light transmis-
sion) at 18 + 1 °C. The samples were illuminated by mono-
chromatic ultraviolet light (254 or 366 nm) with a Benda
UV-Handlampe NU-6 W or by mixed light with a gas dis-
charge lamp of high pressure HWL (MBFT) 160 W. The
radiation spectra of the light sources applied are shown in
Fig. 1. The incident light intensity, P, of the lamps was regis-
tered by the monochromator of an AvaSpec-3648 spectrome-
ter. The real resolution of the instrument was about 0.17 nm
within the wavelength range of 250-350 nm. Values of P were

Fig. 2 AFM images of the oxide
films on titanium obtained by
thermal oxidation (a) and sol-gel
method (b)

equal to 6.5 and 0.387 mW/ecm? for A = 254 and 366 nm,
respectively.

The photopotential of the titanium electrode, £, (the potential
difference under lighting and in the dark [12]), was determined
with respect to the shaded platinum electrode using a measuring
potentiostat PIS0—1 within £5 mV. The photocurrent was mea-
sured in a short-circuited electrochemical cell Ti|TiO,/0.5 M
Na,SO,[Pt equipped with a self-recording ampere-voltmeter
within the current range of 10 pA with accuracy of 1.5%. The
distance between the electrodes was 2 mm.

Results and discussion
The surface topology of Ti|TiO, electrodes

Thermal oxide The AFM image of titanium surface after
annealing is shown in Fig. 2a. These data indicate that the
oxide layer formed is dense, nonporous and its relief is the
same as the initial surface topology. After the annealing of
titanium covered with the native oxide film its surface rough-
ness (R,) decreased slightly from 0.026 to 0.022 pm.

Oxide obtained by sol-gel method In Fig. 2b, the surface of
titanium substrate with TiO, deposited by the sol-gel method
and then heat-fixed is shown. It is seen that the film is a
continuous coating with the submicron relief formed by indi-
vidual TiO, particles or their agglomerates. However, the
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surface roughness (R, = 0.024 um) is the same as for the initial
surface. The same results were obtained in the work [17].

Anodic oxide films AOFs of 25-250-nm thickness were ob-
tained by electrochemical oxidation of titanium (Fig. 3a) in
0.01 M aqueous solutions of H;PO,4 or H;BO5 under the
formation voltage Ur= 10—-100 V. The color of the samples
changed depending on Uy value and, accordingly, on the

Fig. 3 AFM images of the
anodic oxide films obtained at
Ur=10Vin 0.01 M H3PO, and at
different time of oxidizing. a
Titanium surface before
oxidizing. b 5 min. ¢ 10 min. d
30 min

g

1 pm
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thickness of the oxide film formed. According to the data
of AFM, the topology of the oxidized electrode depends on
the formation voltage Uy and the corresponding exposition
time. At the initial stage of the oxidation process, being
carried out in H;PO4 aqueous solution, the regularly ar-
ranged pyramidal species formed and grew at titanium ac-
tive centers (Fig. 3b). Those species were being gradually
covered with the oxide film under further potentiostatic
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polarization. As a result of the above process, the surface
relief became smooth (Fig. 3c, d); the surface roughness
was rather low, for example, R, = 0.018 um for AOF
formed in H;PO, solution at 30 V during 10 min. Thus,
the increase of U promoted the formation of more dense
and smooth surface layer, and any pores formation was not
observed at that. The initial stages of the oxide formation
described above are less pronounced in the case of H;BO3
aqueous solution.

Figure 4 demonstrates the influence of the forming
electrolyte composition and subsequent heat treatment
on topology of the anodic oxide films. In the presence
of F~ ions in the forming electrolyte (0.01 M H3PO,)
more loose and bulky oxide layer formed (compare
Fig. 4a, b) and its roughness increased sharply (up to
R, = 0.073-0.075 pm). It should be noted that the heat
treatment of all AOFs obtained smoothes slightly their
surfaces relief, e.g., it can be seen in Fig. 4c.

Fig. 4 AFM images of the
anodic oxide films obtained at
Ur=30 Vand 7= 10 min from
different forming electrolytes: a
[0.01 M H3PO4]. b [0.01 M
H;PO, + 0.135 mol/l NH4F]. ¢
[0.01 M H5PO4 + 0.135 mol/l
NH4F + heat treatment at 500 °C
in air]

The potentials of Ti|TiO, electrodes

The dark potential E of titanium electrode covered with na-
tive oxide film (NOF) steadies within 5 min in 0.5 M aqueous
solution of Na,SO,4 and reaches the value of —0.60 = 0.05 V.
After AOF formation, the Ey value of Ti|TiO, electrode be-
comes much more positive and varies from —0.04 to —0.30 V.
However, there is no any dependence of Eg potential of the
oxidized titanium on Uy, like it was established for tantalum
[21]. The shift of E potential into the positive direction is
probably caused by both the significant increase of the thick-
ness of the oxide layer and the decrease of its imperfection. So
NOF thickness was about 2—10 nm [17] whereas the thickness
of AOF's obtained by us was larger than 20 nm. The electrolyte
used (aqueous solutions of H;BO5 or H;PO,4) promoted for-
mation of dense nonporous layers at least up to the forming
voltage of 50 V [22]. E values of Ti|TiO, electrodes obtained
in H3PO, aqueous solutions in the presence of F~ ions are
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more negative (Eg = —(0.30+0.50) V), probably because
fluoride-ion can partially destroy the oxide film, which results
in huge amount of defects and lower thickness of AOF. The
same trend in variation of E values results from the heat
treatment of the electrodes covered with AOF’s and is probably
caused by the heat stress microcracking. The stationary dark
potentials of the electrodes with TOF measured in 0.5 M aque-
ous solution of Na,SO,4 are more positive than the potentials
of the samples with NOFs: —(0.30 + 0.38) and —0.60 = 0.05 V,
respectively. The dark potential of sol-gel oxide film (S-GOF)
samples is equal to —(0.30 + 0.33) V and coincides with the
value of E; for the heat treated titanium electrodes. Thus, after
the heat treatment of TiO, films obtained by sol-gel or elec-
trochemical methods, their dark potentials become closer.
Such behavior is probably the result of the structural changes
of the anodic oxide, i.e., of its amorphous-crystalline
(“anatase—rutile”) transition.

Photoelectrochemical properties of Ti|TiO, electrodes
obtained by different methods

The photoelectrochemical parameters of Ti|TiO, electrodes
produced by different methods and measured under the same

Table 1

conditions are shown in the Table 1. For AOFs, the data ob-
tained at Up = 30 V only, as the best ones in this series, are
presented. It was established that the native oxide film on
titanium was photosensitive at A = 254 nm only.

The registered photopotential values of the samples studied
decreased, as expected, with increasing the light wavelength.
Thus, the energy storing efficiency of the photovoltaic cell
decreases according to Eq. (2). For some TiO, thin-film elec-
trodes, the range of ultraviolet radiation, which allows
obtaining the sufficiently high /PCE values, is relatively nar-
row (from 250 to 380 nm) [5, 23]. In this case, the efficiency
of the energy conversion of the incident photon to current can
reach 25% at A\ = 300-330 nm. Indeed for the samples with
TOFs, S-GOFs, and AOFs, the values of /PCE increase in 3—8
times upon transition from A = 254 nm to A = 366 nm. It
should be noted that /PCE values (at A = 254 nm) for the
samples with S-GOFs are higher significantly as compared
with the other Ti|TiO, electrodes studied.

The photocurrent density of the oxidized titanium surface,
when illuminating by the mixed light, /5%, usually does not
exceed 17-22% of the value registered under UV irradiation
(A =254 nm), j5}Y, whereas /i is within 36-45% of /¥
value for the oxide films formed in the presence of F anions. The

Photoelectrochemical properties of Ti|TiO, electrodes obtained by deferent methods

Method and conditions of the oxide films obtaining

Photoelectrochemical properties of Ti|TiO, electrodes

A =254 nm A =366 nm Mixed light

Egn o IPCE -Egn o IPCE -Epn o Ao
NOF
Natural oxide film 0.09 0 0 0 0 0 0 0
TOFs
HT 500 °C, 1h 0.23 6.31 0.52 0.15 3.35 3.12 0.10 1.66 26
S-GOFs
Titanium isopropoxide, 0.32 14.5 1.19 0.30 4.51 4.19 0.16 3.12 22

PEI+ HT 500°C, 1 h

Titanium isopropoxide 0.23 124 1.02 0.18 3.63 3.35 0.12 2.19 18
+ HT 500 °C, 1 h
AOFs, Ur=30V, 7=10 min
H;PO, 0.23 1.79 0.15 0.13 0.66 0.61 0.09 0.28 16
H;PO, + HT 0.16 7.28 0.60 0.04 2.79 2.60 0.02 1.12 15
H;PO4 + NH4F 0.15 6.69 0.55 0.04 5.03 4.68 0.03 291 43
H;PO,+ NH,F+ HT 0.26 10.84 0.89 0.26 6.51 6.05 0.09 4.85 45
H;BOs 0.26 2.01 0.16 0.16 0.49 0.45 0.12 0.19 10
H;BO; + HT 0.12 4.36 0.36 0.06 1.54 1.43 0.03 0.88 20
H3BO; + NH4F 0.14 4.79 0.39 0.01 1.84 1.71 0.14 1.73 36
H3BO; + NH4F + HT 0.26 7.91 0.65 0.08 243 2.27 0.05 1.32 17

HT heat treatment; £, photopotential, V; ji,;, photocurrent density, nA/em? ; IPCE incident photon to current efficiency, %); Uy forming voltage

Ay, = 1269.100, %

Jph(mix)
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F ions, as it was shown above, promoted the formation of very
highly developed surface of TiO, anodic films. That probably
occurs due to the competition between the electrochemical for-
mation of TiO,:

Ti + 2H,0—TiO> + 4H' + 4¢
and F -induced chemical destruction of AOF:
TiO; + 6 F + 4H"—>TiF¢*> +2H,0

It is known [24] that the fluoride-containing solutions promote,
under certain conditions, the formation of well-ordered TiO,
nanotubes. It stretches significantly the titanium dioxide
photoactivity into the region of visible spectrum, which is one
of the reasons for attention to F -containing solutions [15, 25-27].

The best IPCE values obtained under UV irradiation for the
films under investigation are shown in italic in the Table 1.
From these results, it can be concluded that the most effective
methods of titanium surface processing are sol-gel method
followed by the TiO,-film heat fixing, as well as the anodiza-
tion in F -containing solutions with after heat treatment. The
data in the table illuminate both individual effects of the sam-
ples processing and the cumulative effect from variation of the
anodizing electrolyte composition and heat treatment of the
samples. The anodic oxide films are amorphous as a rule [28].
The photoelectrochemical characteristics of AOFs increased
significantly after annealing at 500 °C. The oxide is crystal-
lizing during the heat treatment and the phase transition of
“anatase—rutile” type takes place at temperatures above
400 °C [6, 29]. In ref. [30], it was shown that the mixture of
anatase with rutile exhibited the better photocatalytic activity
versus the most of organic compounds due to its more pro-
nounced photoeffect.

The adding of NH4F to the acid solutions results in the
increase of the interfacial area, due to almost triple enhance-
ment of the surface roughness, (Fig. 4b) and, therefore, in the
growth of photocurrent density more than in three times also.
Heat treatment of such samples gives additional sesquialteral
increase of jy, value.

Conclusions

The photosensitivities of titanium dioxide films, formed on
titanium substrate by various methods, were measured under
equal conditions and compared. The films had different sur-
face topology depending on the method of their formation. It
was found that the comparable contributions into the increase
of Eyy, value came from the addition of F -containing compo-
nent to the anodizing solution and from the annealing of the
initial titanium at 500 °C. Moreover, the cumulative effect of
the anodic oxidation and heat treatment of titanium, when
both stages were carried out sequentially, on Ej, values was

established. The addition of F ions in electrolytes for the
electrochemical formation of the oxide film on titanium result-
ed in smaller relative reduction of the photocurrent value
when transiting from ultraviolet to the mixed light.
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